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Welcome from the General Chair

Massimo Pappalardo
University Roma Tre
General Chair

Welcome to Roma!

I am pleased to welcome you to the 2009 IEEE International Ultrasonics
Symposium in Rome from September 20 to 23 at the Ergife Palace
Hotel.

It is a great honor and a great pleasure to have had the opportunity to
organize the International Ultrasonic Symposium in Rome. In this city,
shortly after the end of the second World War and a few years before the
birth of our Society, was held one of the first international congresses on
Ultrasounds (International Congress on Ultracoustics, Rome June 14-17,
1950). After 59 years the international scientific community, engaged in
the by now numerous and important applications of ultrasounds, meet
again in this historical and beautiful city. From the date of that first post-
war conference till today the technical and technological progress has
indeed been great and astonishing even to experts in the field. Our
Society has given an important contribution, particularly in sensors,
devices for telecommunications, non destructive testing, and medical
diagnostics. The symposium is by now the window to observe what is
really new in these fields, and I am sure that this venue in Italy will
stimulate young researchers to a new and profitable interest both in this
country and, I hope, in all the world.

I am sure that you will enjoy your visit to Rome, which is rightly known
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as one of the most beautiful ad interesting cities in the world. It is a city
of culture and history, packed with the remains of well over two
thousand years on inhabitation.

Founded around the middle of the 8" cent. BC, for almost 1000 years
Rome was the largest, richest, and politically most important city in the
Western World. Today you can still admire the majestic monuments of
the ancient Roman Empire: the Forum, the Coliseum, and the Pantheon
just to mention a few. But, besides being the city of the Emperors, Rome
is also the city of the Popes, who from the very beginning established
Rome as the center of Christianity, and the city remained the cultural
center of the Western World attracting the greatest artists and architects
creating masterpieces of painting and sculpture and an endless number of
grand, beautiful churches and palaces.

I look forward to meeting you in Rome.

Massimo Pappalardo
2009 IEEE Ultrasonics Symposium General Chair

Venue

I
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Ergife Hotel
Via Aurelia, 619 - 00165 ROME - Italy
Tel. +39 06 66441

Fax +39 06 6632689
E-mail:info@ergifepalacehotel.com
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Registration

The registration desk is located in Volubilis Room.
The hours for the registration desk are:

Saturday September 19 6pm-9pm
Sunday September 20 7am-6pm
Monday September 21 7am-6pm
Tuesday September 22 7am-6pm

Wednesday September 23 ~ 7am-1pm

Registration and fees

Gala Before Sept

Dinner 4th After Sept 4th
IEEE Member Included $525 $650
Non-IEEE Member Included $730 $855
Student/Retiree Included $150 $150
IEEE Life Member $35 $0 $0
One-day Registration | $35 $350 $350
Guest $35/each $35/each $35/each
Short Courses:
Member/Non- $150/each $200/each
member $50/each $75/each
Student/Retiree

Notes:

e  Full Registration (IEEE Member, Non-IEEE Member, Student, Retiree)
will include one DVD conference proceedings and admission to the
Gala Dinner Awards Reception Monday September 21*.

e Life Member is defined by IEEE as at least 65-year old and the age
plus years of IEEE membership should be equal or greater than 100.
Life members should show their IEEE Life Member card or evidence
of Life Membership when getting registration materials.

e One-Day Registration includes event tickets for the day of registration
only.

~
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e  Guest Registration includes two evening guest refreshments Sunday
and Tuesday. Guests must register for the guest program in order to be
allowed to register for the banquet. Guests are NOT allowed to attend
any technical sessions except for the Monday morning plenary session.

e Short course attendees must register for the conference (at least a one
day registration) in order to be able to register for the short courses.

e Students are required to show their valid identifications (IDs) to the
registration desks to qualify for the student rates and get any
registration materials.

Local Transportation

Transportation to/from the Ergife Hotel
From/to the airports - day time

Fiumicino and Ciampino airports are both about 30 Km from the centre
of Rome and are both well linked with the two principal railway stations
(Termini station and Tiburtina station) by trains.

From/to Fiumicino International Airport (FCO)

Rome's main airport is well-connected to the center during the day by a
direct train. The direct train between Fiumicino and Termini costs

€ 11,00 and takes approximately 30 minutes. Tickets can be purchased at
vending machines, ticket offices and other vendors at both Termini and
Fiumicino.

schedule: every 30 minutes
Fiumicino - Roma Termini from 6.37am until 11.37pm
Roma Termini - Fiumicino from 5.52am until 10.52pm

When you are in Roma Termini (the principal railway station in Roma),
you can use the follow route calculation that use only public means to
reach the Ergife area.

e Departure from Roma "Stazione Termini"

e  Walk 50 meters

e Go to stop Termini METRO A

e Take Line METRO A (direction BATTISTINI) to 10 stops
(METRO A every 3 min.)

8 Institute of Electrical and Electronics Engineers
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e Get off at stop Cornelia

e  Walk 100 meters

¢ Go to bus stop C.NE CORNELIA/AURELIA (you are 1000
mt. away from the Ergife Hotel)

e Take Line Bus 246 (MALAGROTTA) to 3 stops (line 246
every 12 min.)

e Get off at stop AURELIA/DA ROSATE

e Walk 150 meters to via Aurelia 619, the Ergife Venue

From/to Ciampino International Airport (CIA)

A smaller airport dealing mainly with charter flights and budget airlines.
It is connected to Line A metro station Anagnina by Cotral buses; ticket
costs € 1,03.

Buses leave the airport every 30-60 minutes.

Take Line Metro A (direction Battistini) and get off at stop Cornelia.
You can take the line bus 246 (Malagrotta) to 3 stops and get off at stop
Aurelia/Da Rosate, or you can walk from Cornelia stop to the Ergife
(about 1000 mt.)

From/to the airports - night time

Fiumicino

For arrivals and departures between 11.30pm and Sam, a night
bus connects Fiumicino with Tiburtina station, stopping also at
Termini Station.

From Fiumicino: 1.15am - 2.15am - 3.30am - 5.00am

From Tiburtina: 0.30am - 1.15am - 2.30am - 3.45am

The 40N bus connects Tiburtina and Termini during the night.

Ciampino
Buses connecting Ciampino airport with the centre of Rome stop running
at 1 1pm, so the only way to get into town late at night is by taxi.

Taxi from/for airport
The price for a ride from Leonardo da Vinci (Fiumicino) Airport to the
city centre (within the Aurelian Walls) is about Euro 40,00-50,00.

The price for a ride from Ciampino Airport to the city centre (within
the Aurelian Walls) is about Euro 30,00-40,00.

Ultrasonics, Ferroelectrics, and Frequency Control Society 9
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You may be approached by illegal taxi drivers in the station and at the
airport. If you need a taxi, look for the official white taxis which have
meters. There are taxi stands at both Fiumicino, Ciampino, and Termini.
Info: tel. +39 060606 or +39 06 671070844

An exhibitors breakfast will be held Wednesday Sept 23™ from 7-
8am in the Moesia Room (Coffee, tea, pastries).

Exhibits will be in Sala 3. Companies will display their products
and representatives will be there to meet conference attendees. The
exhibitors will be in place on the following dates and times:

Monday-Tuesday 8:30-5pm and Wednesday 8:30-1pm

Registered Exhibitors: (as of 7/2/2009)
1. LECOEUR ELECTRONIQUE
www.lecoeur-electronique.com
2. POLYTEC GmbH (+BPS)

www.polytec.de
3. BPSs.rl. (co-exhibtor of POLYTECH)

www.bpsweb.it
4. Sonora Medical Systems

www.4sonora.com

5. IMASONIC
www.imasonic.fr
6. DASEL

www.daselsistemas.com

7. Ferroperm Piezoceramics A/S
www.ferroperm-piezo.com
www.ferroperm.net

8. kibero GmbH
www.kibero.com

9. Sound Technology, Inc.
www.sti-ultrasound.com

10. Valpey Fisher Corporation
www.valpeyfisher.com

11. Electronics & Innovation, Ltd.

10 Institute of Electrical and Electronics Engineers
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www.electronicsandinnovation.com;
www.eandiltd.com/

12. The Piezoinstitute c/o Ferroperm Piezoceramics A/S
WWW.piezoinstitute.com

13. Weidlinger Associates

WWW.wali.com
14. Ultrasonix Medical Corporation
www.ultrasonix.com
15. Precision Acoustics Ltd.

WWW. acoustics.co.uk

16. Onda Corporation
www. ondacorp.com

Industrial Forum

Moesia Room Wednesday September 231 1-2:30pm

Industrial forum is intended to give the Exhibitors the opportunity
to present recent developments or applications of their products or
technology.

Plenary Session

Date, Time, and Location:

e 8:00a.m.—-9:30 a.m.
e Monday, September 21, 2009
e Room: Leptis Magna

Agenda:
Welcome:

e Massimo Pappalardo , Ph.D., General Chair, 2009 IEEE
International Ultrasonics Symposium (IUS)

e  Mauricio Pereira da Cunha , Ph.D., Vice President of the
IEEE Ultrasonics, Ferroelectrics, and Frequency Control
Society (UFFC-S) for Ultrasonics

Ultrasonics, Ferroelectrics, and Frequency Control Society 1
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e Donald Yuhas, Ph.D., Technical Program Committee
(TPC) Chair, 2009 IEEE IUS
e Susan Trolier-McKinstry, Ph.D., President of the UFFC-S

Awards and Recognitions Presenter: Helmut Ermert, Ph.D.,
Awards Chair of the UFFC-S

Plenary presentation: Prof. G. Parisi, University of Rome "La
Sapienza"

A new approach to the study of Heart Sounds

Heart Sounds have a fundamental role in cardiac semiotics.
However, a deterministic and unambiguous association between
noises in cardiac dynamics has yet to be accomplished due to the
many and different overlapping events which contribute to the
acoustic emission. The current computer-based capabilities

in signal processing enabled us to move beyond the standard
cardiac auscultation. Its improved form, like hi-tech
phonocardiograms, allow us to pay attention to unexplored
characteristics of heart-related sounds: their spatial distribution on
the chest surface and their time evolution. In this presentation, we
will describe results obtained using new instrumentation and a
new sound visualization technique designed to enable the
association of the spatial distribution of the heart acoustic emission
with physiological

and pathological patient condition.

prof. Giorgio Parisi

12 Institute of Electrical and Electronics Engineers
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Biography Plenary Speaker
Giorgio Parisi was born 8/4/48 in Rome, Italy. He graduated from Rome
University in 1970, his thesis supervisor being Nicola Cabibbo. He has
worked as researcher at the Laboratori Nazionali di Frascati from
1971to 1981. In this period he has been on leave of absence from
Frascati at Columbia University, New York (1973-1974), at the Institute
des Hautes Etudes Scientifiques (1976-1977) and at the Ecole
NormaleSuperieure, Paris (1977-1978). He became full professor in
1981. From 1981 to 1992 he was full professor of Theoretical Physics at
the University of Rome I (Tor Vergata), becoming later professor of
Quantum Theories at the University of Rome [ (La Sapienza). He
received the Feltrinelli prize for physics from the Accademia dei Lincei
in 1986, the Boltzmann medal in 1992, the Italgas prize in 1993, the
Dirac medal and prize in 1999, the Enrico Fermi Prize in 2003, the
David Heinmann Prize in 2005, the Galileo Prize in 2006 and the
Microsoft European Science prize in 2007. He became correspondent
fellow of the Accademia dei Lincei in 1987 and fellow in 1992; he is
also fellow of the French Academy from 1993, of the Accademia dei
Quaranta from 2001 and of the US Academy of Science from 2004.

Awards and Recognitions:

IEEE Awards:
IEEE Fellow Award 2009

IEEE UFFC Society Awards:
Achievement Award 2009
Distinguished Service Award 2009
Outstanding Paper Award 2008
2009-2010 Distinguished Lecturer Award

Ultrasonics Award:
Rayleigh Award 2009

Note: The order of presentation of awards is to be determined

Ultrasonics, Ferroelectrics, and Frequency Control Society 13



2009 IEEE International Ultrasonics Symposium (IUS)

Student Lunch

All students attending the Conference are invited to attend a
complimentary standing buffet lunch from 1:00-2:30pm Monday
September 21 in the Moesia Room.

Awards Reception

The Gala Dinner Awards Reception is included in the full conference
registration: The reception will be held Monday September 21st at the
restaurant Le Quattro Stagioni (inside Ergife Hotel) from 8pm to 11pm.
Tickets to this event are included in full registration. Life members, one
day registrants and guests may purchase tickets at a cost of $35.00 per
person.

Guest Program

We encourage guests of conference attendees to register. The
registration fee of $35 US Dollars permits you to attend the evening
guest refreshments Sunday September 20" and Tuesday September 22™
from 4:00 pm — 6:00 pm. The evening guest refreshments will provide
an opportunity to meet fellow guests and coordinate daily excursions and
activities. The Gala dinner awards reception Monday September 21* is
not included in guest registration but can be added at an addition charge
of $35 US Dollars per guest. Guest registration is required in order to
register for the Gala dinner awards reception.

Guests should register with their accompanying conference attendees on
the conference registration form. Guests are not allowed to attend any
technical sessions except for the Monday morning plenary session.

Five individually priced guest tours have also been arranged, see below.
We are pleased to announce that there is no minimum registration
requirement for the guest tours this year, so there is no risk of a tour
being cancelled due to too few registrants. There is an English tour
guide on the tours.

14 Institute of Electrical and Electronics Engineers
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Guest refreshments include coffee, tea and pastries on Sunday and
Tuesday evening from 4:00 pm — 6:00 pm in the Moesia room or
outdoors (weather permitting). The Ergife Palace Hotel will also be the
departing and return points for the guest tours.

Note: The guest Refreshments are for registered guests only.

Guest Tour 1 — Classic Rome, Monday morning, Sept. 21
Guest Tour 2 — Imperial Rome, Monday afternoon, Sept. 21
Guest Tour 3 — Vatican Museums, Tuesday morning, Sept. 22
Guest Tour 4 — Papal Audience, Wednesday morning, Sept. 23
Guest Tour 5 — Christian Rome, Wednesday afternoon, Sept. 23

POST CONFERENCE TOURS

The IUS 2009 Committee has organized two individually priced
tours for the attendees after the 2009 IEEE International
Ultrasonics Symposium. We are pleased to announce that there is
no minimum registration requirement for the tour this year, so
there is no risk of a tour being cancelled due to too few registrants.
There is an English tour guide on every tour.

PC-Tour 1 - FIRENZE

3 days (2 nights in a First Class hotel, 1 meal and 2 breakfasts)
From September 24 to September 26, 2009

Florence, the cradle of the Renaissance period, where you breathe
art in its Medieval streets, the craftsmens’ workshops and the
Renaissance Palaces. Here, the memories of the Medici family are
linked with the splendor of the works of renowned artists like
Michelangelo, Leonardo da Vinci, and Botticelli.

Ultrasonics, Ferroelectrics, and Frequency Control Society 15
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PC-Tour 2 - NAPOLI, POMPEIL, SORRENTO, CAPRI

3 days (2 nights in a First Class hotel, 4 meals and 2 breakfasts)
From September 24 to September 26, 2009

Three days to discover not only the excavations of the ancient city
of Pompeii but also to see the breathtaking coastline of the
Sorrento Peninsula and Capri, the jewel of the Mediterranean sea.
This is a journey to discover art, history, folklore and archaeology
in the most beautiful region of southern Italy.

Shopping and Food

Shopping and Food near the Ergife palace Hotel

Choosing the venue for a congress is never easy. The success of a
congress often depends on aspects that are apparently of secondary
importance: organizational ability and efficiency, technological
facilities, the elegance of the venue and quality of the
accommodation and its amenities.

However what counts above all else is the prestige of the location.
In this sense, Rome is ideal, with its fascinating and uniquely
special setting, abounding in history. The city’s historical,
archaeological and architectural heritage is breathtaking; in
addition, the pleasures of excellent cuisine are always offered, and
a trip to the shops is essential.

We would like to suggest some shopping & food around the Ergife
Palace Hotel (within 500 m), to simplify the congressman's life!
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See the map, to choose your downtime!
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1) Chinese Resturant - Xian Du, via Aurelia 611-613 - phone
0666418808 - 100 seats - 5/20 €

2) Pizza - Mille Pizze E ... , via Aurelia 601 - phone 0666415457 -

closed on Sunday - 50 seats

3) Bar, coffee, breakfast - Matrix Bar, via Aurelia 558 - phone
0645448323

3) Pharmacy - Medicine shop

3) Cigarettes and tobacco

4) Bar, coffee, breakfast, ice-creams - Bar Bonsignori, via Aurelia

591 - phone 06469950587

5) Restaurant & Pizza - Postodivino, via Aurelia 528/a phone
0666410456 - closed on Tuesdays, 70 seats

6) Restaurant - Osteria Romana, via Aurelia 553 phone
066623302 - 25/30€ - 90 seats

7) Restaurant, bar - Benedetto, via Aurelia 666/b phone
0666415004 - 20/30€ -150 seats

8) Restaurant & Pizza - Il Postiglione, via Aurelia 664 phone
0666541012 - 20/30€ - 170 seats

9) Bar & Pizza - Festival, via Aurelia 570 phone 0666512572 -
3/10€ - 50 seats

10) McDonald's - P.zza Giovanni Battista De La Salle 9 phone
0666017165

Ultrasonics, Ferroelectrics, and Frequency Control Society
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11) Mercato Irnerio - A typical Rome corner market

It is possible to use the restaurant facilities of the Ergife:
Buffet Lunch/Dinner (seated): € 35,00 per person, per service.
Buffet Lunch/Dinner (standing): € 32,00 per person, per
service.

You can also have a lunch/dinner a la carte.

SHOPPING

For shopping, we suggest to move into the centre of the city.

Rome, the eternal city, rich in history, art and culture but also a
cosmopolitan city and important landmark in fashion and new trends.
Arriving in Rome with the intention to follow a very fashionable route,
therefore, you have only the embarrassment of choice.

Starting point for this unusual, but no less fascinating tour of the city can
only be the elegant and famous Via Condotti, one of the favorites for
foreigners to purchase in Roman ateliers, from the most important Italian
and international fashion designers such as Valentino, Armani, Gucci,
Dolce & Gabbana and Dior, to name a few.

Via Condotti
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Of note, again in Via Condotti, the precious jewels of Bulgari, Cartier
and Federico Buccellati.

Equally glamorous and elegant Via Frattina which is, together with Via
Borgognona and Via Bocca di Leone, home to some major world-
renowned brands such as, it is worth to mention, the Trussardi store, the
elegant shops of Cesare Paciotti and the refined Pal Zileri atelier.

Via Borgognona

Leaving the area near the Spanish Steps along via della Mercede you can
arrive in Via del Corso, one of the main arteries of the city. Partially
closed to traffic, it houses shops of various types, capable to meet
different needs: from the clothing for women and for men, to underwear,
accessories, footwear, and young and trendy fashion megastores.

To see, walking along Via del Corso, the charming and characteristic
Galleria Colonna (now Galleria Alberto Sordi) with many shops in
complete peace and in shelter from rain and cold. Here it is just to choose
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between the modern and captivating "Jam", the alternative "Pinko", and
the elegant Calvin Klein boutique.

Via del Corso

Walking in Campo de Fiori, you must not miss Via dei Giubbonari.
While you are moving towards Piazza Venezia, you cannot do without a
walk along Via Nazionale, full of shops and boutiques.

In the area of the Vatican, finally, another must-stop is in Via Cola di
Rienzo, where you can range from the classic and elegant boutiques as
Luisa Spagnoli, Max Mara, Cerruti and David Saddler to large chains of
fashion and glamour as Mango, Miss Sixty, Ethic, Fornarina, Onix,
Benetton and Sisley, for a shopping at 360-degrees.
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Via Cola di Rienzo
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Message Board

There will be four video-message boards (40” LCD TV) for the
attendees in some points of the congress-venue. The use of the
message board will be available for all both leaving a message in
the computer room, and by internet, using a web page of the
official web site.

Wireless Access & Printing

The entire area of the congress (lobby, common areas, session
rooms) will have free WiFi. The information on the setup will be
available to the congress.

There is an additional charge for Internet use in the guest rooms of
the Ergife Palace Hotel and an IP cable is needed.

In the computer room (Gerasa) and in the registration room
(Volubilis) will be available a laser printer.

IEEE and UFFC-S Enrollment

I

Join IEEE-UFFC Society

The Ultrasonics, Ferroelectrics, and Frequency Control (UFFC) Society
of the Institute of Electrical and Electronics Engineers (LEEE) covers
areas of ultrasonics, ferroelectrics, and frequency control among others.
It will be very beneficial to join this excellent Society for your future
professional careers. You will be able to interact with other members and
contribute to the growth of the IEEE UFFC society. You will also be
eligible for consideration to receive travel supports to various IEEE
UFFC national and international conferences. The future of the society is
in your hands. Please click on the link to join today and you will also be
able to access the IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control (TUFFC) journal among other publications that will
benefit your entire professional life. A discount membership fee is
available for students.
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The 2009 IEEE IUS Symposium Proceedings (DVD format) will be
available in December 2009. To ensure a timely delivery of the
Proceedings, no papers will be accepted after 8:00 A.M. Rome time.
(For details on paper submission please see:
http://ewh.ieee.org/conf/ius_2009/). Please note that only those papers
presented in the Symposium will be included in the Proceedings.

The DVD copy of the proceedings will be mailed to all paid registrants
except guests and one-day registrants. A printed version of the
Proceedings can be ordered from IEEE Shop: Conference Proceeding
after the Symposium.

UFFC DVD Archive

The Digital Archive is available on DVD. The entire set is available to
UFFC members for $100. Yearly updates will be available free of charge
to current UFFC members. Please use the online form (http:/www.ieee-
uffc.org/main/publications.asp) to request updates or purchase the entire
set.

If you have received DVD updates but did not get all DVDs 1-5, you
may need to download the indices for the DVD structure. Use this link
(ftp://Indices:y3mOnSskmXQE@ftp.ieee-uffc.org/DVD_Indices.zip) to
download these indices. Please note that this zip file is quite large, and
will take at least 1.5 hours to download. Once the download is complete,
unzip the file. Open this file and move all of it contents into your UFFC
Digital Archive folder. Once this is completed, you should see the
ARCINDX (2-5) folders and ARCINDX (2-5).PDX files in your UFFC
Digital Archive folder. Then proceed to initialize the search engine as
described in the instructions on the DVD.
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Message from the Technical Program Chair

Donald E. Yuhas
Industrial Measurement Systems, Inc.
Technical Chair

On behalf of the Technical Program Committee (TPC), I am thrilled to
invite you to the 2009 IEEE International Ultrasonics Symposium to be
held September 20-23, 2009, at the Ergife Palace Hotel in Roma. The
outstanding work of the IEEE Ultrasonics TPC group has established our
Symposium as the major international forum for Ultrasonics innovation.
In 2009 we will highlight 21 invited presentations covering the 5 major
technical sub-groups: 1) Medical Ultrasonics, 2) Sensors, NDE &
Industrial Applications, 3) Physical Acoustics, 4) Microacoustics —
SAW, FBAR, MEMS, and 5) Transducers & Transducer Materials.
Keeping the successful traditional events, the first day of the conference
is reserved to top quality short courses featuring expert instructors,
followed by the three days of technical sessions, which include the
student paper competition. The posters of the student finalists will be on
display in a specially designated area for the duration of the conference.
Roma, as a venue, provides all the excitement of one of the greatest
cosmopolitan areas in the world! We have confidence that our
outstanding technical program and your technical contribution are a great
match to the sites and charm of Roma.

I hope we all share the same excitement!

All roads lead to Roma, I am looking forward to seeing you there in
2009!

24 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009

Donald E. Yuhas
2009 IEEE International Ultrasonics Symposium Technical Chair

Policy on Photography

Photography or Recording:
To respect the privacy of presenters and minimize interruptions to the

conference, photography and sound recording are not allowed in any
technical sessions (both oral and poster) except for the plenary session.

Speaker’s Ready Room

Facilities will be available for presenters to review their
presentations. Speaker Ready Room (Gerasa) will be open from
7:00 am to 6:00 pm Sunday-Wednesday.

Short Courses

Short Courses will be held in rooms and times according to
timetable which follows the listing.

Short Courses TIMETABLE

Sunday, September 20 2009 (room)
8:00am - 12.00am 1:00pm - 5.00pm 6.00pm - 10.00pm

1A (Hama) 1B (Hama) 1C (Merida)

2A (Efeso) 2B (Spalato) 2C (Spalato)
3A (Merida) 3B (Merida) 3C (Efeso)

4A (Pola) 4B (Pola) 4C (Pola)
5A (Cesarea) 5B (Efeso) 5C (Hama)
6A (Spalato) 6B (Cesarea) 6C (Cesarea)
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Tutorials and Short Courses

Course 1A

Film Bulk Acoustic Resonator (FBAR)
Richard Ruby and John Larson

Avago Technologies

US.A.

Course 2A

Materials for Acoustic Wave Devices
Manfred Weihnacht

IFW Dresden

Germany

Course 34

Microwave Acoustic Sensors

Enrico Verona

O.M. Corbino Institute of Acoustics - National Research Council (CNR)
Italy

Course 4A

Seattle Therapeutic Ultrasound

Lawrence A. Crum, Joo Ha Hwang, and Michael R. Balley
Applied Physics Lab., University of Washington

, US.A.

Course SA

Ultrasonic NDE and Industrial Process Diagnostics at High
Temperatures

Jean-Pierre Monchalin and Cheng-Juei Jen

National Research Council Canada

Canada

Course 6A

Estimation and Imaging of Blood Flow Velocity
Hans Torp and Lasse Lovstakken

Norwegian University of Science and Technology
Norway
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Course 1B

SAW Modeling Techniques
Victor Plessky

GVR Trade SA

Switzerland

Course 2B

Piezoelectric Ultrasound Transducer Fundamentals - Materials,
Structure, Behavior, and Analysis

Sandy Cochran' and Paul Reynolds’

!Institute for Medical Science and Technology, University of Dundee, UK
2 Weilinger Associates Inc., Mountain View, U.S.A.

Course 3B

Quantitative Acoustic Microscopy - Fundamentals and New
Applications from Cells to Airplanes

Roman Gr. MaeVv', Naohiro Hozumi’, Kazuto Kobayashf , Yoshifumi
Sajio’

!Centre for Imaging Research and Advanced Materials Characterization,
University of Windsor, Ontario, Canada

’Dept. of Electrical and Electronics Engineering, Aichi Institute of
Technology, Aichi, Japan

SHonda Electronics Co. Ltd., Aichi, Japan

“Tohoku University, Sendai, Japan

Course 4B

Ultrasound Imaging Systems: from Principles to Implementation
Kai E. Thomenius

General Electric Global Research

Nishayuna, NY, USA

Course 5B

Passive UHF RFID Tags, Systems, and Applications
Leonhard Reindl, Jochen Efsel, Robert Weigel

University of Freiburg and University of Erlangen-Nuremberg
Germany

Course 6B

Ultrasonic Signal Processing for Detection, Estimation, and Imaging
Jafar Saniie, Ramazan Demirli, Erfal Oruklu

1llinois Institute of Technology
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Chicago, IL

Course 1C

Time Reversal Acoustics

Mathias Fink

Ecole Superiore de Physique et de Chimie Industrielles de la Ville de
Paris (ESPCI)

Paris, France

Course 2C

Ultrasound Contrast Agents: Theory and Experiment
Nico de Jong and Michel Versluis

Erasmus MC and University of Twente

Rotterdam and Enschede, Netherlands

Course 3C

Zooming into the Near Field
Alireza Baghai-Wadji

RMIT University

Melbourne, Australia

Course 4C

CMUTs: Theory, Technology, and Applications
B.T. Khuri-Yakub, O. Oralkan, and M. Kupnik
E.L. Ginzton Lab., Stanford University

Stanford, USA

Course 5C

Guided SH-SAW Devices for Liquid-Phase Biochemical Sensors
Fabien J. Josse

Dept. of Electrical and Comp. Eng., Marquette University
Milwaukee, WI, USA

Course 6C

Elasticity Imaging: Dynamic Approaches
Kathy Nightingale and Mark Palmeri

Duke University

USA
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Invited Speakers

Group I : Medical Ultrasonics

Jan D’hooge, Vice-Chairman
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Session 1J. Cardiovascular Elastography(abstract 1422)
Room: Sala1l Wednesday 3:30-4:00 p.m

Title: Acoustic Radiation Force Imaging

Author/ Speaker: Greg Trahey

Affiliation: Department of Biomedical Engineering Duke University,
Durham, N.C. US

E-mail: gregg.trahey@duke.edu
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Session 1A. Targeted Contrast Agents (abstract 1198)
Room: Sala 1 Monday 11:30-12:00 a.m

Title: Molecular Imaging using Contrast Ultrasound
Author/Speaker: Alexander Klibanov

Affiliation: Cardiovascular Division, Department of Medicine,
University of Virginia

Email: sklibl@gmail.com
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Session 1B. Contrast Agents and Sonoporation (abstract 1354)
Room: Sala1l Monday 3:30-4:00 p.m.

Title: Ultrasound-based imaging of nanoparticles: from molecular and
cellular imaging to therapy guidance

Author/Speaker: Stanislav Emelianov

Affiliation: Department of Biomedical Engineering, University of Texas
at Austin

E-mail: emelian@mail.utexas.edu
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Session 1G. Therapy Microbubbles (abstract 1499)

Room: Sala 1 Tuesday 5:00-5:30 p.m

Title: Enhancement of ultrasonic heating with microbubbles and their
location in target tissues

Author/Speaker: Shin-ichiro Umemura

Affiliation: Department of Information and Intelligent Systems,
Graduate School of Biomedical Engineering

Tohoku University, Aoba 6-6-05, Aramaki, Aoba-ku, Sendai 980-8579,
Japan

Email: sumemura@ecei.tohoku.ac.jp
sk sk sk sk sk sk sk sk sk sk sk sk sk sk s ske sk sk sk sk skt st sk ske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeskeskeskeske sk sk sk sk
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Session 1H. Optical and Photoacoustic Imaging (abstract 1498)
Room: Sala 1 Wednesday 9:00-9:30 a.m

Topic: Optical coherence tomography: recent technical developments
and the impact on clinical utility

Author/Speaker: Melissa J. Suter

Affiliation: Massachusetts General Hospital and Harvard Medical
School

E-mail: msuter@partners.org
sk sk sk sk sk sk sk sk sk sk sk sk sk sk st ske sk sk sk sk stk st sk ske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skskeskeskeske sk sk sk sk

Session 1C. New Methods and High Frequency Ultrasound for
Tissue Characterization (abstract 915)

Room: Sala 1 Monday 4:30-5:00 p.m

Topic: Acoustic Microscopy — Beyond High Resolution Imaging
Author/ Speaker: Yoshifumi Saijo

Affiliation: Biomedical Imaging Laboratory, Graduate School of
Biomedical Engineering

Tohoku University, 4-1 Seiryomachi, Aoba-ku, Sendai 980-8575, Japan
E-mail: saijjo@idac.tohoku.ac.jp

Group II: Sensors, NDE, and Industrial Application Jafar
Saniie, Vice-Chairman
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Session 41. Energy Harvesting (abstract 957)

Room: Tarragona Wednesday 11:30-12:00 a.m

Title: Energy conversion improvement in ferroelectrics: application to
energy harvesting and self-powered systems.

Author/Speaker: D. Guyomar, M Lallart

Affiliation: LGEF (Electrical engineering lab), INSA Lyon, Lyon
University

INSA Lyon, LGEF, Bat Gustave Ferri¢, 8 rue de la physique, 69621
Villeurbanne CEDEX France

Email: daniel.guyomar@insa-lyon.fr
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Session 4B. Advances in NDE(abstract 681)

Room: Tarragona Monday 2:30-3:00 p.m

Title: Electromagnetic Transducers and their Potential for Modern
Non-Destructive Evaluation - State of the Art and Latest Applications
Author/Speaker: Hans-Juergen Salzburger,

Affiliation: Fraunhofer-Institute for Non-Destructive Testing
Campus E 3.1

D-66123 Saarbruecken
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Germany

E-mail: salzburger@izfp.thg.de

sk sk sk sfe st sfe sk sk sk sk sfe ke ske sk sk sfe ke sk sk sk sfe ke sfe sk sk s s sfe sk ske sk sk sfe e she sk sk sfe ke sk sk sk sk sk sk sk skok
Session 4E. Array Imaging (abstract 788)

Room: Tarragona Tuesday 12:00-12:30 p.m

Title: Echographic Imaging Plates

Author/Speaker : F. Montero de Espinosa, O. Martinez, Y. Gémez-
Ullate, L. Gomez-Ullae.

Affiliation: Applied Acoustics Institute, CSIC, Serrano 144, Madrid,
Spain

Contact Person/Address: F. Montero de Espinosa Freijo
Vicepresidente Adjunto de Relaciones Institucionales,CSIC

Serrano 117, 28006 Madrid, Spain

Email: pmontero@orgc.csic.es
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Session 4G. Nano-scale Acoustic Testing (abstract 613)

Room: Tarragona Tuesday 4:30-5:00 p.m

Title: Recent advances in carbon nanotubes for application to chemical
andbiological sensors

Author/ Speaker: F. Xavier Ruis

Mailing address: Faculty of Chemistry. Campus Sescelades. University
Rovira

1 Virgili. 43007 Tarragona. Spain

Email: fxavier.rius@urv.cat

Group III: Physical Acoustics

Yook-Kong Yong, Vice-Chairman
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Session 6E. Ultrasonic Linear Motors (abstract 1113)
Room: Baalbek Tuesday 11:30-12:00 p.m

Title: Ultrasonic Motors

Authors: Minoru Kurosawa

Affiliation: Tokyo Institute of Technology, Japan

Email: mkur@ae.titech.ac.ip
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Session 6A.Phononic Crystals-Fundamentals (abstract 126)
Room: Baalbek Monday 12:30-1:00 p.m

Title: Phononics

Authors: Vincent Laude
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Affiliations: Directeur de recherche CNRS, Institut FEMTO-ST, France

Email: vincent.laude@femto-st.fr
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Session 6B.Visualization Interferometry (abstract 1190)
Room: Baalbek Monday 3:00-3:30 p.m

Title: Laser interferometers in physical acoustics
Authors: Kimmo Kokkonen

Affiliation: Helsinki University, Finland

Email: kimkok@cc.hut.fi
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Session 61. Acoustic Propagation (abstract 1350)

Room: Baalbek Wednesday 12:30-1:00 p.m

Title: Fundamentals of acoustics - conditions of existence of acoustic
waves in crystals with surfaces and interfaces

Authors: V.I. Alshits

Affiliation: Institute of Crystallography RAS, Moscow, Russia
Email: alshits@ns.crys.ras.ru

Group IV: Microacoustics - SAW, FBAW, MEMS Clemmens
Ruppel, Vice-Chairman
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Session 5D. Oscillators and Temperature Compensation (abstract
66)

Room: Pergamo Tuesday 8:00-8:30 a.m

Title: Comparison of Quartz and MEMS Resonators and Oscillators
Author/ Speaker: Bernd Neubig

Affiliation: AXTAL CONSULTING

Email: BNeubig@axtal.com
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Session 5C. BAW I (abstract 1491)

Room: Pergamo Monday 5:00-5:30 p.m

Title: The role of high Q bulk acoustic wave resonators in low power IC
design

Author/ Speaker Brian Otis

Affiliation: University of Washington

Email: botis@u.washington.edu
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Session 6J. RF MEMS (abstract 55)

Room: Baalbek Wedneday 2:30-3:00 p.m.

Title: RF MEMS: Focusing on the Next Step

Author/ Speaker: Takeo Oita

Affiliation: Nihon Dempa Kogyo

32 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009

Email: oita@ndk.com
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Session SF. SAW Device Design (abstract 579)

Room: Pergamo Tuesday 2:30-3:00 p.m

Title: High Performance Microwave Acoustic Components for Mobile
Radios

Author/ Speaker: M. Pitschi, et al

Affiliation: EPCOS AG, Univ. of Erlangen-Nuremberg

Email: maximilian.pitschi@epcos.com

Group V: Transducers and Transducer Materials Scott Smith,
Vice-Chairman
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Session SH. Novel Devices & Systems (abstract 1492)

Room: Pergamo Wednesday 8:00-8:30 p. m.

Title: Biologically Inspired Ultrasound - its applications in NDE
Author/ Speaker: Gordon Hayward

Affiliation: University of Strathclyde

Email: g.hayward@eee.strath.ac.uk
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Session 3A. Ferroelectrets and Other Transducer Materials (abstract
614)

Room: Sala 4 Monday 12:00-12:30 p.m

Title: Broadband Ferroelectret Transducers

Author/ Speaker: Gerhard Sessler

Affiliation: Darmstadt TU

Email: g.sessler@nt.tu-darmstadt.de
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Session 3C. CMUT Modeling (abstract 790)

Room: Sala 4 Monday 5:30-6:00 p.m

Title: CMUTs, achievements and limitations

Author/ Speaker: Armne Ronnekleiv

Affiliation:. NTNU, NUST Room 473 Beseksadresse: Elektrobygget,
O.S. Bragstads plass 2a, 7034 Trondheim, Norway

Email: arne.ronnekleiv@iet.ntnu.no
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Session 51. Piezoelectric Transducer Materials (abstract 496)

Room: Pergamo Wednesday 12:00-12:30 p.m

Title: Growth, Properties and Applications of PMN-PT based Giant-
Piezoelectric Crystals

Author/ Speaker: Pengdi Han

Affiliation: HC Materials, 479 Quadrangle Dr. Suite-E, Bolingbrook,
Illinois 60440

Email: han@hcmat.com

Clinical Session

Session 1D. Clinical Ultrasound
Room: Salal Tuesday

Time: 8-8:30am

Title: Recent Advances in Clinical Ultrasound (abstract 1481)
Author/ Speaker: David Cosgrove

Affiliation: Imperial College

Time: 8:30-9:00a.m.
Title: Cardiovascular Ultrasound (abstract 1501)
Author/ Speaker: Lars-Ake Brodin

Time: 9:00-9:30a.m.

Title:Current Sonographic Imaging in Obstetrics & Gynaecology
(abstract 1409)

Author/ Speaker: Juriy Wladimiroff

Affiliation: Dept of Ob&Gyn, Erasmus University Medical Centre

Student Paper Finalists

Posters are required for all student finalists and will be displayed in a
special section, PS, in the first poster session on Monday. These posters
will remain on display until the final poster session on Wednesday.

This is the 9™ year of the student paper competition. 19 finalists were
selected at the Technical Program Committee Meeting held in Chicago,
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IL June 13-14" 2009. Posters will be displayed Monday-Wednesday in
Sala Orange.

GROUP 1 - Medical Ultrasonics (6 finalists)

Finalist #1.1 *Adam D. Maxwell, *Tzu-Yin Wang, *Charles A. Cain,
*]. Brian Fowlkes, **Oleg A. Sapozhnikov, **Michael R. Bailey, *Zhen
Xu

“The role of compressional pressure in formation of dense bubble
clouds in histotripsy” *Biomedical Engineering, University of
Michigan, Ann Arbor, MI, USA, **Applied Physics Laboratory,
University of Washington (abstract 527)

Finalist #1.2 *Amin Nikoozadeh, *Omer Oralkan, **Kai Thomenius,
**Aaron Dentinger, **Douglas Wildes, ***Kalyanam Shivkumar,

*** Aman Mahajan, ****Douglas N. Stephens, *****Matthew
O’Donnell, ******David Sahn, *Pierre T. Khuri-Yakub
“Forward-Looking Volumetric Intracardiac Imaging Using a Fully
Integrated CMUT Ring Array” *Stanford University, Palo Alto,
CA,USA, **General Electric Corporate Research & Development,
***University of California, Los Angeles, ****University of California,
Davis, *****University of Washington, ******Qregon Health and
Science University (abstract 1181)

Finalist #1.3 *Nikita Reznik, **Ross Williams, *Peter N. Burns
“Optical and Acoustic Characterization of Vapourized
Perfluorocarbon Droplets as Ultrasound Contrast Agents”
*Department of Medical Biophysics, University of Toronto, Canada,
**Sunnybrook Health Sciences Centre (abstract 969)

Finalist #1.4 *David Thomas, **Marcia Emmer, **Hendrik Vos,
*Vassilis Sboros, **Nico de Jong

“Optical observations of microbubble oscillation in small tubes”
*Medical Physics, University of Edinburgh, **Thorax Center,
Biomedical Engineering, Erasmus Medical Center (abstract 495)

Finalist #1.5 Skylar Marvel, Elizabeth Loboa, Paul A. Dayton
“Applications of Low Intensity Pulsed Ultrasound for Functional
Bone Tissue Engineering using Adult Stem Cells” Joint Dept of
Biomedical Engineering, University of North Carolina-North Carolina
State University (abstract 1273)
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Finalist #1.6 Ivan Nenadic, Matthew W. Urban, James F. Greenleaf
“Ex Vivo Measurements of Mechanical Properties of Myocardium
Using Lamb and Rayleigh Wave Dispersion Velocities”

Mayo Clinic College of Medicine (abstract 1285)

GROUP 2 - Sensors, NDE & Industrial Applications (3 finalists)

Finalist #2.1 *Jeanne-Louise Shih, **Makiko Kobayashi, **Cheng-
Kuei Jen

“Flexible Ultrasonic Transducers for Structural Health Monitoring
of Pipes at High Temperatures”

*McGill University, **Industrial Materials Institute National Research
Council Canada (abstract 511)

Finalist #2.2 *Venkata Chivukula, **Daumantas Ciplys, *Michael
Shur, ***Jinwei Yang, ***Remis Gaska

“Surface Acoustic Wave Interdigital Transducers Response to Deep
UV Illumination in AlGaN/Sapphire”

*Center for Integrated Electronics, Rensselaer Polytechnic Institute,
**Department of Radiophysics, Vilnius University, ***Sensor Electronic
Technology, Inc. (abstract 825)

Finalist #2.3 Atsushi Miyamoto, Mami Matsukawa

“Measurement of three-dimensional distribution of crack tips by low
power pulsed laser”

Doshisha University (abstract 1256)

GROUP 3 - Physical Acoustics (3 finalists)

Finalist #3.1 *Dana Gallimore, **Thomas Moonlight, *Mauricio
Pereira da Cunha

“Extraction of Pt/Rh/ZrO, High Temperature Elastic Constants”
*Electrical and Computer Engineering / Laboratory of Surface Science
and Technology, University of Maine, **University of Maine (abstract
513)

Finalist #3.2 *Mirza Pasovic, *Mike Danilouchkine, *Paul van Neer,
* Antonius van der Steen, **Olivier Basset, **Christian Cachard, *Nico
de Jong
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“Angular spectrum method for the estimation of pressure fields in
the super harmonic band”

*Biomedical Engineering, ErasmusMC, **CREATIS-LRMN, Univeriste
de Lyon, INSA Lyon (abstract 306)

Finalist #3.3 *Hengky Chandrahalim, *Sunil Bhave, **Christian
Rembe, **Sebastian Boedecker, ***Ronald Polcawich, ***Jeff
Pulskamp

“Heterodyne laser-doppler interferometric characterization of
contour-mode resonators above 1 GHz”

*Electrical and Computer Engineering, Cornell University, **Polytec,
**#*US Army Research Laboratory (abstract 1467)

GROUP 4 - Microacoustics — SAW, FBAR, MEMS (4 finalists)

Finalist #4.1 Florian Thalmayr, Ken-ya Hashimoto, Tatsuya Omori,
Masatsune Yamaguchi

“Fast Evaluation of Lamb Wave Scattering by Time Harmonic FEM
simulation”

Graduate School of Engineering, Chiba University (abstract 113)

Finalist #4.2 *Mohamed Abd Allah, **Jyrki Kaitila, **Robert
Thalhammer, **Werner Weber, *Doris Schmitt-Landsiedel
“Temperature Compensated Solidly Mounted BAW Resonators with
Thin SiO, Layers”

*Lehrstuhl fiir Technische Elektronik, Technische Universitidt Miinchen,
**Infineon Technologies (abstract 191)

Finalist #4.3 *Eduard Rocas, *Carlos Collado, **Enrique Iborra,
***Robert Aigner

“Unified model for nonlinear effects in BAW resonators”

*Signal Theory and Communications, Universitat Politecnica de
Catalunya, **Grupo de Microsistemas y Materiales Electronicos,
Universidad Politécnica de Madrid, ***R&D Acoustic Technologies,
Triquint Semiconductor (abstract 703)

Finalist #4.4 Bennett Meulendyk, Mauricio Pereira da Cunha
“Suppression of transverse waveguide modes for SAW resonators
with Pt and Pt/Rh/ZrO, electrodes”

Electrical and Computer Engineering, University of Maine (abstract
1015)
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GROUP 5 - Transducers & Transducer Materials

Finalist #5.1 * Alper Sisman, **Jaime Zahorian, **Gokce Gurun,
*Mustafa Karaman, **Mujdat Balantekin, **F. Levent Degertekin,
**Paul Hasler

“Evaluation of CMUT Annular Arrays for Side-looking IVUS”
*Isik University, Electronics Eng. Dep., **Georgia Institute of
Technology (abstract 1218)

Finalist #5.2 Matthew Eames, John Hossack

“Selectable Frequency CMUT with Membrane Stand-Off
Structures”

University of Virginia (abstract 1186)

Finalist #5.3 Joseph Kilroy, Linsey C. Phillips, Abhay V. Patil, John
Hossack

“Ultrasound Cather for Microbubble Based Drug Delivery”
Biomedical Engineering, University of Virginia (abstract 920)
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Members:
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Walter Arnold: Fraunhofer Institute for Nondestructive Testing,
Germany

Michal Bezdek: Endress+Hauser Flowtec AG, Switzerland
Ramazan Demirli: Canfield Scientific, USA
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Future Ultrasonics Symposia

2010 IEEE International Ultrasonics Symposium San Diego, CA
USA October 11-14, 2010
General Chair: Bob Potter;E-mail: bpotter@vectron.com
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Technical Session Schedules

The technical program is arranged as follows:

Oral Sessions, Monday, September 21,2009
Poster Sessions, Monday, September 21, 2009
Oral Sessions, Tuesday, September 22, 2009
Poster Sessions, Tuesday, September 22, 2009
Oral Sessions, Wednesday, September 23, 2009
Poster Sessions, Wednesday, September 23, 2009
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Monday Oral Sessions

1A. Targeted Contrast Agents
Sala 1

Monday, September 21, 2009, 11:30 am - 1:00 pm

Chair: Tom Matula
Univ. of Washington
1A-1

11:30 AM Molecular Imaging using Contrast Ultrasound

Alexander L Klibanov', Talent Shevchenkoz, Sunil Unnikrishnan?, Muzaffer Celebi?, Annemieke van Wamel?,
Joshua Rychak®*, Christopher Anderson*, Balasundar Raju’, Chien Ting Chin’, Michael Lawrence?, John
Hossack?, Klaus Ley®:'Cardiovascular Division, University of Virginia, Charlottesville, VA, USA, *University
of Virginia, USA, *Erasmus Medical Center, Rotterdam, Netherlands, *Targeson Inc, USA, *Philips Research,
USA, °La Jolla Institute of Allergy and Immunology, USA

Background, Motivation and Objective

Ultrasound imaging is performed in real time with inexpensive portable equipment. This imaging modality is
popular; it does not use ionizing radiation. Ultrasound is used for imaging anatomical structures, guidance of
biopsies and therapeutic (ablation) procedures; however, imaging of physiological processes and molecular/cellular
events requires the use of ultrasound contrast agents.

Statement of Contribution/Methods

Gas-filled particles, such as microbubble materials are the best ultrasound contrast agents, because of the excellent
particle compressibility. Microbubbles are several micrometers in size, and consist of a perfluorocarbon gas core,
coated with a thin shell (e.g., a lipid monolayer). As the size of microbubbles is smaller than the diameter of the
capillaries, microbubbles circulate in the bloodstream. Typically, microbubble lifetime in the bloodstream does not
exceed several minutes; they eventually deflate and gas is ehxaled through the lungs. An individual microbubble
particle, with a picogram mass, can be observed in the bloodstream by a clinical ultrasound imaging system.
Multipulse imaging techniques, such as phase inversion and amplitude modulation, allow detection of
microbubbles with complete suppression of the tissue background signal. Microbubbles are used in the clinical
setting as blood pool agents. Microbubble agents are actively investigated in animal models for molecular and
cellular imaging.

Results

Molecular imaging with microbubbles is achieved by attaching specific targeting ligands (antibodies,
peptdes/mimetics, or carbohydrates) onto the microbubble shell. The use of an extended spacer arm for ligand
attachment improves targeting efficacy. Because microbubbles stay intravascular, they can be only targeted to the
receptors on the surface of vascular endothelium: markers of inflammation or angiogenesis, such as P- and E-
selectin, ICAM-1, VCAM-1, VEGFR2. Specialized ligands, such as sialyl Lewis oligosaccharides, that are used to
arrest leukocytes on activate endothelium, allow targeting in the conditions of fast flow. Combination of two
ligands on the microbubble surface also mimics leukocyte adhesion to activated endothelium.

Discussion and Concl

Ultrasound imaging of targeted microbubbles can successfully delineate the areas of inflammation, and
characterize receptor pattern on the vascular endothelium in the neovasculature. Because microbubble circulation
time is short, and targeted microbubbles can be destroyed by high-MI ultrasound, repeated injections of different
microbubble preparations targeted towards various receptors can be performed within minutes of each other, to
provide information on the vascular endothelium biomarkers in a rapid and noninvasive fashion. Microbubble-
based particles can be loaded with drugs, and ultrasound can release the drug in the desired area of the body,
expanding the use of ultrasound contrast from molecular imaging to targeted therapy.
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1A-2

12:00 PM Intravascular Ultrasound Detection and Delivery of Molecularly Targeted
Microbubbles for Gene Delivery

Linsey C. Phillips', Alexander L. Klibanov', Brian R. Wamhoff', John A. Hossack':' University of Virginia,
Charlottesville, VA, USA

Background, Motivation and Objective

Current treatment for millions of patients with stenotic atherosclerotic arteries relies on balloon angioplasty
followed by stent placement. Localized drug delivery is often required to prevent restenosis. Due to the risk of
thrombosis with drug eluting stents, we have investigated microbubble based targeted delivery and combined
intravascular ultrasound (IVUS) imaging. Although IVUS imaging is often used for visualizing arterial lumens it
has recently been shown by our group to achieve gene delivery under non-clinical ultrasound conditions. The
goals of these studies were to determine whether IVUS could be used to detect targeted microbubbles and enhance
drug/gene delivery through targeting.

Statement of Contribution/Methods

Vascular cell adhesion molecule-1 (VCAM-1) is an inflammatory cell surface marker present in atherosclerotic and
injured smooth muscle cells. Fluorescent (Dil) microbubbles (d = 1-3 pm) composed of a phosphatidylcholine
lipid shell with biotinylated polyethylene glycol spacers were molecularly targeted through streptavidin
conjugation with biotinylated VCAM-1 antibodies. Inflamed vascular smooth muscle cells were cultured in
acoustically transparent Opticell flasks and injected with control or targeted bubbles (1.5¢7/ml) with CMV-GFP
plasmid (3 pg/ml). Gene delivery was performed by emitting Gaussian 1.5 MHz ultrasound pulses from a
fabricated, lmm wide, single element transducer at a PRF of 8 kHz for ~5 seconds per cell.

A commercially available intravascular ultrasound catheter transducer was used for imaging at 40 MHz (Boston
Scientific Atlantis). Image intensity was assessed with and without microbubble delivery. Cylindrical flow
chambers 2.5mm wide were constructed in PDMS (silicone) with a thin polystyrene membrane at one edge of the
chamber wall to allow for optical inspection under flow. To simulate inflamed vasculature VCAM-1 coated
membranes were for in vitro verification of targeted microbubble adhesion.

Results

Molecularly targeted microbubbles remained adherent to the inflamed cells (an average of 25 bubbles per cell)
under 10 dynes/cm’ flow. Targeted microbubbles resulted in a 50% increase in gene transfection over non targeted
bubbles. At an equivalent density of 3x10e4 bubbles/mm?, IVUS image intensity increased 4.3 fold over that of
non bubble coated surfaces. No difference in image intensity was observed with control bubbles on either plain or
VCAM-1 coated membranes, but with targeted bubbles IVUS imaging revealed a 4.1 fold increase in intensity on
VCAM-1 surfaces. Rupture of microbubbles from the single element transducer resulted in a 53% reduction in
image intensity.

Discussion and Conclusions

Taken together, these results indicate IVUS may be used to detect targeted microbubbles to inflamed vasculature
and subsequently deliver a gene/drug. Enhanced echoes from microbubbles targeted to VCAM-1 have clinical
potential for early atherosclerosis detection.

1A-3

12:15 PM Nanoparticle-Loaded Perfluorocarbon Droplets for Imaging and Therapy

Naomi Matsuura', Ross Williams', Nikita Reznik?, Ivan Gorelikov', Joydeep Chaudhuri', John Rowlands'?, Kullervo
Hynynen'?, Stuart Foster'?, Peter Burns"?; Sunnybrook Health Sciences Centre, Canada, *University of Toronto,
Canada

Background, Motivation and Objective

Nanoscale particles for therapeutic and diagnostic applications in ultrasound are a rapidly developing area of
research. Perfluorocarbon droplets that are in the liquid phase at physiological temperatures, but which can be
converted to gas using ultrasound, can be used as a contrast agent for the detection and therapy of solid tumours.
Because of the enhanced permeability of tumour vascular endothelium, particles with diameters from 100-300 nm
can preferentially extravasate into tumours, remaining present for extended periods of time once the contrast agent
has been cleared from the systemic circulation. Furthermore, nanoparticles can be encapsulated within the
droplets, providing a novel way to extend the functionality of perfluorocarbon droplets to other imaging and
therapy modalities, while constraining the biophysical interactions to those determined by the properties of the
encapsulating droplet.
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Statement of Contribution/Methods

In this work, we report on the interaction of ultrasound with droplet emulsions composed of various
perfluorocarbons (PFP, PFH, PFOB) encapsulated with a fluorosurfactant, and on a novel method to solubilize
nanoparticles and incorporate them within the perfluorocarbon droplets, demonstrated using quantum dots and gold
nanorods. The droplet diameters ranged from 100-300 nm as measured by dynamic light scattering. Ultrasound
experiments to measure droplet cavitation at low frequency were performed at 1 MHz using a single-element
transducer with passive detection at 500 kHz; high frequency experiments to detect droplet vapourization were
performed with a high-power flash mode in conjunction with pulse-echo detection at 18 MHz using a VisualSonics
2100 linear array transducer.

Results

Experiments were conducted to demonstrate that: 1) the cavitation and vapourization pressure thresholds could be
manipulated by varying droplet composition so that phase conversion is obtained at MI=1-2; 2) that the
incorporation of nanoparticles lowered the inertial cavitation threshold at 1 MHz by 20% and enhanced the efficacy
of mixed cavitation and HIFU therapy, demonstrated using a macrophage cell line in conjunction with
perfluorohexane droplets; 3) that low-boiling point perfluoropentane droplets can be converted to gas and imaged
at high frequency in hepatomas in mice, using brief high pressure flashes to achieve the conversion; and 4) that
optically fluorescent quantum dots can be used to trace the biodistribution of droplets within rabbits and mice using
fluorescence histology, demonstrating little toxicity but enhanced accumulation in the liver and spleen.

Discussion and Concl

This work demonstrates that perfluorocarbon droplets are a promising agent for both therapeutic and diagnostic
applications of ultrasound over a wide range of frequencies. Practical issues and requirements for further droplet
development will be discussed.

1A-4

12:30 PM Radiation force-enhanced targeted imaging using a dual-frequency high-
resolution transducer

Ryan Gessner', Mike Lee?, Marc Lukacs?, F. Stuart Foster?, Paul Dayton'; ! Biomedical Engineering, University of
North Carolina at Chapel Hill/North Carolina State University, USA, *University of Toronto, Canada

Background, Motivation and Objective

Recently, there has been an interest in the application of radiation force (RF) to enhance both diagnostic and
therapeutic ultrasound (US) imaging studies. RF pulses have shown to enhance adhesion of targeted microbubble
contrast agents (MCAs), thus improving their signal to noise ratio, while it has also been shown effective in
concentrating therapeutic delivery vehicles at desired locations. These abilities are of particular interest for small
animal studies, where much of the work in US molecular imaging and therapeutic delivery is being tested. The
magnitude of RF on MCAs is maximized when generated near their resonance frequency. Traditional high
frequency imaging transducers are therefore not optimized to produce RF on most MCAs. Our goal was to test a
dual frequency high resolution US probe for its suitability in RF enhanced targeted imaging in small animal
studies.

Statement of Contribution/Methods

Our team has supplemented a standard VisualSonics 30 MHz imaging transducer with a second, confocal, low-
frequency element. This adaptation has enabled us to produce radiation force simultaneously with high-resolution
imaging, generating RF pulses in the range of 2-4 MHz with imaging at 30 MHz. We present preliminary RF
enhanced targeting data in vitro. Biotinylated MCAs were injected through a 200 um cellulose tube coated with
avidin. RF pulses lasting 10 s were delivered to the tube and the efficiency of this targeting was verified optically.
Scattered US signals from free and targeted contrast agents were delineated by applying slow time filters to the
radio frequency data. Additionally, the image intensities in the B-Mode images were compared in regions with and
without the RF pulses.

Results

We have verified optically that the probe is capable of pushing a polydisperse distribution of MCAs moving with a
linear flow velocity of 44 mm/s a distance of 200 um perpendicular to their direction of motion and against
buoyancy in 10 ms. Using a 10 second RF pulse, the probe has proven capable of improving the binding efficiency
of freely flowing targeted MCAs in a localized area. Signal processing on the radio frequency data confirms a
localized region of enhanced signal intensity from increased adhesion of targeted contrast agents in the region of
RF application. Signal processing of stationary echo signals from RF data allows display of targeted contrast agent
signal overlaid with B-mode image data.
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Discussion and Conclusions

The ability to enhance targeting efficiency via the application of short RF pulses to quickly flowing MCAs has
been demonstrated in-vitro. Extending this ability with the confocal high frequency probe to in-vivo studies will
allow for improved signal to noise ratios in diagnostic US applications as well as enhanced accumulation of
therapeutic-bearing MCAs at specific locations.

1A-5

12:45 PM The effect of radiation force on binding efficiency and specificity of target-
specific contrast-agent microbubbles

Peter Frinking', Isabelle Tardy', Martine Theraulaz', Sibylle Pochon', Jeffry Powers?, Marcel Arditi'"/ Bracco
Research S.A., Geneva, Switzerland, *Philips Medical Systems Inc., Bothell, WA, USA

Background, Motivation and Objective

Target-specific microbubbles are showing a great potential in ultrasound molecular imaging applications. Binding
efficiency of these microbubbles may, however, be limited due to hemodynamic factors preventing adhesion to
target molecules present on the vascular endothelium. Radiation force has been suggested to improve bubble
binding by pushing the bubbles towards the endothelium of the vessel wall. However, nonspecific binding in
normal tissue may also be promoted by radiation force and could reduce binding specificity. In this work, the effect
of radiation force on binding efficiency and specificity of target-specific microbubbles was investigated.

Statement of Contribution/Methods

BRS5S microbubbles, a phospholipid-based contrast agent functionalized with a heterodimeric peptide specific for
VEGFR2 (KDR/FIk-1), were injected in Copenhagen rats in which adenocarcinoma cells (G Dunning R-3327)
were implanted in one lobe of the ventral prostate. Radiation force was applied to bubbles in the prostate during 2
min following injection using a linear array probe (L9-3) connected to a Philips iU22 ultrasound scanner. A
specific scanning protocol was implemented to generate high duty-cycle (98%) radiation force pulses (3.5 MHz, 38
kPa) effectively exposing the entire prostate (approx. 2 cm in width). This allowed comparing the effects of
radiation force on binding in tumor (specific) and normal (nonspecific) tissue at the same time. Bubble binding was
determined by imaging targeted bubbles using Power Modulation (4.0 MHz, 180 kPa) 10 min after agent injection
(i.e. 8 min following radiation force application) using the same probe and ultrasound system. Different agent
concentrations (0.2-0.8 uL gas/kg) were used. As a reference, bubble binding without radiation force at the highest
concentration (0.8 puL gas/kg) was determined. Data obtained from different animals were analyzed off-line, and
mean echo power values calculated in tumor and normal tissue of the same prostate were compared.

Results

Compared to the reference, radiation force improved bubble binding efficiency in tumor tissue by a factor of 3-10,
depending on agent concentration. However, at the highest concentration, increased binding was also observed in
normal tissue (by a factor 3) resulting in reduced specificity. This increase in nonspecific binding was not observed
at lower concentrations. For an optimal concentration (0.4 pL gas/kg), the net effect of radiation force resulted in a
3-4 fold improvement in binding specificity compared to the reference.

Discussion and Concl

Radiation force improves binding efficiency of target-specific microbubbles in pathological tissue, but it may
reduce binding specificity at too-high agent concentrations. Therefore, optimal exploitation of radiation force,
resulting in improved binding efficiency and specificity of target-specific microbubbles, requires careful
considerations concerning agent concentration.
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2A. Ultrasound Systems and Devices
Sala 2

Monday, September 21, 2009, 11:30 am - 1:00 pm

Chair: Piero Tortoli
Univ. of Firenze
2A-1

11:30 AM Estimation of Skin Elasticity by Measuring Surface Wave Velocity under Impulse
Stimulus

Bo Qiang', Xiaoming Zhang', James Greenleaf'; ' Department of Physiology and Biomedical Engineering, Mayo Clinic
College of Medicine, Rochester, MN, USA

Background, Motivation and Objective

Skin viscoelasticity provides valuable information for medical diagnosis like skin cancer and understanding
physiological phenomena like aging. Medical devices such as Magnetic Resonance Elastography (MRE), vibro-
acoustography and Optical Coherence Elastography (OCE) have been actively researched for measuring tissue
elasticity by tracking the shear wave propagation inside tissue. On the other hand, surface Raleigh waves on skin
can be measured conveniently with non-contact methods. This paper presents a compact system designed for
evaluating skin elasticity by measuring surface wave velocity.

Statement of Contribution/Methods

A novel system targeted for clinical usage is prototyped and tested on a rubber-based phantom. The system
includes an electromagnetic shaker, a function generator and a multi-channel laser displacement sensor device. The
shaker delivers 1 ms duration pulses to the testing surface and the surface waves are recorded at multiple points
along the propagation direction with the laser. Akaike Information Criterion (AIC) function is used to resolve the
arrival times of the wave front. Then, Young’s modulus is calculated based on the wave velocity. The impulse
method is much less affected by boundary conditions than Continuous Wave (CW) method because measurements
can be made before reflections occur.

Results

The surface wave velocity can be related to the Young’s modulus as cs = sqrt(E/3/p)/1.05, Where cs is the surface
wave velocity, E is Young’s modulus and p is mass density of the material.

On the phantom, the group velocity is 12.61 m/s; therefore Young’s modulus is 526 kPa. This result is consistent
with the estimate obtained by CW excitation (549 kPa, X. Zhang et al., J. Acoust. Soc. Am., vol. 122, 2522-2525,
2007). Systematic and random noises are modeled in order to understand the source of error and improve the
accuracy of the predictions.

Di ion and Concl

In this study, we demonstrated a novel system for tissue elasticity measurements. This method measures the
surface wave propagation and features convenience, simplicity and compact size. The preliminary testing results on
a tissue simulating phantom are consistent with our previous study. Design issues and error analysis are also
presented.
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2A-2

11:45 AM GPU-Based Reconstruction and Display for 4D Ultrasound Data
Abubakr Alsebai', Ahmed Nokrashy?, Elhassan Mohamed', Yasser Kadah'; /Nile University, Egypt, *IBE Tech, Egypt

Background, Motivation and Objective

Due to the required computational effort of 4D ultrasound imaging, such systems depend on low complexity
techniques like nearest neighbor interpolation, which affects volume quality. Moreover, more accurate techniques
like normalized convolution, backward trilinear interpolation, and forward spherical and ellipsoidal Gaussian
kernel, are avoided in real-time imaging because of the tight reconstruction time. The goal of this work is to utilize
recent commercial graphics hardware technology of graphics processing unit (GPU) to speed up the reconstruction
time while increasing the quality of displayed volume.

Statement of Contribution/Methods

This work presents a hybrid reconstruction method for 4D ultrasound implemented on the GPU. We used forward
reconstruction with interpolation based on normalized convolution optimization. Image registration using direct
pixel nearest neighborhood is used. Then, an interpolation and hole-filling stage is done using resizable ellipsoidal
kernel with Gaussian weighted values. The upsampling step is combined with normalized convolution
optimization. The proposed methods are designed and implemented in such a way to take advantage of the GPU
environment to gain maximum hardware acceleration and multiprocessor utilization.

Results

Test data were acquired using 3D mechanical transducer (Prosonic, inc.) interfaced to a Tetrad Sonata ultrasound
imaging system and a fetal ultrasound training Phantom (CIRS, inc.). Volume size was 256x492x87, fan angle of
86 deg, and scan depth of 160 mm. The implementation of the proposed method was done using C++ under Qt ver.
4, OpenGL and CUDA (NVIDIA, inc.). A personal computer with Intel Core 2 Quad CPU with 8 GB RAM, and
an NVIDIA GeForce 9600 graphics card with GPU was used under Windows XP operating system. The initial
prototype of our algorithm was able to achieve an average volume reconstruction and display frame rate of more
than 40 frames/s. A sample screen shot of the developed system in shown in Fig. 1 where 3 perpendicular slices as
well as the reconstructed volume are all displayed in real time.

Discussion and Concl

A new low-cost 4D ultrasound reconstruction and display system is introduced. The new system takes advantage of
the recent advances in computer graphics card GPU technology to reconstruct high quality volumes at high frame
rates.
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2A-3

12:00 PM Accurate assessment of middle ear effusion by monitoring ultrasound
reflections from a tympanic membrane

Junho Song', Kullervo Hynynen':Sunnybrook Health Science Centre and Department of Medical Biophysics,
University of Toronto, Toronto, ON, Canada

Background, Motivation and Objective

Middle ear with effusion (MEE) is a common bacterial disease in children. Detection of the presence of MEE in
early stage prevents from the risk of temporarily or long-term hearing loss in young children. Commonly, the
determination between a healthy and diseased middle ear is relied on the physician’s skill and experience by
visually examining the tympanic membrane using an otoscope. However, diagnosing MEE is considerably
challenging in infants or young children due to the lack of cooperation.

In this paper we have developed a simple, disposable, and inexpensive ultrasound transducer to detect middle ear
with effusion by monitoring the presence of fluid in the middle ear. The accurate diagnosis is achieved by
analyzing the amplitude of reflected signals from the tympanic membrane. The transducer transmits high frequency
ultrasound signals and receives reflections from the tympanic membrane through a low-pressure water jet
generated from the transducer to the membrane.

Statement of Contribution/Methods

An ultrasound transducer was fabricated from a 2.5 mm in diameter, 300 um thick PZT-4 ceramic. It was attached
on the tip of a 3 mm in diameter brass tubing. A mixture of a PZT/epoxy backing material was filled in the brass
tubing. A 1 ml syringe (OD=5 mm) was used as a transducer outer casing, and the transducer was attached in front
of the plunger. A 0.5 mm in diameter PET tubing was attached to the plunger to provide enough pressure to
generate a straight water jet through an orifice at the open end of the syringe. A 25 um thick Mylar film with a thin
water layer (0.2 ~ 1 mm thick) was used to simulate the abnormality of a middle ear with effusion in the
experiments. The film was placed at 10 ~ 30 mm from the transducer.

Results

The system generated a low-pressure, straight water jet up to 30 mm using less than 0.2 ml. When there was no
fluid present in behind the membrane, only one strong echo was received. In case of fluid behind the membrane,
two echoes were received, one from the membrane and the other at the back wall of the fluid filled chamber
simulating middle ear. The reflection from the membrane without fluid behind was approximately three times
higher than when fluid was behind the membrane. The time interval between the first and last echoes was used to
estimate the thickness of a fluid layer. Therefore, the conditions of the middle ear, such as a healthy/infected
middle ear and thickness of a fluid layer, could be accurately diagnosed by evaluating signal amplitude or counting
the number of peaks.

Di ion and Concl

A novel idea of using ultrasound beam and an instantaneous water jet for the detection of fluid in the middle ear
was shown by constructing a simple and inexpensive ultrasound transducer. Since the transducer sends and
receives ultrasound beam through a water jet, it is not sensitive to the excessive background noise such as crying
and does not require significant co-operation from the patient.
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2A-4

12:15 PM SURF imaging — A real time dual-frequency band ultrasound system
Svein-Erik Masoyl, Jochen M. Deibele', Thor Andreas Tangen‘, Sven Peter Nasholm', Oyvind Standal', Tonni F.
Johansen', Rune Hansen'2, Bjorn Angelsen'; 'Department of Circulation and Medical Imaging, Norwegian University
of Science and Technology, Trondheim, Norway, *Department of Medical Technology, SINTEF Healt Research,
Trondheim, Norway

Background, Motivation and Objective

This group has developed a method named Second-order UltRasound Field imaging, abbreviated SURF imaging.
The SURF imaging technique is based on transmission of dual-frequency band pulses using a low-frequency (LF)
manipulation pulse and a high-frequency (HF) imaging pulse, typically having a frequency separation of greater
than 1:7. The two pulses are wide band, usually with a length less than 4 periods. The purpose of the LF pulse is to
manipulate the scattering and propagation of the HF imaging pulse, and is only transmitted and not received. The
HF imaging pulse is then used to image tissue or nonlinear scatterers under the influence of the manipulation pulse.

Here, a real time ultrasound imaging system capable of transmitting dual-frequency band pulses is presented.

Statement of Contribution/Methods

The system is a modified version of the Ultrasonix RP platform (Ultrasonix Medical Corporation, Vancouver,
Canada). The modification consist of constructing new probes capable of transmitting dual-frequency pulses,
adding a pulser for the LF pulse, a new connector for these probes, and software for post-processing of data.

Three probes capable of transmitting dual-frequency pulses using the same acoustic surface, have been designed
and manufactured (Vermon, France) for various imaging purposes. A linear array with 1.25/10 MHz center
frequencies, an endo-rectal curved linear array with 1.25/10 MHz center frequencies, and a linear array with 0.9/7
MHz center frequencies. All the probes have 64/192 acoustic elements arranged in a bi-layer piezo-electric stack.
The LF pulser has 64*2 channels with a sampling rate of 10-80 Mhz.

The connector has 360 pins, 192 allocated for the HF, and 104 for the LF. A multiplexer is also built onto the
connector to multiplex the 128 transmit channels of the Ultrasonix RP system to the 192 HF channels on the dual-
frequency probes. The pulser with control software, and connector was produced by Norbit AS, Trondheim,
Norway.

Software has been written in-house to perform post-processing on the received HF echoes.

With the aid of Ultrasonix Medical Corporation, an interface to the LF software/hardware and the in-house written
post-processing software has been created, allowing for real-time adjustment of the LF beamforming and
parameters for post-processing.

Results

Images from the development of the system are presented. Water tank measurements recorded with a hydrophone
demonstrate the function of the dual-frequency band probes as well as the simultaneous real-time beamforming
control of both the LF and HF pulses. Real-time images of in vitro contrast agent detection at 10 MHz in a tissue
mimicking phantom is also presented, demonstrating SURF imaging as a method for high-frequency contrast agent
detection.

Discussion and Concl

A real-time system capable of transmitting dual-frequency band pulses has been constructed and demonstrated to
work as intended.

2A-5

12:30 PM Real-Time Imaging with the Sonic Window: A Pocket-Sized, C-Scan, Medical
Ultrasound Device
Michael Fuller'?, Kevin Owen'?, Travis Blalock'?, John Hossack'?, William Walker'*; 'PocketSonics, Inc.,

Charlottesville, VA, USA, *Dept. of Electrical and Computer Engineering, University of Virginia, Charlottesville, VA,
USA, *Dept. of Biomedical Engineering, University of Virginia, Charlottesville, VA, USA

Background, Motivation and Objective

The Sonic Window is a pocket-sized, C-scan ultrasound device designed to expand ultrasound into clinical settings
and applications that have yet to benefit from its utility. The low component cost, compact form factor with
integrated 2D transducer array, and an intuitive C-scan image format displayed directly over the anatomy of
interest are what distinguish the Sonic Window from conventional ultrasound systems. Initially conceived for
guiding vascular access procedures, the technology at the core of the Sonic Window is a potential platform for

54 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009

developing other devices for general clinical use or for niche applications such as foreign body identification,
sports medicine, veterinary medicine, long-term monitoring, or IVUS.

Statement of Contribution/Methods

A prototype of the Sonic Window was designed and constructed consisting of a fully sampled 60x60 transducer
array, custom integrated circuits (ICs) containing 3,600 front-end receive channels, a high-voltage transmit circuit,
an off-the-shelf digital signal processor (DSP), and a liquid crystal display. The 2D transducer array was
fabricated on one side of a 2-layer PCB and the front-end ICs were attached onto the other side using a flip-chip
process. The front-end ICs acquire the data for one C-scan slice per transmit event and send digital data to the
DSP, which uses the Direct-Sampled In-phase Quadrature (DSIQ) method for beamforming. The prototype fits in
a 6-cm x 15-cm enclosure containing a 1500 mAh rechargeable battery.

Results

The Sonic Window prototype device is currently forming real-time C-scan images at 5 FPS and has a battery life of
over 1.5 hours while imaging. Lateral resolution is approx. 900 microns and cystic contrast is approx. 20 dB.
Phantom target and in vivo images are presented to demonstrate the imaging capability of the device.

Discussion and Concl

This work demonstrates for the first time a fully integrated prototype of the Sonic Window imaging in real-time.
Characterization and refinement of device performance is ongoing, but initial results indicate the device performs
adequately for its intended application in guiding vascular access procedures. Further development will
incorporate clinical feedback in tailoring performance, image quality and ergonomics toward the needs of the
clinician.

2A-6

12:45 PM Fiber Optic Broadband Ultrasonic Probe for Virtual Biopsy: Technological
Solutions
Stefano Cerbai!, Luca Belsito?, Elena Biagi', Alberto Roncagliaz, Niccolo Specialez, Guido Masetti’, Leonardo

Masotti'; ! Electronics and Tle, University of Florence, Florence, FI, Italy, ’°CNR IMM Bologna, Bologna, BO, Italy,
*DEIS, University of Bologna, Bologna, BO, Italy

Background, Motivation and Objective

Our group proposed the design and realization of an ultrasonic source based on opto-acoustic effect in 1996, with a
metal layer over the fiber optic tip as absorbing target. In 2001 we improved the opto-acoustic conversion by
replacing the metal absorbing target with a graphite one. Two years later, in 2003, we proposed a complete opto-
acoustic and acousto-optic setup for a fully fiber optic ultrasonic probe.

The proposed probe consists of two optical fibers: one generating ultrasounds by opto-acoustic conversion, the
second one, based on acousto-optic effect, used to detect ultrasounds.

The intrinsic high frequency and wide band associated both to the opto-acoustic source and to the interferometric
acousto-optic element could open a way towards a “virtual biopsy”.

“Virtual biopsy” is perspective to provide the physicians the possibility of studying the nature and health condition
of small portions of living tissue “in situ” by using ultrasounds.

Statement of Contribution/Methods

A Micro-Opto-Mechanical-System (MOMS) approach is proposed to realize miniaturized opto-acoustic probes on
optical fibres, in which the optical emitters and receivers are realized on micromachined frames that can be
subsequently mounted on the fibre tip in a self-aligned way.
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For the ultrasound emitter, a carbonization procedure has been adopted on photoresist patterns to obtain amorphous
carbon layers suitable for optoacoustic emission. For the receiver, Fabry-Perot interferometers composed by two
thin metal layers (evaporated Al) and a SU-8 spacer have been realized using different thicknesses of the individual
layers. The carbon, SU-8 and Al layers have been characterized with Raman, Fourier Transform Infrared (FTIR)
and optical spectroscopy to determine their optical properties and in particular the spectral reflectivity of the SU-8
interferometers. Ultrasound emission of the carbon layers and the Fabry-Perot response has been evaluated.

Results

We present our technological achievements in the development of the first all fiber optic probe and novel images of
simple test objects, obtained with a complete opto-acoustic setup.

Di ion and Concl

Prototypes realized with different solutions, both for the transmitting and receiving element, are presented and
discussed. It is demonstrated that the generated ultrasonic power is sufficient to be revealed by an interferometric
acousto-optic fiber receiver.

It is also demonstrated how graphite-like amorphous carbon thin layers, suitable for opto-acoustic generation, are
obtainable with thickness around 1 pm and average tolerance of about 5% on a 4 inch wafer while 10 um thick SU-
8 interferometers on silicon substrates have been successfully realized providing a reflectance sensitivity around 13
um-1 with respect to the spacer thickness.

56 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009

3A. Ferroelectrets and Other Transducer Materials
Sala 4

Monday, September 21, 2009, 11:30 am - 1:00 pm

Chair: Reinhad Lerch
Friedrich-Alexander University
3A-1

11:30 AM High Temperature Piezoelectric Properties of CaBi,Ta,0, Ceramics

Tadashi Takenaka', Toji Tokutsu', Yuji Hiruma', Hajime Nagata'; ' Tokyo University of Science, Japan

Background, Motivation and Objective

The industrial and scientific communities have expressed the need for sensing over a broad temperature range. The
maximum operation temperature of piezoelectric materials for sensors is limited by the Curie temperature, 7,
combined with the level of sensitivity determined by the piezoelectric voltage constant, gj. Bismuth layer-
structured ferroelectrics (BLSFs) are attractive from the viewpoint of sensor applications, because BLSFs are
characterized by their low dielectric constant, &s, high 7¢, and large anisotropy in the electromechanical coupling
factor, kss/ks;. One of BLSF, CaBi,Ta,0y (CBT), is expected to be a candidate material for high temperature
sensors due to its high-T¢, approximately 900°C. However, there are few reports about piezoelectric properties for
CBT-based ceramics. The reason is that it is very difficult to evaluate piezoelectric properties because of a
difficulty in poling from a large coercive field. In this study, their electrical properties and piezoelectric properties
of CBT-based ceramics were investigated by using the specimen poled in silicone oil at high temperature of 280°C.
Also, the high temperature piezoelectric properties were examined.

Statement of Contribution/Methods

CBT ceramics were prepared by a conventional ceramic fabrication technique. Piezoelectric properties were
measured by the resonance-antiresonance method. For thermal depoling behavior measurements, a poled sample
was heated at high temperature for 1 h, and then, cooled it to room temperature and measured their piezoelectric
properties.

Results

From the temperature dependence of dielectric constant &5 and loss tangent tand for the CBT ceramics, the 7. was
at 923°C. Poling treatment at high temperature of 280°C was very effective to move the domain walls, and
piezoelectric properties such as electromechnical coupling fuctor, k33, and piezoelectric g constant, gs;, were
improved to 0.085 and 8.4x10° V m/N at room temperature, respectively. The thermal depoling test indicated that
the /3; and gs; for the CBT ceramics after keeping at 890°C for 1h, were 0.082 and 8.2x10° V m/N, respectively.
This results indicated that piezoelectric properties of CBT ceramic were maintained close to the 7¢. Futhermore,
in-situ measurement of piezoelectric properties in (33) mode indicated stable piezoelectric properties up to 400°C.

Discussion and Concl
From above resutls, the CBT ceramic seems to be a candidate for high temperature sensors because of its high-7¢
and good high temperature piezoelectric stability.

3A-2

11:45 AM Testing of High Temperature Bismuth Titanate Ultrasonic Transducers
Fabricated by Using a Modified Sol-gel Spray Deposition Technique

CIiff Searfass', Bernhard Tittmann', Dinesh Agrawal':' Department of Engineering Science and Mechanics,
Pennsylvania State University, University Park, Pa, USA

Background, Motivation and Objective

Ultrasonic non-destructive evaluation is a powerful means of preventing system failure in many real world
applications. In order to reduce system down time for structural evaluation it is necessary to develop means of
monitoring in-situ. This is particularly challenging when operating in extreme conditions where temperatures
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exceed 500 oC because of needs for suitable couplants, difficulty maintaining structural contact, and the limited
amount of materials capable of generating ultrasound at these temperatures. Examples of structures requiring NDE
in these conditions include cannon barrels, turbine blades in the acrospace and power industries, and furnaces. The
overall objective of this work is to develop means of performing in-situ ultrasonic NDE at elevated temperatures.

Statement of Contribution/Methods

In order to overcome design obstacles associated with the use of ultrasound at high temperatures, the sol-gel spray
deposition technique of thick film piezoelectric bismuth titanate transducers has been adapted and modified. In
this method, the piezoelectric material can be deposited directly onto the structure in question. Therefore high
temperature couplants and means of maintaining structural contact are eliminated. In this paper new processing
techniques that have greatly reduced fabrication time and our sensor performance are introduced. One
modification is replacing the ball milling stage with high intensity ultrasound. This has reduced our mixing times
by a factor of ten and has eliminated chances of accidental contamination. In place of using conventional furnaces
for sintering, a multimode microwave furnace was used to sinter at temperatures over 800 oC in atmospheric gas
conditions. The entire sintering process, from heating to cooling, takes only 2 hours with the microwave furnace;
whereas with conventional furnaces the process could take 22 hours or more. Our sensors fabricated with these
modifications displayed better electromechanical properties and substrate adhesion.

Results

Tested sensors were capable of generating longitudinal waves in stainless steel at temperatures exceeding 600 oC.
Sensors were also fabricated for the generation of ultrasonic guided waves in stainless steel rectangular bars and
plates at elevated temperatures. These sensors were capable of generating ultrasound at temperatures in excess of
600 oC and recorded signals show that the mode shapes are quite sensitive to temperature changes less than 50 oC.

Di ion and Concl

The use of high intensity ultrasound and microwave sintering technologies have been employed in order to increase
our sensor performance as well as to reduce fabrication time. Sensors are capable of generating multiple types
ultrasonic waves at temperatures exceeding 600 C. Changes in mode shapes of guided waves at elevated
temperatures indicate a priori knowledge of a system may be necessary such that proper wave modes can be
generated at target temperatures.

3A-3

12:00 PM Broadband ferroelectret transducers

Gerhard M. Sessler', Joachim Hillenbrand": 'Institute for Communications Technology, Darmstadt University of
Technology, Darmstadt, Germany

Background, Motivation and Objective

Ferroelectrets (or piezoelectrets) are a new group of piezoelectric materials consisting of a cellular polymer such as
polypropylene (PP). The voids in the polymer are all positively charged on one side and negatively on the other
side. Major advantages of ferroelectrets, as compared to other piezoelectric polymers, are the high piezoelectric
dy3-coefficient of about 500 pC/N, which is 20 times higher than that of PVDF, availability in large areas,
simplicity of transducer design and low material cost. Ferroelectrets may be used to generate and detect sonic and
ultrasonic signals in air and water up to the resonance frequency of the cellular film which is typically at a few
hundred kHz.

Statement of Contribution/Methods

Major new developments include the improvement of the ds;-coefficient and the enhancement of the thermal
stability of the piezoelectric effect by application of an additional dc-voltage [J. Hillenbrand and G. M. Sessler, J.
Appl. Phys. 103, 074103 (2008)]. Another promising approach to increased thermal stability is the use of layered
fluoropolymere films, which have superior charge-storage properties. Ferroelectret transducers consist essentially
only of a thin piezoelectric film plus additional housing and contacts. Transducers with stacked films are being
used to further increase the sensitivity.

Results

The sensitivities of ferroelectret transducers are proportional to the piezoelectric ds;-coefficient. This coefficient,
measured interferometrically for various external dc-voltages, is shown in Fig. 1 as a function of frequency. In the
near ultrasonic range, transmitters utilizing such ferroelectrets generate sound pressure levels in excess of 120 dB
while sensors have sensitivities of about 10 mV/Pa. Directional transducers based on the interference principle and
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transducer arrays with high directivity have also been studied. Thermal stability of d; and thus of the transducer
sensitivity have been extended up to about 90°C.

Di ion and Concl

Ferroelectret transducers are well suited for the generation and detection of airborne ultrasonic signals.
Improvements in their sensitivity and thermal stability together with their simplicity of design have made them of
interest for a variety of applications in this frequency range.
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3A-4

12:30 PM Ferroelectret Sensor Array for Characterization of Cavitation Effects in
Ultrasonic Cleaning

Stefan Rupitsch', Alexander Sutor', Reinhard Lerch'; 'Department of Sensor Technology, Friedrich-Alexander-
University Erlangen-Nuremberg, Germany

Background, Motivation and Objective

In industrial manufacturing the process of ultrasonic cleaning has to meet the demand for a continuously increasing
cleaning efficiency. Until now, cleaning systems are mostly designed empirically and there are no sufficient
methods and tools for a defined planning and control of cleaning processes. Based on these requirements, the
objective is the development of a sensor for characterization of cavitation effects which are the most important
mechanisms of cleaning impact.

Statement of Contribution/Methods

As an advancement of the state of the art a new piezoelectric sensor for cavitation measurement is developed,
which can be applied directly on the surface of components. This sensor enables the examination of the specific
cavitation effects near a wall and the impact of the component to be cleaned on the resulting sound field. The
cavitation measurement is based on the assessment of specific components in the acoustic spectrum which result
from cavitation bubble dynamics. The sensor consists of a thin electromechanical film (EMFi) sheet with
electrodes on top determining locally spaced elements forming a transducer array. Due to its flexible structure, this
film material can be directly attached to surfaces of the parts to be cleaned even when they are of curved shape.
The acoustic spectrum is compared to cavitation erosion experiments using a new test layer.

Results

The sensor array was designed by using appropriate finite element simulation. Several prototypes have been
characterized by diverse experiments. The obtained sensor features, for instance the directional pattern, the signal-
to-noise-ratio and the cross-talk, prove the applicability of the sensor. In a practical test, the sensor array was fixed
on a component surface (Fig. 1). Figure 2 shows subharmonic components in the sensed acoustic spectrum (left)
and cavitation erosion of the test layer (right). We found a correlation between the cavitation activity (determined
by the spectrum) and the cleaning effect.

Discussion and Concl

The new EMFi sensor array provides locally resolved cavitation measurements directly on component surfaces.
Thus, it now enables the component specific design of cleaning tanks and the optimization of process parameters
and can be used for process control.
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3A-5

12:45 PM CMOS-Compatible AIN Piezoelectric Micromachined Ultrasonic Transducers

Stefon Shelton', Mei-Lin Chan', Hyunkyu Park', Bernhard Boser?, Igor Izyumin®, Richard Przybyla®, Tim Frey?,
Michael Judy®, Kieran Nunan®, Firas Sammoura®, Ken Yang®, David Horsley" 'Mechanical Engineering, University of
California, Davis, Davis, CA, USA, *University of California, Berkeley, USA, *Analog Devices Inc., USA

Background, Motivation and Objective

Aluminum Nitride (AIN) is a piezoelectric material that is now widely used for film bulk acoustic resonators
(FBARs) and has attractive properties including compatibility with standard CMOS fabrication methods. Here, we
describe AIN piezoelectric micromachined ultrasound transducers (pMUTS). The relatively low dielectric constant
of AIN results in pMUTs that have a coupling efficiency similar to that demonstrated in the best PZT pMUTs,
while AIN devices have the important advantage that they may be monolithically integrated with CMOS circuitry.
However, the capacitance of the AIN pMUT is roughly two orders of magnitude smaller than a comparably sized
PZT device. As a result, the effect of parasitic capacitance is greatly increased, leading to reduced coupling
efficiency when the detection electronics are not integrated with the transducers.

Statement of Contribution/Methods

AIN films were sputtered using a low-temperature process that allows deposition on fully metalized CMOS wafers.
pMUTSs had a bimorph construction consisting of a 1 um low-stress CVD SiO, layer, a Ti/W/Pt bottom electrode,
followed by a 1 um AIN layer and a Cr/Au top electrode. After lithography and patterning of the films on the top
surface, wafers were thinned to 300 um and bimorph membranes with diameters ranging from 300 to 400 um were
fabricated using silicon DRIE.

Results

Devices were tested using a Laser Doppler Vibrometer (LDV) to measure membrane deflection (shown in figure 1)
and a LCR meter to measure the impedance as a function of frequency. The resonant frequency for a 350 pm
membrane with a 225 pm dia. top electrode was found to be 275.3 kHz with a quality factor (Q) of 77. The
measured natural frequency compares well to the 217 kHz value predicted using an analytical model. The coupling
coefficient k* was calculated to be 2.7% based on the measured resonance and anti-resonance frequencies.

Di ion and Concl

AIN pMUTSs have been successfully fabricated and characterized. The residual stress in the SiO2 and AIN layers
leads to a slight increase in the measured natural frequency compared to the analytical value. For these prototype
devices, the relatively high parasitic capacitance (~8 pF) in comparison to the pMUT capacitance (~4 pF) degrades
the measured value of k% coupling coefficients that are approximately 2-3x higher are possible if the parasitic
capacitance can be reduced by future CMOS integration
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Figure 1: Membrane displacment as a function of Frequency
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4A. Microfluidic Manipulation
Tarragona

Monday, September 21, 2009, 11:30 am - 1:00 pm

Chair: Edward Haeggstrom
University of Helsinki
4A-1

11:30 AM A novel integrated system of sensor and actuator for droplets on sensor
plate/matching layer/piezoelectric substrate structure

Jun Kondoh', Noriyuki Yasuda?, Mitsunori Sugimoto®; ! Graduate School of Science and Technology, Shizuoka
University, Hamamatsu-shi, Shizuoka, Japan, °Graduate School of Engineering, Shizuoka University, Hamamatsu-shi,
Shizuoka, Japan, ‘Research Institute of Electronics, Shizuoka University, Hamamatsu-shi, Shizuoka, Japan

Background, Motivation and Objective

Microfluidic systems are widely applied to drug development systems, cell analysis, immunoreaction
measurements, etc. Normally, samples are mixed in buffer solution and continuously flowed using an
electrophoresis and a micro pump. Recently, digital microfluidic systems are also proposed for manipulating
droplet. In those systems, and electrowetting method is used for controlling droplet. Droplet can be manipulated
using a surface acoustic wave (SAW). As the advantage to use SAW is simple configuration, digital microfluidic
systems will be realized with a SAW device. However, disposable system is required for measuring biomolecules.
Therefore, we propose novel integrated system of sensor and actuator for droplets. The system consists of glass
plate/matching layer/piezoelectric substrate. Using three-layer structure, droplets are manipulated and mixed by
SAW and measured by a sensor on the glass plate. pp

Statement of Contribution/Methods

In this paper, distilled water is used as matching layer and 128YX-LiNbO3 is for the piezoelectric substrate. An
interdigital electrode (IDT) is fabricated on a 128YX-LiNbO3. The SAW generated the IDT radiates a
longitudinal wave into the matching layer. Then, an acoustic wave (AW) is induced on the glass plate. Using the
AW, droplets on the glass plate are manipulated. Fabricated sensor on the glass plate, which is an interdigital
electrode (IDE) sensor, has the same structure with the IDT. The IDE sensor is used for measuring liquid
impedance.

Results

Manipulation of droplet on the glass plate was demonstrated. In the same way of droplet manipulation on the
piezoelectric substrate, droplet on the glass plate was manipulated and controlled by the SAW, which was
generated on the 128YX-LiNbO3. However, large applied power was needed for manipulating on the glass plate.
For 7 ul water droplet, applied power was 2.25W. Flow in the droplet was observed and the same acoustic
streaming on a piezoelectric substrate was confirmed. Then the IDE sensor was fabricated on the glass plate. Two
droplets were placed on the glass plate. One droplet was manipulated and mixed with the other on the IDE sensor.
Potassium chloride aqueous solutions with different concentrations were selected as sample liquids. The
impedance of mixed droplet was measured and compared with theory. As both values agree well, we concluded
uniform mixture was realized on the glass plate.

Discussion and Concl

Novel application of a SAW device, disposable digital microfluidic system, was demonstrated. We named the
system as micro-laboratory. The experimental results strongly suggest that the proposed system can be applied for
digital microfluidic system. Using the micro-laboratory, a small amount of sample liquid was transported, mixed
and measured. In the future, we will apply the micro-laboratory to the measurement of immunoreactions.
Theoretical calculation of the propagating wave is necessary for the optimization of the structure.

62 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009

4A-2

11:45 AM Ultrafast Surface Acoustic Wave Driven Microcentrifugation

Leslie Yeo', James Friend'; 'Mechanical & Aerospace Engineering, Monash University, Clayton, VIC, Australia

Background, Motivation and Objective

The dominance of surface forces over body forces makes it extremely difficult to drive microfluid flow. Whilst
considerable progress has been made to develop devices for microfluidic actuation and manipulation, there is still a
need for faster and efficient devices. An area that remains elusive is microcentrifugation: to date, the proposed
devices are not only large but also requires bulk rotation of the entire disk (the so-called lab-on-a-disk), which is
cumbersome and also makes fluid connection difficult.

Statement of Contribution/Methods
We demonstrate a novel method to drive fast centrifugation flows in a microdevice using focused surface acoustic
waves (SAW). Concentric single-phase unidirectional transducers are fabricated on a 128° rotated y-cut x-
propagating lithium niobate piezoelectric substrate to generate the focused SAW. Azimuthal acoustic streaming is
then induced within a millimeter dimension fluid drop placed asymmetrically on the substrate in the propagation
pathway of the focused SAW (Fig 1).

Results

Fig 2 shows the concentration of a dispersion of 500 nm fluorescent particles in a 0.5 pl water drop in under 1 s.
The particle concentration arises due to the fast azimuthal streaming flow in the drop induced by the asymmetric
leakage of acoustic energy into the drop. The azimuthal flow, with 1 cm/s order linear velocities, then generates a
strong microcentrifugation effect which convects the particles in a helical trajectory to a central point at the bottom
of the drop.

Di ion and Concl

We have thus demonstrated that focused SAWs are a viable method for driving rapid microcentrifugation for
particle concentration (e.g., separation of blood cells from plasma for diagnostic applications) or mixing (for lab-
on-a-chip applications) at the microscale.
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4A-3

12:00 PM Inducing Rapid Fluid Flows In Microchannels with Surface Acoustic Waves

Ming Tan', Leslie Yeo', James Friend'; 'MicroNanophysics Research Laboratory, Monash University, Clayton, VIC,
Australia

Background, Motivation and Objective

The difficulty in pumping fluids in microfluidics devices against viscous and surface friction forces is a critical
problem in their adoption for many potential applications in chemistry, biotechnology and medicine. Inducing
droplet motion with surface acoustic waves is familiar, but only recently has such an approach been tried in closed
channels more appropriate for microfluidics.
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Statement of Contribution/Methods

We experimentally and theoretically examine the interaction of SAW with particulate-carrying fluids in
microchannels. Using microparticle image and scanning laser Doppler velocimetry for tracking the wave and fluid
propagation, and comparing with our custom finite-difference time-domain code with piezoelectric coupling,
compressibility, viscosity and fluid free surfaces, we provide for the first time a complete picture of SAW
microfluidics phenomena.

Results

We induce a 20-50 MHz SAW parallel in lithium niobate to a smooth 50 x 100 micron rectangular microchannel
cut into the substrate. The vibration energy carried along the sides and bottom of the channel is diffracted into it,
imparting momentum to the fluid via Schlicting and Eckart acoustic streaming. The flow moves at up to 2 cm/s,
two orders of magnitude faster than any other method. Further, transitions to chaotic mixing and particle motion
and collection are discovered and explained, such as the relationship between the channel width and the
wavelength of sound in the fluid determining the mixing phenomena.

Discussion and Conclusions

The experimental and numerical work presented in this study permit us to explain the peculiarities of fluid flow in
microchannels and the ways such phenomena may be applied to cell sorting, flocculation, fluid pumping and other
applications critical to the future use of microfluidics technology.
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4A-4

12:15 PM The alignment of micron-scale particles in fluidic systems using surface
acoustic waves

Richard O'Rorke’, John Cunninghaml, Christopher Wood', Christoph Walti', Alexander Davies', Stephen Evansz,
Edmund Linfield', Sevan Harput', Stephen Freear'; 'School of Electronic and Electrical Engineering, University of
Leeds, Leeds, United Kingdom, >School of Physics and Astronomy, University of Leeds, Leeds, United Kingdom

Background, Motivation and Objective

Surface acoustic waves (SAWs) are most commonly used in electronic devices to form bandpass filters. They have,
though, also recently been studied for microfluidic applications. The periodic mechanical displacement of a SAW
propagating in a piezoelectric solid can be coupled into an adjacent fluid in contact with the solid’s surface. We
have recently shown that a SAW standing wave, created using two opposing SAWSs, can be used for the controlled
positioning of particles suspended in a fluid — lines of particles form in the standing wave nodes, with a spacing
governed by the SAW wavelength [1] (Fig. 1a). Furthermore, by exciting a second orthogonal SAW standing
wave, we can form a two-dimensional array of particles coalesced from the liquid [2] (Fig. 1b). The objective of

64 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009

our work here is to investigate and optimise the dynamics of this alignment, for potential integration into biological
Sensor arrays.

Statement of Contribution/Methods

Interdigitated transducers were fabricated on 128° Y-cut lithium niobate crystals with a half-wavelength spacing
corresponding to a 30 MHz frequency. Microfluidic channels were defined between the piezoelectric substrate and
a glass superstrate, between the two acoustic transducers. Suspended fluorescent latex beads of 1 pm diameter
were used to image the alignment properties of the resulting standing SAW; images of the system were captured
during array formation at 25 frames per second, allowing a detailed analysis of the alignment process for a range of
capillary thicknesses and acoustic powers.

Results

The spacing of nodes and antinodes in the SAW induced array is set by the SAW wavelength, allowing array
formation to be changed by varying either the phase of the applied signal or the SAW frequency. The rate of
formation of the array increases with acoustic power, until the threshold for acoustic streaming is reached. At this
point, the array is disturbed by bulk fluid flow.

Discussion and Concl

We interpret our experimental results with a two-dimensional time-dependent model developed using the
commercial package PZFlex (Weidlinger Associates, Inc., Mountain View, CA) — the nodes and antinodes of the
liquid pressure wave responsible for particle alignment spontaneously appear when the opposed SAWs have a
sufficient interaction.

References:
[1] C. D. Wood et al, Appl. Phys. Lett. 92, 044104 (2008).
[2] C. D. Wood et al, Appl. Phys. Lett. 94, 054101 (2009).

Figure1
Alignment of latex beads into: a) lines using two opposing SAWs

at 30.6 MHz and b) an array using four SAWs at 32.5 MHz.

4A-5

12:30 PM Development of an ultrasonic particle trap incorporating 3-dimensional
geometric features

Adam Hughes', Jamie Hill', Thomas Purchase', RoberlJones Martyn Hill', Rosie Boltryk', Michael Gedge', Peter
Glynne-Jones'; ' University of" hamp \Y ipton, Hampshire, Umtedl(mgdom

Background, Motivation and Objective

Here we describe the development of a device designed to collect a concentrate of cells for environmental
monitoring and bio-hazard detection using ultrasonic radiation forces. The practicalities of a flow-through design
are challenging, therefore it is proposed to use batch trapping, periodically diverting the trapped cells through a
high concentration outlet. Trapping against the flow is possible if acoustic radiation forces oppose fluid drag
forces, but the challenge is to generate these strong lateral forces.
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Statement of Contribution/Methods

Here we report on a device that uses a series of machined pegs which we propose promote lateral variations within
the acoustic field, thus generating lateral forces. Pegs were incorporated into a planar resonator designed using an
impedance transfer model. This design was fabricated in a glass ceramic (macor) using a micro-mill and fluid
chamber encapsulated using a glass slide. Both experiment and modelling (finite element analysis) were used to
evaluate the design.

Results

During experiment it was shown that 20 and 1pm diameter polystyrene beads can be trapped against a flow (figure)
and then eluted in order to collect a concentrate of the particles. By periodically monitoring the outlet
concentration using a haemocytometer, it was shown that after a period of trapping and by switching off the power
to release the trapped beads a 10 times increase in the outlet concentration can be achieved.

Discussion and Conclusions

Finite element analysis (ANSYS) of the device suggests that strong lateral acoustic pressure variations exist within
the fluid chamber and are comparable in magnitude with axial variations. These give rise to lateral trapping forces
generated by a combination of enclosure and structural modes, especially of the pegs themselves. The fabrication
method allows a large number of geometries to be explored and therefore there is much scope to optimise peg
design and position. Additionally we expect greater outlet concentrations to be achieved by switching the channel
through which the trapped beads are eluted. In summary, the concept of this device (geometric design and
operation) represents a practical advance for sample processing in sensor instruments.

Particle agglomerate

Plan view of pog

4A-6

12:45 PM Interface Acoustic Wave Based Particle Manipulation in Microfluidic Channels

Ventsislav Yantchev', Johannes Enlund', Ilia Katardjiev', Stefan Johansson?, Linda Johansson?; 'Solid State
Electronics, Uppsala University, Uppsala, Sweden, *Uppsala University, Sweden

Background, Motivation and Objective

Acoustic wave microfluidic particle manipulation has been studied in view of practical utilization in biological and
biochemical applications. Recently, the use of acoustic wave manipulation has been successfully demonstrated in a
number of cell sorting/trapping applications. Two basic approaches regarding acoustic manipulation are currently
exploited. The first one utilizes bulk acoustic waves (BAW) operating in the 1 — 10 MHz frequency range, while
the other utilizes surface acoustic waves (SAW).

Statement of Contribution/Methods

Particle manipulation utilizing surface acoustic waves has been recently demonstrated. In the proposed structure, a
40 MHz standing SAW has been excited on 128° Y-cut LiNbO3 by means of interdigital transducers (IDT)
symmetrically placed on both sides of a microfluidic channel formed at the PDMS/LiNbO3 interface. It is noted
that SAWs do exist on the load free 128° Y-cut LiNbO3 surface only. When subsequently the SAW enters into the
relatively long PDMS/LiNbO3 interface, the wavenumber preservation results in a strong coupling to BAWs into
the PDMS. Therefore, the acoustic wave radiates into the lossy PDMS substrate, which in turn reduces the amount
of energy entering the microfluidic channel. Accordingly the overall efficiency of the particle manipulation system
is low. In this work high frequency particle manipulation based on the utilization of interface acoustic waves
(Stoneley waves) is proposed. The Stoneley wave has been used to efficiently transfer the acoustic wave power
into a microfluidic channel micromachined in the fused silica glass.
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Results

In here, a particle manipulation system (see fig. 1)utilizing Stonley waves is proposed. In this system, a 34 MHz
SAW propagating in the Z direction on the surface of a X-cut LiTaO3 is excited by means of IDTs and
subsequently coupled to a Stoneley wave propagating in the X-cut LiTaO3/Fused Silica interface. Efficient
alignment of 0.5um polystyrene beads is successfully demonstrated at different flow rates.

Discussion and Conclusions

Particle manipulation utilizing interface acoustic waves is demonstrated in a proof of principle study. Streaming
and spurious alignments are found to be suppressed in the proposed system. Efficient particle manipulation is
successfully demonstrated on a submicron level.
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5A. SAW Applications

Pergamo

Monday, September 21, 2009, 11:30 am - 1:00 pm

Chair: Clemens Ruppel
EPCOS AG
5A-1

11:30 AM Rayleigh-mode Spurious Analysis for Non-flat SiO,/Al/LiNbO; Structure by using
FEM/SDA

Hiroyuki Nakamura', Rei Goto', Hidekazu Nakanishi', Koji Seo', Ken-ya Hashimoto?, Masatsune Yamaguchi?;
! Panasonic Electronic Devices Co., Ltd., Kadoma City, Osaka, Japan, 2Chiba University, Chiba City, Chiba, Japan

Background, Motivation and Objective

The UMTS Band I system has a wide frequency interval between transmitting (Tx) and receiving (Rx) bands.
When developing a small-sized SAW duplexer for this application, one needs a substrate with a large
electromechanical coupling factor (K*) and good temperature coefficient of frequency (TCF). Although an
Si02/Al/LiNbO; structure meets these two requirements, it also supports a certain number of unwanted spurious
responses. As the authors have previously discussed, the Rayleigh-mode spurious can be suppressed by controlling
the cross-sectional shape of an SiO, overlay deposited on resonator electrodes [1]. Here, we analyzed the Rayleigh-
mode spurious behavior for the non-flat SiO,/Al/LiNbO; structure by using FEM/SDA [2].

Statement of Contribution/Methods

The FEM/SDA is a combination method; the finite element method (FEM) is applied to the grating region, and the
spectrum domain analysis (SDA) to the substrate. In this study, we applied the extended FEM/SDA to the non-flat
Si0,/Al/LiNbO; structure.

The SiO2 structure has a trapezoidal shape on the resonator electrodes, which we developed for UMTS Band 1
duplexer with small-sized and high performances. We evaluated the Rayleigh-mode spurious dependences of SiO,
shapes in the analysis and the experiment. In the shape A, the upper base width of the trapezoidal region is almost
the same as the electrode width, and the lower base width is larger than the electrode width. In the shape B, the
upper base width is narrower than the electrode width. In the shape C, on the other hand, both the upper and lower
widths are narrower than the electrode width. Here, thicknesses of SiO, and Al are 0.20A and 0.08), and the cut
angle of the LiNbOj; substrate is 5°.

Results

The analysis indicates that the spurious level due to the Rayleigh-mode spurious decreases with a decrease in the
average width of the trapezoidal region, namely, in the order of the shape A, B and C. The spurious really gets
almost zero for the shape C. And, The resonator has high K* of 15% and good TCF of -30 ppm/°C in the
experiments. Furthermore, the analysis has good agreements with the experiments for the Rayleigh-mode spurious
and the resonator responses.

Di ion and Concl

We have analyzed behavior of the Rayleigh-mode spurious on the non-flat SiO,/Al/LiNbOj structure. It was shown
how the spurious level changes with both the shape and mass of SiO, on the resonator electrodes. And, the results
indicated that the analysis could expect the behavior for the Rayleigh-mode spurious.

References
[1] H. Nakamura, et al., Jpn. J. Appl. Phys. 47 (2008) pp.4052.
[2] K. Hashimoto, et al., Proc. IEEE Ultrasonic Symp., 2007, pp.711.
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5A-2

11:45 AM Voltage tunable SAW phase shifter on AIGaN/GaN

Jorge Pedrés', Fernando Calle', Jesus Grajal?, Zahia Bougrioua®; 'Instituto de Sistemas Optoelectronicos y
Microtecnologia and Dpto. Ingenieria Electrénica, Universidad Politécnica de Madrid, Madrid, Spain, *Dpto. Seiiales,
Sistemas y Radiocomunicaciones, Universidad Politécnica de Madrid, Madrid, Spain, 3SCRHEA-Valbonne and IEMN,
CNRS & Lille University, Villeneuve d’Ascq, France

Background, Motivation and Objective

The AlGaN/GaN high electron mobility transistor technology is developing rapidly into monolithic microwave
integrated circuits for a wide range of signal processing and frequency control applications, in which surface
acoustic wave (SAW) devices may have an outstanding role. Interesting properties arise when a SAW interacts
with the two dimensional electron gas (2DEG) created at the AlGaN/GaN heterojunction. The electric fields
accompanying the SAW couple to the mobile carriers in the semiconductor, modifying the wave propagation
properties. Furthermore, the piezoelectric transduction itself is affected by the conductivity of the nitride layer.
Therefore, the appropriate control of such effects on the acoustic response is not only required for the integration of
SAW devices with the electronics but also offers novel capabilities and functionalities for the acoustic devices.

Statement of Contribution/Methods

In this paper, we report the development of voltage tunable SAW phase shifters on 2DEG AlGaN/GaN
heterostructures. The phase shift is controlled through a voltage applied to a metal-insulator-semiconductor (MIS)
structure inserted between the input and output interdigital transducers (IDT) of a SAW delay line, which depletes
the 2DEG in the acoustic propagation path. The modulation of the acoustoelectric interaction is shown to
effectively tune the propagation velocity of the SAW modifying the delay with almost no additional loss.

Results

In particular, a phase shift of 30° with less than 2 dB of attenuation has been achieved with a voltage of 60 V in a
1.175 mm-long MIS structure and an IDT period of 8 um. Since the phase shift is proportional to the
electromechanical coupling coefficient and inversely proportional to the wavelength, the phase shift can be easily
enhanced by reducing the IDT period without increasing the length of the MIS structure.

Discussion and Concl

In addition, the independent DC bias applied to the IDTs to deplete the 2DEG and allow the piezoelectric
transduction can be used to simultaneously tune the gain of the system. In particular, a modulation of 6 dB has
been achieved for DC voltages varying from 10 to 30 V (well above the threshold voltage of the heterostructure)
without affecting the SAW phase shift. This mechanism can be employed as the loop gain control element for the
fabrication of a voltage-controlled SAW oscillator (VCSO) with near-class-A operation

5A-3

12:00 PM CDMA and FMCW Surface Acoustic Wave Temperature Sensors for Wireless
Operation at High Temperatures
Alberto Canabal', Evan Dudzik?, George Harris®, Donald Hummels*, Mauricio Pereira da Cunha®:'LASST,
University of Maine, Orono, ME, USA, >EECE, University of Maine, USA, >LASST, University of Maine, University of
Maine, Orono, ME, USA, 4Dept of Electric and Comp. Eng., University of Maine, Orono, Maine, USA

Background, Motivation and Objective

High temperature sensors, capable of operation at temperatures up to 1000C, are desirable in applications such as
industrial process or combustion engine monitoring. Moreover, both wireless and multiple device access
capabilities are of great interest in general, and a required feature when direct physical connections are not an easy
alternative. Examples are rotating shafts, such as those for torque or jet engine monitoring.

Statement of Contribution/Methods

In this paper we present two surface acoustic wave (SAW) devices fabricated on langasite (LGS) using 100 nm
thick Pt/Rh/ZrO2 electrodes, which can withstand temperatures up to 1000C. The devices under study are a 15-bit
code division multiple access (CDMA) sensor and a frequency modulated continuous wave (FMCW) multi-track
reflective delay line. Both devices are designed to operate as wireless temperature sensors. The inter-digital
transducers (IDTs) of such devices have been designed using a FEM/BEM simulation package which includes the
LGS and Pt/Rh/ZrO2 properties.
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Results

Device results at room temperature are presented in Figures 1 and 2. Figure 1 shows the time domain response of
the LGS CDMA sensor to the 15-bit coded input sequence, and Figure 2 depicts the two reflected pulses from the
two-track FMCW radar device. These devices are now being characterized both wirelessly and as a function of
temperature.

Di ion and Concl
Devices performance and wireless tests up to 750C will be reported and discussed in the paper.
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Figure 1: CDMA sensor response in time domain, Figure 2: FMCW sensor response in time domain.

5A-4

12:15 PM Unraveling Interfacial Jetting Phenomena Induced by Focused Surface Acoustic
Waves

James Friend', Leslie Yeo', Ming Tan'; 'MicroNanophysics Research Laboratory, Department of Mechanical and
Aerospace Engineering, Monash University, Melbourne, VIC, Australia

Background, Motivation and Objective

We examine in detail the physical phenomena of surface-acoustic wave jetting first discovered by Shiokawa. Such
liquid jets form beyond a critical Weber number when sufficient inertia is driven into a droplet, overcoming
restoring capillary interfacial stresses. Such jets may prove useful for a wide variety of printing and atomization
applications (Eggers 2008).

Statement of Contribution/Methods

We use a novel electrode-width-controlled, single-phase unidirectional transducer pair (Fig 1) expressly designed
to induce fluid jetting, and use a scanning laser Doppler vibrometer and high-speed microvideography to precisely
measure the input power and resulting motion of the ejected fluid. By forming simple equations via scaling laws
for the droplet and jet geometry and the fluid properties, we are able to completely describe the nature of the
ejection phenomena.

Results

Regardless of the newtownian fluid chosen, our simple model describes the ejection of the droplet (Fig 2). By
accounting for the Weber and acoustic Reynolds number in a dynamic momentum balance between the acoustic,
gravitational, surface tension, and viscous forces, we derive an expression for the jet length and its breakup pattern.
Furthermore, we see the influence of the acoustic wave propagating in the fluid jet with internal reflections
appearing in the jet over centimetre length scales, and demonstrate the ability to steer the jet with precision over
about 45 degrees.

Discussion and Concl

Our study provides a complete physical basis for understanding the phenomena of SAW-driven jetting sufficient
for using it in actual applications. Our device, employing a matched pair of EWC-SPUDTS, is an illustration of the
potential use of the technology in microprinting not only inks but metals and other materials for rapid prototyping.
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5A-5

12:30 PM Effect of surface acoustic waves on low temperature curing of polyimide films

Ching-Chung Yin', I-Han Chang’, Kang-Che Huang?:' Department of Mechanical Engineering, National Chiao Tung
University, Hsinchu, Taiwan, *National Chiao Tung University, Taiwan

Background, Motivation and Objective

The application of surface acoustic waves and other guided acoustic modes in realignment of nematic liquid crystal
molecules has received attention for many years. However, the need for relatively large actuating area limits its
industrial applications. On the other hand, liquid crystal based flexible display is built on a variety of plastics. Most
fabrication processes commonly used for flat panel displays can not be transferred to flexible devices. This paper
reports the effect of acoustic reorientation of polyamic acids on ring closures to polyimide alignment layer for the
flexible liquid crystal display.

Statement of Contribution/Methods

In experiment, three interdigitated transducers (IDTs) made on a 128-deg-rotated Y-cut lithium niobate wafer were
used to launch surface acoustic waves propagating along the X direction. Two of the IDTs were located on both
ends of the glass plate coated with polyamic acids. The surface acoustic waves with 20 micron or less wavelength
were launched in the opposite direction to form a standing wave. The surface acoustic wave mediated alignment
could assist ring closure proceeded by dehydration in polyamic acids to yield polyimide. The third IDT was used to
generate a chirped, traveling surface acoustic wave perpendicular to the standing waves. Elliptical motion at
substrate surface induces an influence like mechanical rubbing process.

Results

The FTIR spectrum of the pre-baked polyimide film after treatment by surface acoustic waves indicates that
dehydration and ring closure reaction of polyamic-acid have been achieved. The conversion of polyamic-acids to
polyimides has been influenced by the standing surface acoustic waves in low temperature environment. The
effects of acoustic realignment on polyamic acids cured in different low temperatures were investigated and
compared. The chirped, propagating surface acoustic waves induces a pretilt angle effect on the liquid crystals.
Liquid crystal response time can be significantly reduced by the surface treatment of the substrates.

Di ion and Concl

The polyimide film can be formed in lower temperature than usual by the alignment process of polyamic acids
using surface acoustic waves. The alignment is feasible for large area flexible substrates. It provides good liquid
crystal properties and mechanical stability for the flexible liquid crystal displays. The chirped traveling surface
acoustic wave treatment can further induce a pretilt angle effect and reduce the liquid crystal response time.
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5A-6

12:45 PM Very Low Amplitude Ripple SAW Filter For Infrastructure Systems Using 41°Y-X
and 15°Y-X Lithium Niobate: Full FEM/BEM Design Approach.

Stephane Chamaly', Xavier Perois?, Hoi Yan Fong', Markus Mayer®; 'Research and Development, EPCOS PTE LTD,
Singapore, Singapore, >’EPCOS SAS, Sophia-Antipolis, France, >EPCOS AG, Munich, Germany

Background, Motivation and Objective

In demand of high data rate communication devices, wide band filters are necessary. In infrastructure systems like
Base Transceiver Stations and microwave Radio-Links, such filtering function was carried out by ceramic filter
technology. They were preferred for their low in-band ripple and VSWR necessary for low EVM and amplifier
linearity. We have developed a design technique allowing SAW devices to advantageously replace ceramic filters
in many systems.

Statement of Contribution/Methods

One important parameter that determines the performance of a piezoelectric device is the electromechanical
coupling coefficient. RF filters designed on widely used 42°Y-X LiTaO3 are not meeting the stringent
specification requested by infrastructure systems. To increase the width of the bandwidth and reduce the in-band
ripple, a material with high electromechanical coupling coefficient is needed. This paper describes the search for
the optimal working point using a full FEM/BEM approach and proposes a new design technique on 41°Y-X and
15°Y-X LiNbO3.

Results

On 41°Y-X LiNbO3, bandwidths larger than 8% at 3dB attenuation are achieved leading to very low amplitude
ripple. A GSM Rx filter for base station at 1747.5MHz will be demonstrated. Filter bandwidth is 140MHz leading
to ripple in 1710MHz — 1785MHz lower than 0.2dB nominal and 1dB over temperature and total 6 sigma
manufacturing. Insertion loss is 2.5dB while image rejection is better than 45dB. Size is 3x3mm2 in a high
reliability ceramic cavity package. Finally, a very wide band filter built on 15°Y-X LiNbO3 with standard
electrode material will be demonstrated.

Disc i and Concl

The close correspondence between simulation and measurement demonstrates the ability of our methodology to
design SAW devices rapidly and accurately on virtually any material. The filters designed by this technique on
41°Y-X LiNbO3 and 15°Y-X LiNbO3 are demonstrating a wide band and very low in-band ripple perfectly
matching the infrastructure systems requirement.
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6A. Phononic Crystals-Fundamentals
Baalbek

Monday, September 21, 2009, 11:30 am - 1:00 pm

Chair: Abdelkrim Khelif
CNRS/Georgia Tech
6A-1

11:30 AM Elastic waves in a 3D unconsolidated granular phononic crystal with rotating
particles

Aurélien Merkel', Vitalyi Gusev?, Vincent Tournat':'LAUM, Université du Maine, Le Mans, France, *LPEC,
Université du Maine, Le Mans, France

Background, Motivation and Objective

Ordered unconsolidated structure of monodisperse spherical beads constitutes a granular phononic crystal. The
behavior of a granular phononic crystal at the macroscopic scale is induced by the local contacts between the beads
at the microscopic scale. The local contact between two beads is described by the Hertz-Mindlin law and shows
strong nonlinearities.

Nevertheless, the macroscopic mechanical behavior of unconsolidated granular media is poorly understood. The
complexity of mechanical phenomena comes partially from the disorder character of granular assemblies at the
microscopic level.

Existing theoretical formulas have not been developped to the level necessary to understand wave propagation in a
3D unconsolidated granular crystal and comparison with experiments does not exist.

Statement of Contribution/Methods

The bulk modes of an unconsolidated packing of monodisperse beads, considered as rigid masses connected with
springs, arranged in the hexagonal close packed structure are theoretically evaluated. The calculation of the
dispersion relations in particular directions allows to estimate the resonance frequencies in a crystal of finite size
which are compared to experimental results.

Because of friction, the contacts between spheres are modelled by two springs, one for normal interaction and one
for transverse interaction. The existence of the transverse interaction requires to take in account the rotational
degrees of freedom of the beads and leads to predict the existence of rotational waves.

Results

Theoretical results predict, in the direction perpendicular to the layers plane, the existence of an elastic acoustical-
type longitudinal mode, an elastic optical-type longitudinal mode, pure elastic rotational modes and coupled
transverse-rotational modes.

The frequency response function of a hep crystal of beads is measured, with an averaging over one hundred
distributions of contact force in order to minimize the effects of disorder, as shown in Fig.1.

Discussion and Concl

Theoretical results show that there exist optical-type modes in a hcp crystal, which are absent of the previous
theories on granular crystals, and that the rotational degrees of freedom have an important contribution on the
dispersion of the transverse waves. The evaluated resonance frequencies are identified on the measurements which
is a step before including nonlinear effects.
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6A-2

11:45 AM Elastic Band Gaps of Two-dimensional Phononic Crystals Tunned by Material
Parameters

Xiao-Zhou Zhou', Yue-Sheng Wang', Chuanzeng Zhang’:'Beijing Jiao-Tong University, China, People's Republic of,
2University of Siegen, Germany

Background, Motivation and Objective

Since the pioneer work of Kushwaha (Phys. Rev. Lett., 1993, 71: 2022), a great deal of attention has been focused
on the so-called phononic crystals - the artificial periodic elastic structures based on the traditional natural crystals
and photonic crystals. A physical character of the phononic crystals is the existence of phononic band gaps (PBGs)
in which the sound and elastic waves are all forbidden. Phononic crystals have numerous potential engineering
applications, on the most of which the basis depends on the existence of PBGs. So it is essential to find out the way
how to tune the available PBGs.

PBGs are dominated by some factors, including structural parameters and material parameters. Compared with a
great many researches of the structural parameters, there are limited investigations on the material ones. The
material parameters include the elastic constants, mass density, wave velocity, and acoustic impedance, etc. So far,
most of the investigations are based on the calculation of band structures for the systems with particular material
combinations, and the conclusions are non-universal.

Statement of Contribution/Methods

In this paper, we will begin with the basic wave equations and derive the material parameters directly determining
band gaps for two-dimensional cases. Then the effects of these parameters on phononic band gaps are discussed in
details with different filling fractions and lattice forms for in-plane wave modes. The present analysis can be
applied to artificially design or control phononic band gaps.

Results

For the in-plane wave mode, the band gap determined by the third and forth lowest bands is considered. This is the
second but the most applicable potential band gap for most phononic crystals. Figure 1 shows the normalized gap
width as a function of the mass density ratio and of the contrast of elastic constants in square lattice.

Di ion and Concl

The result shows the material parameters determining band gaps of two-dimensional phononic crystals include the
mass density ratio, the shear modulus ratio, and Poisson; s ratios of the two component materials. The band gaps
easily appear at both large mass density ratio and shear modulus ratio and become wider with both of these two
parameters increasing. For the in-plane mode both the mass density ratio and the shear modulus ratio may play
equally important roles in controlling the band gaps.
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6A-3

12:00 PM Characterization of evanescent ultrasonic waves in a band gap of a 1D phononic
crystal.
Maxime Bavencoffe!, Morvan Bruno', Anne-Christine Hladky-Hennionz, Jean-Louis Izbicki’; ! Groupe Ondes

Acoustiques, LOMC FRE CNRS 3102, Le Havre, France, *Groupe Acoustique, IEMN UMR CNRS 8520, Lille, France,
3FANO FR CNRS 3110, Le Havre, France

Background, Motivation and Objective

This work deals with the propagation of Lamb waves on a plate engraved by a 1D periodic grating. As the
propagation takes place in a periodic medium, the dispersion curves of the modes exhibit pass bands and stop
bands related to the geometry of the waveguide. The presence of a stop band implies a coupling between different
modes inside the Brillouin zone. A part of the energy of the incident wave is transmitted in other modes and this
coupling is maximum at the central frequency of the gap. Considering a limited periodic grating, the attenuation of
the propagating waves is linked to a conversion phenomenon. Therefore, in the frequency range of a stop band,
some waves propagate with attenuation. The aim of this work is to establish a link between the attenuation of the
ultrasonic waves observed in the case of a limited grating and the values of the imaginary part of the wave number
in a stop band.

Statement of Contribution/Methods

The band structure of a 1D phononic crystal is computed with the finite element method (ATILA® code). The
complex branches of the dispersion curves are obtained by combining Bloch-Floquet’s theorem with well-known
transfer matrix techniques.

In the frequency range of a stop band, only complex wave numbers k=k'+jk" exist. The imaginary part of the wave
number k" involves an attenuation of the corresponding mode in the direction of propagation through a limited
periodic grating. This attenuation is estimated by performing harmonic analyses.

Results

A parametric study of the complex band structure of the 1D phononic crystal has revealed that the maximum value
of the imaginary part of the wave number k" occurs at the central frequency of the gap. This statement is in
agreement with the results of the harmonic analyses considering a wave propagating through a limited grating.
Moreover, considering a limited periodic grating, the decay of the amplitude of the propagating waves along the
wave guide is approximated by a decreasing exponential function exp(-k"x), where k" is the imaginary part of the
wave number given in the complex band structure of the 1D phononic crystal and x the distance of propagation.
Experiments confirm the theoretical observations.

Di ion and Concl

The real and imaginary parts of the wave number of the evanescent modes in a stop band of a 1D phononic crystal
have been computed. Parametric studies have shown the influence of the dimensions of the periodicity of the
grating on the real and imaginary parts of the wave number. In addition, the influence of this imaginary part has
been linked to the decay of the amplitude of the propagating waves through a limited periodic grating.
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6A-4

12:15 PM Study of plane periodic multilayered viscoelastic media: Experiment and
simulation

Olivier Lenoir', Pierre Maréchal':'LOMC FRE CNRS 3102, FANO FR CNRS 3110, Université du Havre, Le
Havre, France

Background, Motivation and Objective

Phononic crystals or periodic media are widely studied because of their very interesting properties such as
exhibiting absolute or local band gaps in their dispersion curves, namely frequency domains in which no
transmission of acoustic waves is possible. The breaking of periodicity by inserting defects in the structure enables
to open very thin pass bands in those band gaps. The possible applications are to obtain very selective filters or
wave guides according to the locations or features of these pass bands compared to those of the perfect periodic
media. This preliminary work deals with plane multilayers composed of 2 and 3 elementary periods. The aim of
this study is to compare experiments and modeling results where the plates and periods are supposed perfectly
bonded.

Statement of Contribution/Methods

The studied period is composed of aluminum and polyethylene. These materials were chosen for their contrasting
acoustic impedance, resulting in highly reflecting structure. For simplicity’s sake, attenuation is only considered in
the polyethylene plate. The reflection at normal incidence is analyzed in case of 1, 2 and 3 periods. Simulations are
based on the stiffness matrix method developed by Rokhlin et al. [1], proved to be stable numerically. Experiments
are performed either in water at 2.25 MHz or in air at 2.25 and 15 MHz.

Results

When immersed in water on both sides, the multilayer reflection coefficient exhibits wide minimums linked with
Lamb waves in aluminum. In the cases of 2 and 3 periods, stop bands where the reflection coefficient is unity are
also observed. These stop bands are separated by very thin transitions. If no attenuation is taken into account, the
reflection coefficients are identical whatever the incidence side. On the contrary, if attenuation is considered in
polyethylene, the reflection coefficients are different and attenuation of the whole multilayer structure could be
deduced. Similar simulation data are observed when the structure is loaded with water on one side and air on the
other side. Experiments in immersion and contact are in good agreement with those modeling results.

Discussion and Conclusions

Simulation results show the sensitivity of the constitutive layer properties, particularly attenuation. The influence
of surrounding media is discussed and confirmed with measurement results. In order to compare efficiently
experiments and simulations, a good estimate of the attenuation in polyethylene is required. Pulse-echo
measurements have been performed to obtain the longitudinal attenuation in the polyethylene layer. Using as a
guess the estimated attenuation, the simulated reflection coefficient is fitted to the experimental data. As a
perspective, the inclusion of a defect between two periods would add pass bands in the reflection spectrum.

[1] Rokhlin S.I. and Wang L., "Stable recursive algorithm for elastic wave propagation in layered anisotropic
media: Stiffness matrix method", J. Acoust. Soc. Am., 112(3), 822-834, 2002.

6A-5

12:30 PM Phononics, phononic crystals, and beyond

Vincent Laude'; ' Institut FEMTO-ST, Centre National de la Recherche Scientifique, Besancon, France

Background, Motivation and Objective

The objective of this invited paper is to present a review of the domain of phononics. A general aim is to attract
new researchers to this growing field that has strong connections with ultrasonics. Along this talk, I will try and
provide answers to a number of basic questions, such as: What is phononics, Who is presently involved in
phononics? What is new and what is not? Why switch to phononics? What is still to be done? Are there any
applications?

Statement of Contribution/Methods

Phononics can be defined as the science of designing artificial acoustic materials with tailored dispersion
properties. Of special interest are phononic crystals, two- or three-dimensional periodically structured materials
that show a number of amazing properties - but only if properly designed. For instance, strong confinement of
wave energy can be obtained inside complete band gaps, i.e. frequency ranges within which no wave propagation
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is allowed, whatever the incidence and the polarization. Outside band gaps, the periodic structure leads to very
strong spatial dispersion, resulting in properties unavailable with usual homogeneous materials. A basic tool is the
so-called band structure that summarizes the dispersion relations of all waves propagating in a phononic crystal.
Some simple hints to understand band structures will be given.

Results

I will then highlight recent achievements in the field of phononics and use them to emphasize that much remains to
be achieved. For instance, although the theory of band gaps is quite advanced, experimental demonstrations have
not been that many, and technical difficulties still stand ahead. Confinement by defects has been shown to lead to
efficient energy storage in cavities, to wave guiding in very narrow spaces, and more generally to simple phononic
circuits; however, the practical achievement of true phononic circuits or filters is still an unsolved challenge. It is
highly desirable to design phononic crystals for surface acoustic waves, and initial demonstrations have been
performed, but there is still a major bottleneck to their development: efficient structural technologies for
piezoelectric materials have to be obtained. The spatial dispersion properties of finite phononic crystals have been
employed to design acoustic lenses, through the use of positive or negative refraction; but these lenses have shown
limited efficiency, and limited frequency range.

Discussion and Concl

The geometrical dimensions of phononic crystals ultimately dictate the frequency ranges inside which band gaps
appear. I will give a summary of achievements that have been obtained for bulk waves, surface waves, phononic
plates, phononic layers-on-a-substrate, and true 3D phononic structures. It will be seen that the frequency range of
operation has generally been limited by available transducers for acoustic or elastic waves. As one possible answer
to that, I will discuss the use of phononics to improve transducers or dramatically change their design.
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1B. Contrast Agents and Sonoporation
Sala 1

Monday, September 21, 2009, 2:30 pm - 4:00 pm

Chair: Paul Dayton
Univ. North Carolina/NCSU
1B-1

2:30 PM  Sonoporation of endothelial cells with CD31-targeted microbubbles at low
acoustic pressures

Klazina Kooiman', Miranda Foppen-Harteveld', Nico de Jong'2:! Biomedical Engineering, Erasmus MC, Rotterdam,
Zuid-Holland, Netherlands, *Applied Physics, Physics of Fluids, University of Twente, Netherlands

Background, Motivation and Objective

To enhance drug uptake by cells, the membrane permeability can be increased by ultrasound in combination with
contrast agents. With this method, termed sonoporation, oscillating or jetting microbubbles induce transient cell
membrane pores so that extracellular therapeutics can enter the cell. So far, only non-targeted microbubbles have
been used to induce sonoporation [1,2]. However, in an in vivo situation this may be challenging since there may
not be sufficient microbubble-cell contact due to the blood flow. A microbubble targeted to the cell membrane may
overcome this, but it is not known whether sonoporation can still be induced. This study focuses on inducing
sonoporation with CD31-targeted microbubbles in endothelial cells. CD31 was chosen since this adhesion
molecule is expressed constitutively on the surface of endothelial cells [3].

Statement of Contribution/Methods

Lipid coated microbubbles (composition in mol %: DSPC 59.4; PEG-40 stearate 35.7; DSPE-PEG(2000) 4.1,
DSPE-PEG(2000)-biotin 0.8) with a C4F10 gas core were made by sonication [4]. CD31 antibody was conjugated
via avidin-biotin bridging [5]. Human umbilical vein endothelial cells (HUVEC) were grown to confluence in an
Opticell. Microbubbles were added to HUVECs and allowed to adhere. The Opticell was mounted in the set-up
such that the bound microbubbles were on top of the cells. At 37°C, microbubble-cell behavior upon insonification
at 1 MHz (10 cycle sine-wave bursts) was studied with the Brandaris 128 high-speed camera. Microbubble
diameter (D) — time curves were extracted from the recordings and Dmax — Dmin (AD) normalized to the resting
diameter DO were determined. The cell-impermeable propidium iodide (PI; 25 pg/ml) was used as indicator for
increased cell membrane permeability due to sonoporation, and studied using a fluorescence microscope onto
which a CCD camera (LCL-90 2K, Watec) was mounted.

Results

On average, ~1 microbubble bound to each cell. At 80 kPa peak negative acoustic pressure (P_), the targeted
bubbles (DO = 3-4 um) oscillated spherically, shrank by ~ 20% but were not destroyed. AD/DO was 0.1. Although
cell deformation was not detectable, PI was taken up locally in the area surrounding the bubble (area ~ 4x the
bubble D0). Sonoporation was also studied when targeted bubbles were insonified at a higher P_ of 200 kPa. At
this P_, bubble oscillation was violent, non-spherical, and jets were observed. AD/DO was 1.4. Cell deformation of
1 um was detected and PI was taken up and was found to be distributed throughout the entire cell.

Discussion and Conclusions

This study reveals that targeted microbubbles, which adhered to the endothelial cell membrane, can induce
sonoporation. This feature may now be used in molecular imaging, thereby combining diagnosis and drug delivery.

1 van Wamel et al, J Control Rel 2006
2 Schneider, J Endourol 2008

3 DeLisser et al, Inmunol Today 1994
4 Klibanov et al, Invest Radiol 2004

5 Lindner et al, Circulation 2001
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1B-2

2:45PM Ultrasound-mediated endothelial cell permeability changes with targeted
contrast agents

Pavlos Anastasiadis', John S. Allen'; Mechanical Engineering, University of Hawaii at Manoa,
Honolulu, HI, USA

Background, Motivation and Objective

Advances in molecular imaging and drug delivery with ultrasound have followed from the development of site-
targeted ultrasound contrast agents (UCAs), gas-filled microbubbles which are conjugated with targeting ligands
on their surface for the detection and evaluation of intravascular pathology. Targeted microbubbles in combination
with low-frequency ultrasound can have a direct effect on the cell membrane in terms of increases in the
permeability or absorption of drugs into cells and tissues, though the underlying mechanisms are currently not well
understood. Since endothelial cell monolayers form the main barrier to the passage of macromolecules and
circulating cells from blood to tissues, understanding endothelial permeability mechanisms is of the utmost
importance for the diagnosis and treatment of cardiovascular diseases.

Statement of Contribution/Methods

Endothelial permeability studies in combination with ultrasound and UCAs have been observed, but the effects
have not been directly quantified in terms of changes in the cell spacing. Furthermore, we evaluate alterations in
the endothelial barrier function by rigorously quantifying ultrasound-mediated changes in endothelial cell
permeability in real-time with a novel electrical impedance method. Endothelial cell monolayers were studied by
employing low-frequency ultrasound under physiological conditions without the use of staining or other molecular
interventions. Human Coronary Artery Endothelial Cells (HCAECs) were grown on collagen IV coated cell culture
dishes equipped with gold microelectrodes. The endothelial cell-to-cell and cell-to-substrate gaps were measured in
real-time with the electric cell-substrate impedance sensing system (ECIS, Applied BioPhysics, Troy, NY) while
subject to ultrasound.

Results

HCAECs show an increase in permeability by employing non-targeted microbubbles in combination with
ultrasound at 1 MHz. For targeted ultrasound contrast agents conjugated with different ligand antibodies and cyclic
analogs of the arginine-glycine-aspartic acid (RGD) ligand, the permeability changes observed are significantly
greater when compared to the non-targeted case.

Di ion and Concl

Targeted UCAs in general, and in conjunction with RGDs, ligand antibodies and low-frequency ultrasound, in
particular, alter the permeability of endothelial cell membranes in vitro. Furthermore, the results suggest that the
cell membrane permeability changes are temporary and these changes can be quantified with respect to the
electrical cell impedance sensing system parameters which relate directly to changes at the cellular level.

1B-3

3:00 PM  Evaluation of Subharmonic Emission from Encapsulated Microbubbles as an
Indicator for Sonoporation of Cell Monolayers

Karin Hensel', Abdelouahid Maghnouj?, Stephan A. Hahn?, Georg Schmitz'; Institute of Medical Engineering, Ruhr-
University Bochum, Germany, *Molecular GI-Oncology, Ruhr-University Bochum, Germany

Background, Motivation and Objective

Sonoporation is the ultrasound induced transient opening of cell membranes. Large scale oscillation of nearby
microbubbles (MBs) is considered to be the primary effect in sonoporation whereas MB destruction correlates with
lower sonoporation rate and increased cell damage. The scale of MB oscillation in a cloud can be determined by
monitoring subharmonic power emission. This effect is enhanced by exciting MBs at twice their resonance
frequency.

The subharmonic to fundamental ratio (SFR) has the potential to be employed as a monitoring parameter to
identify MB behavior during therapy. In this study, backscattered SFR is measured during therapy of cell
monolayers and evaluated as an indicator for sonoporation.

Statement of Contribution/Methods

293T cells are grown in Opticell containers, which are filled with a medium containing SonoVue MBs and
Propidium Iodide (PI). Each container is placed in water in the focus of a single element transducer emitting 5
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cycles sine-bursts at 3.3 MHz repeated 50 times. This excitation frequency equals twice the resonance frequency of
the employed MBs (1.5-1.75 MHz). The peak negative pressure (PNP) is varied from 0.06 to 1.41 MPa.
Backscattered signals are recorded by the therapy transducer to monitor SFR during therapy. A fluorescence
microscope is focused on the therapy region to quantify MB destruction and to monitor PI fluorescence in the cells
during and after acoustic excitation. PI cannot overcome intact cell membranes and changes fluorescence
properties when bound to intracellular fluid. A cell is considered sonoporated, if PI enters the cell during
insonication and is released again afterwards. That results in a sharp rise of fluorescence intensity and a subsequent
decrease for several minutes. A cell is considered permanently stained, if fluorescence is concentrated at the cell
nucleus and rises to a plateau. A high speed camera is coupled to the microscope to verify MB oscillation.

Results

With increasing PNP, the percentage of sonoporated cells significantly rises to a maximum of 1.9% at 0.81 MPa
and decreases for higher PNP. The same holds true for the SFR, which significantly rises to a maximum at 0.81
MPa, too. The percentages of permanently stained cells and destructed MBs, on the other hand, depict their
maximum at maximal PNP being 84% and 100% respectively. Optical monitoring further reveals that those MBs
which sonoporate cells disrupt, coalesce or dissolute afterwards.

Discussion and Concl

The correlation of sonoporation rate and SFR reveals that subharmonic emission from encapsulated microbubbles
can be used to optimize sonoporation of cell monolayers. This further supports the hypothesis, that large scale
oscillating MBs are responsible for sonoporation. The overall low sonoporation rate results from the fact, that
permanently stained cells might still be viable (sonoporated) but are not able to release PI once it has reached the
nucleus.

1B-4

3:15PM  Observations of bubble-vessel interactions in ultrasound fields

Hong Chen', Andrew A. Brayman', Michael R. Bailey', Thomas J. Matula'; ' Center for Industrial and Medical
Ultrasound, Applied Physics Laboratory, University of Washington, Seattle, WA, USA

Background, Motivation and Objective

Interactions between bubbles and nearby boundaries have been studied for some time; however, the direct
interactions between bubbles and tissue boundaries, especially blood vessel walls, have not been studied to a large
extent. In this work high-speed microscopy was used to study the dynamical interaction between microbubbles
and microvessels of ex vivo rat mesentery subjected to a single pulse of ultrasound.

Statement of Contribution/Methods

Ultrasound contrast agent microbubbles were injected into the blood vessels of rat mesentery subsequent to having
the blood flushed out. India ink was used to increase the contrast between microvessels and surrounding tissues.
Tissue samples were aligned at the focus of both an ultrasound transducer with a center frequency of 1 MHz and an
inverted microscope coupled to a high speed camera. Fourteen high-speed microphotographic images were
acquired for each experiment using 50 ns shutter speeds.

Results

Observations of the coupled dynamics between bubbles and vessels ranging from 9.4 pm to 100 um diameter
suggest that the vessel wall dilates during bubble expansion, and invaginates during bubble contraction. The phase
of vessel dilation/invagination follows closely the phase of bubble expansion/contraction, except for conditions
approaching inertial collapse. For such cases the tissue remains invaginated at least 10 us after the passing of the
ultrasound pulse. The degree of dilation and invagination depends on vessel size, as well as maximum bubble
expansion. The ratio of invagination to dilation is usually >1. Furthermore, in agreement with our previous studies,
invagination appears to be a more stressful condition for vessel walls, as local strains appear to be much greater for
invaginated vessels than for dilated vessels. In the following figure, the maximum local radial strain during vessel
invagination is estimated to be over 10 times greater than the maximum strain during vessel dilation (initial vessel
diameter=46um).

Discussion and Conclusions

The coupled dynamics between the vessel wall and bubble oscillation shows that the vessel responds on
microsecond timescales. We also observe that vessel invagination can be significantly greater than dilation, and
may be a dominant mechanism for microbubble-induced damage to microvessels. Work supported by NIH
(5R01EB000350 and 5R01AR053652).
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1B-5

3:30 PM  Ultrasound-based imaging of nanoparticles: from molecular and cellular imaging
to therapy guidance

Stanislav Emelianov'; Department of Biomedical Engineering, University of Texas at Ausin, USA

Background, Motivation and Objective

The effectiveness of an imaging technique is often based on the ability to image quantitatively both morphological
and physiological functions of the tissue.

Statement of Contribution/Methods

We have developed several ultrasound-based imaging techniques capable of visualizing both structural and
functional properties of living tissue. Each imaging system utilizes custom-made targeted nanoparticles developed
to probe specific molecular events and, therefore, the images display the molecular processes in the body.
Furthermore, the molecular contrast agents can also be used for molecular therapy.

Results

For each imaging system, the basic physics will be described to introduce the principles of each approach. We will
then discuss experimental aspects of each imaging system including fabrication of integrated imaging probe and
associated imaging hardware, development of signal and image processing algorithms, and design of targeted
contrast agents. Finally, we will demonstrate and discuss biomedical and clinical applications of the developed
imaging approaches ranging from microscopic to macroscopic imaging of pathology, cardiovascular diseases,
cancer detection, diagnosis, therapy and therapy monitoring, etc.

Discussion and Conclusions

The nanoparticle-augmented ultrasound-based methods for imaging and therapy are feasible and practical. These
methods may become an important clinical tool of sufficient sensitivity and specificity for diagnosing the
pathology or disease, selecting appropriate therapy, initiating or guiding therapy, and even monitoring therapeutic
outcome.

Partial support from National Institutes of Health under EB 008101, HL 084076 and EB008821 grants is
acknowledged.
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2B. Therapy Monitoring, Control, and Quality
Assurance

Sala 2

Monday, September 21, 2009, 2:30 pm - 4:00 pm

Chair: Emad Ebbini

Univ. of Minnesota
2B-1

2:30 PM MR guidance, monitoring and control of Brain HIFU therapy in small animals: In
vivo demonstration in rats at 7T

Benoit Larrat', Mathieu Pernot', Elvis Dervishi?, Abdel Souilah', Danielle Seilhean®, Yannick Marie*, Anne-Laure
Boch?, Jean-Frangois Aubry‘, Mathias Fink', Mickael Tanter'; ‘Institut Langevin - ESPCI Paristech, Univ Paris 7,
CNRS UMR 7587, Paris, Paris, France, *Department of neurosurgery, Groupe Hospitalier Pitié-Salpétriére, France,
*Department of neuropathology, Groupe Hospitalier Pitié-Salpétriére, France, "CNRS UMR 71, Groupe Hospitalier
Pitié-Salpétriére, France

Background, Motivation and Objective

In the framework of HIFU transcranial brain therapy it is mandatory to develop imaging techniques capable of
assessing the focusing quality and location before the treatment. Monitoring heat deposition in real time as well as
verifying the extension of the treated area are also important steps. The objective of this study was to develop a
complete MR-guided HIFU protocol for small animals experiments in a high field MRI scanner. Three
complementary MR sequences are proposed to non invasively:

-locate the US radiation force induced displacement in tissues and quantify the acoustical pressure at focus prior to
HIFU;

-monitor the temperature rise during HIFU;
-assess the changes in elasticity in the heated area.

Statement of Contribution/Methods

A 7T Bruker MRI scanner was equipped with a stereotactic frame for rats and a single element focused US
transducer working at 1.5MHz. Rats were kept under gas anesthesia (Isoflurane 2% v/v) and their heads were
shaved.

A motion sensitized spin echo MR sequence was optimized to measure the radiation force induced displacement in
the brain. Once localized, the maximum displacement was measured and linked to the acoustical pressure at focus
by means of a calibration procedure. The measured pressures in vivo ranged from 0 to 3.5MPa. An MR-
Thermometry sequence allowed mapping the temperature rise every 500ms in the focal plane with 0.5°C accuracy
and an in plane resolution of 0.7mm. MR-Elastography datasets were acquired before and after HIFU. Standard T2
and T1 (with and without Gadolinium) images were also recorded. Wave propagation and bioheat equation were
simulated using 3D finite differences schemes in order to maximize heat deposit at focus while minimizing skull
heating.

Results

The proposed protocol was successfully tested on 10 rats with and without injected tumors. Three tumor models
were tested: C6, 9L and RG2. Three MR sequences all based on phase contrast imaging were validated.

The accurate localization of the US focal point prior to HIFU was demonstrated in vivo through the skull without
any tissue damage, as confirmed by histology. It was achieved with the same material and in the final position for
HIFU. Furthermore, the acoustical pressure was estimated in situ, allowing more accurate simulations of the heat
deposition at focus. This enabled to optimize the parameters for the HIFU treatment (electrical power, duration).
The temperature measurements were in good accordance with the predicted curves. The elasticity maps showed
significant changes after treatment which could be followed for two weeks. In particular, the inflammatory
response appeared to decrease the elasticity.
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Discussion and Conclusions

Radiation force, temperature and elasticity MR-imaging were combined and successfully implemented in a MR-
guided HIFU setup and evaluated on 10 rats. In the perspective of human therapy at IMHz, this small animal
protocol seems adequate and all sequences should be implemented on clinical systems.

2B-2

2:45PM Realtime Two-Dimensional Temperature Imaging Using Ultrasound

Dalong Liu', Emad Ebbini%; 'Biomedical Engineering, University of Minnesota, Minneapolis, MN, USA, *Electrical
and Computer Engineering, University of Minnesota, Minneapolis, MN, USA

Background, Motivation and Objective

Noninvasive temperature estimation continues to attract attention as a means of monitoring and guidance for
minimally-invasive thermotherapy. Currently, minimally-invasive RF ablation is the most commonly used form of
thermal therapy, but other techniques are being used or investigated. For example, high-intensity focused
ultrasound (HIFU) is being evaluated clinically as a form of noninvasive thermal therapy. Successful
implementation of real-time noninvasive temperature estimation will be a boon for thermal therapy as it becomes
less invasive and as the heating sources become more sophisticated.

Statement of Contribution/Methods

We present first results from a realtime system for 2D imaging of temperature change using pulse-echo ultrasound.
The frontend of the system is a commercially available scanner equipped with a research interface, which allows
the control of imaging sequence and access to the RF data in realtime. The 2D RF data is then streamlined to the
backend of the system, where a 2D temperature imaging algorithm based on speckle tracking is implemented on a
graphics processing unit (GPU). The resulting images of temperature change match the spatial and temporal
resolution of the imaging system, i.e. temperature change data is produced at every pixel in the RF data set.

Results

Verification of the algorithm was performed by monitoring localized HIFU-induced heating of a tissue-mimicking
elastograpgy phantom. The acoustic, thermal, and elastic properties of the phantom were carefully measured to
provide calibrated values of the temperature coefficient. A HIFU transducer was used to produce subtherapeutic
localized, short-duration heating in the phantom while being monitored by the diagnostic scanner. Realtime images
of temperature change were produced at 500 fps using 10 scanlines per frame with an axial extent of 40 mm. The
pulsed HIFU source was synchronized with the scanner to allow for acquisition of the frame data while briefly
silencing the HIFU driver. The pHIFU driving signal was set such that the temperature rise in the phantom is below
3°C for 1.5-second shot (i.e. subtherapeutic). The experiment was repeated 8 times at 30-second intervals to allow
the temperature to cool down to baseline. Similar experiments were also performed multiple times in vitro porcine
heart tissue before and after HIFU-induced lesions were formed.

Di ion and Concl

The realtime temperature imaging results clearly demonstrate the repeatability and sensitivity of the algorithm. The
standard deviation in maximum estimated temperature change from 8 runs was 0.04°C. Furthermore, in vitro
results demonstrating the possible use of this algorithm in imaging changes in tissue parameters in HIFU-induced
lesions are presented. These results clearly demonstrate the value of the realtime data streaming and processing in
monitoring and guidance of minimally-invasive thermal therapeutic procedures.

2B-3

3:00 PM  Dosimetry Optimization for Controllable Lesion Size in High Intensity Focused
Ultrasound Therapy

Ria Sutedja', Xinliang Zheng', Shahram Vaezy'; 'Bioengineering, University of Washington, Seattle, WA, USA

Background, Motivation and Objective

HIFU treatment has been proved to be a potential procedure for tumor ablation. However, the treatment of tumors
with large sizes has been a challenge for HIFU therapy. The problem comes from the fact that the focus of a HIFU
transducer is usually on the scale of millimeters while the volume of the tumor can be several centimeters.
Therefore multiple HIFU exposures are needed to cover the whole volume, leading to long treatment time and,
more importantly, possible pre-focal damage to the healthy tissue surrounding the tumor.
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Statement of Contribution/Methods

To prevent the damages due to excessive HIFU exposure, a solution using low total energy level is proposed. The
energy was applied in pulses that had high peak intensity with a short duty ratio. In this way, while thermal and
cavitation mechanisms for tissue ablation are utilized optimally during the HIFU treatment, the time interval
between every two pulses would provide a cooling period to effectively reduce the pre-focal damage. Ex-vivo
experiments on chicken tissue were performed to study the effect of duty ratio on the size of a necrotic lesion. For
each series of experiments, the total energy was kept at the same level between 10000 - 20000 J, while the duty
ratio was varied between 10% and 96%. The spatial peak intensity level was therefore between 104.17 W/cm2 and
1666.67 W/cm2 and the exposure time was between 30 s and 120 s. After each exposure, the tissue was sliced
laterally into slices with the thickness of 1.75 mm and the volume of the lesion was calculated by integrating the
area of the lesion in each slice over the axial dimension.

Results

Results showed that with the same total energy level, the volume of the lesion would increase when the duty ratio
was shortened. The lesion volume, increased approximately linearly as the decrease in duty ratio, was up to 20
times larger than that at the highest ratio. It was also found that for the same exposure time at 120 s, if the duty
ratio and peak intensity level were carefully designed, lower total energy of 10000 J could even produce lesions 4
times larger than those produced with a total energy of 15000 J. Furthermore, with less total deposited energy, the
problem of pre-focal damage was reduced.

Discussion and Concl

The findings in this study have the potential to be used in treatment planning by helping to determine a suitable
treatment regime for each specific patient. By choosing the optimal exposure parameters, the efficacy and safety of
the treatment can be greatly improved.

2B-4

3:15PM  Cavitational Anti-tumor Effects with Phase-change Nano Droplet and Ultrasound

Ken-ichi Kawabata', Rei Asami', Takashi Azuma', Shin-ichiro Umemura®; ‘Life Science Research Center, Central
Research Laboratory, Hitachi, Ltd., Kokubunji, Tokyo, Japan, *Department of Electrical and Communication
Engineering, Tohoku University, Sendai, Japan

Background, Motivation and Objective

Although HIFU therapy is well established as a minimally invasive cancer treatment, there is a great demand for an
improved throughput on total operation time. One of approaches for improving the throughput is using
microbubbles as sensitizers for coagulating larger volumes with each shot of HIFU. We further propose the use of
nano-sized precursor of microbubbles instead of microbubbles for a controlled distribution of bubbles inside
body[1]. The precursor is designed to convert into bubbles upon ultrasound pulses, thus microbubbles are
generated only at the focus of the pulse. In this paper, preliminary in vivo results on anti-tumor effects will be
presented with the exposure of relatively low frequency ultrasound (around 1 MHz) in the presence of the
microbubble precursors.

Statement of Contribution/Methods

The nano sized microbubble precursor was prepared by high-pressure (20 MPa) homozinizing of the mixture of
phospholipids liposome and volatile perfluorocarbons (phase-change nano droplet, PCND). Focused ultrasound
transducer (frequency: 1.1 MHz, diameter: 40 mm, F number: 1.2) was used as the source for the activation of the
precursor and exposure for therapy. The exposure time was set to 1 ms for the activation of PCND and 20 sec for
therapy. In vivo effect of the ultrasound exposure was investigated with tumor-baring mice while monitoring with
medical ultrasound scanner. PCND was injected intravenously.

Results

The effect of the combination of PCND and ultrasound (0.5 kW/cm?) on tumor growth was investigated. When
both PCND and ultrasound were applied, the tumor size was reduced to less than measurable limit (< 1 mm®) 4
days after treatment, while ultrasound alone showed almost no effect on the tumor growth. Furthermore, it was
suggested that the therapy process can be ultrasonically monitored. The echo intensities at the focus of therapeutic
ultrasound increased when exposure was started and kept about the same value, though, suddenly decreased to pre-
treatment level when tissues were destroyed.
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Discussion and Conclusions

Our results suggested that the combination of PCND and 1-MHz ultrasound can provide an energy-efficient
ultrasound therapy compared to ultrasound alone. It was also suggested that the combinational therapy can monitor
the therapeutic process with the aid of diagnostic ultrasound scanner. Such a therapeutic modality would provide a
safe and high-throughput cancer treatment.

Reference
[1] K. Kawabata, et al,; Jpn. J. Appl. Phys. 44 4548 (2005)

Acknowledgement

Part of this work was supported by the New Energy and Industrial Technology Development Organization of
Japan.

2B-5

3:30 PM  Active protection in pulsed cavitational ultrasound therapy (histotripsy)

Tzu-Yin Wang', Zhen Xu', J Brian Fowlkes?, William Roberts', Charles Cain'; 'Biomedical Engineering Department,
University of Michigan, USA, *Radiology Department, University of Michigan, USA

Background, Motivation and Objective

The goal of this study is to develop strategies for producing precise lesions during a histotripsy treatment while
actively "protecting" selected adjacent zones. The cavitational damage threshold in the pre-selected zone may be
raised by destabilizing cavitation nuclei using appropriate protection pulses. We investigate spatial-temporal
pulsing strategies for active protection.

Statement of Contribution/Methods

A 1-MHz 512-channel therapeutic array was used to deliver both the protection and the therapy pulses. The therapy
pulses consisted of 10-cycle 1-MHz pulses delivered at 15-MPa peak negative pressure and 100-Hz pulse
repetition frequency. A ring area with a 1.4-mm inner diameter and a 3.5-mm outer diameter was selected to be
"protected." This area was scanned with a 1-MHz 20-cycle ultrasound pulse at 4-MPa peak negative pressure using
a rotational multi-foci pattern 30 ps prior to each therapy pulse. To study effects of the protection pulses on bubble
clouds, high speed imaging of the bubble clouds generated with and without protection pulses was conducted. The
histotripsy treatments were performed in red blood cell-gel phantoms, where cavitational damage was clearly
indicated by the color change resulting from local cell lysis. The total area of damage in the selected zone, and the
diameter of the overall lesion, was compared between lesions induced with and without active protection.

Results

High speed imaging showed a substantial decrease in the number of bubbles in the selected zone when the
protection pulses were applied. The cloud width was narrowed from 2.5+0.3 mm (N=8) to 1.1+0.5 mm (N=8)
using active protection. Results from 27 histotripsy treatments in red blood cell-gel phantoms showed that the
damage area was reduced by 70£10% in the protected zone. The lesion diameter decreased from 2.2+0.4 mm
(N=14) to 1.6+0.1 mm (N=13) with active protection. Example lesions produced with and without active protection
are shown in Figure 1 (damaged area shown in white).

Discussion and Conclusions

Active protection of selected zones adjacent to histotripsy therapy zones is feasible using destabilizing bubbles.
The active protection strategy may reduce damage in selected adjacent zones, allowing precise treatment of target
tissues while protecting critical structures.
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2B-6

3:45PM  Nonlinear Derating Method For High Intensity Focused Ultrasound (HIFU) Fields

Olga V. Bessonova', Vera A. Khokhlova?, Michael S. Canney?, Michael R. Bailey?, Lawrence A. Crum?; Dept. of
Acoustics, Physics Faculty, Moscow State University, 119991 Moscow, Russian Federation, *Center for Industrial and
Medical Ultrasound, Applied Physics Laboratory, University of Washington, Seattle, WA 98105, USA

Background, Motivation and Objective

Current methods of determining high intensity focused ultrasound (HIFU) fields in tissue rely on extrapolation of
measurements in water assuming linear wave propagation both in water and in tissue. Neglecting nonlinear
propagation effects in the derating process can result in significant errors. In this work, a new method is introduced
that can be used to estimate focal parameters of nonlinear HIFU fields in tissue with greater accuracy. The
hypothesis is that increasing the source output to overcome linear attenuation in the tissue path will result in the
same peak pressure and focal waveform in tissue as in water at the initial output.

Statement of Contribution/Methods

A derating method was first tested using numerical simulations of the KZK-type equation and then validated
experimentally. Simulations were performed over a wide range of source outputs and geometries ranging from
diagnostic sources, with focusing gains of 5-10, to sources used in high intensity focused ultrasound, where the
focusing gains were 40-60. Focal waveforms calculated in water and in tissue were compared not for the same
source pressures as it is usually done in existing derating techniques, but for the same focal pressures equalized by
scaling the source outputs. The scaling factor accounted for losses over the prefocal path in tissue and was
approximated by the linear attenuation at the source frequency. Experiments were performed in water, absorptive
tissue phantom, and ex vivo tissue. A 2 MHz HIFU source of 44 mm aperture and focal length was operated at
various excitation levels at which in situ intensities reached 25 kW/cm? and large amplitude shocks formed at the
focus. A fiber-optic hydrophone of 100 pm size and 100 MHz bandwidth was used in the pressure measurements.

Results

Good agreement was demonstrated between focal waveforms obtained in direct simulations in tissue and those
calculated in water for lower outputs that were scaled using the proposed method. The derating technique worked
well for both slightly distorted and shocked focal waveforms. The accuracy of the method to predict focal intensity
and peak positive pressure increased from 35% for weakly focused diagnostic transducers having a linear gain of
5-10 to 5% for strongly focused therapeutic transducers having linear gain of 40-60. Peak negative pressure was
derated with the accuracy of 5% for both low and high gain sources. The measurements in water and behind
absorptive phantom and tissue with scaling the source amplitudes also gave similar waveforms.

Di ion and Concl
A derating method for nonlinear HIFU fields was proposed and validated. Simulations and experimental data
demonstrate that for HIFU sources with high focusing gains, the focal field parameters in tissue can be determined

from the results of modeling or measurements in water even in the presence of shocks. [Work was supported in
parts by NIH EB007643, NSBRI SMST01601, and RFBR 09-02-01530 grants.]
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3B. Transducers & Ultrasound Modeling
Sala 4

Monday, September 21, 2009, 2:30 pm - 4:00 pm

Chair: Yongrae Roh
Kyungpook University
3B-1

2:30 PM  Design of a High Intensity Focused Ultrasound multi-element phased array
transducer for transcostal treatment of liver tumours

Pierre Gelat!, lan Rivens’, Gail ter Haarz:'Quality of Life Division, National Physical Laboratory, Teddington,
United Kingdom, Joint Department of Physics, Institute of Cancer Research, Sutton, United Kingdom

Background, Motivation and Objective

The efficacy of high intensity focused ultrasound (HIFU) for the non-invasive treatment of cancer has been
demonstrated for a range of cancers including those of the liver, prostate and breast. As a non-invasive focused
therapy, HIFU offers considerable advantages over other interventions such as chemotherapy and surgical
resection, in terms of invasiveness and harmful side effects. Despite its advantages, there are a number of
significant challenges currently hindering its widespread clinical application. One of these challenges is the need to
transmit sufficient energy through the rib cage to induce targeted tissue necrosis whilst minimising the formation of
unwanted side lobes.

Statement of Contribution/Methods

This study involved the design and modelling of a randomly distributed 256-element bowl-shaped phased array
transducer. Each element consisted of a PZT ceramic cylinder with a quarter-wavelength matching layer, modelled
using the finite element method. The full piezo-elastic properties were included in the model. This represents a step
forward from many HIFU transducer models in the literature, which usually assimilate each element to a rigidly
vibrating plane circular piston. Operation in water under linear propagation conditions was assumed. A sensitivity
analysis on the array design parameters was carried out and the ultrasonic field computed using boundary element
techniques at required field positions. Shadowing representing the presence of ribs, was imposed on the pressure
field at selected locations, and the field forward propagated to locations close to the geometric focus using the
angular spectrum approach. Optimisation was then used to determine the values of the magnitude and phase of the
voltage across each element’s electrodes required to achieve a local maximum at the required treatment region.

Results

This analysis shows that, using a random multi-element phased array transducer, it is possible to achieve a focused
beam through a shadowed array representing the ribs and to electronically steer the beam centimetres from the
geometric focus without generation of substantial side lobes.

Discussion and Concl

This model represents a useful design tool for determining the specifications of a prototype device for transcostal
HIFU therapy for liver (and perhaps kidney and pancreatic) tumours. With the aid of distributed computing
methods, it is hoped that accounting for the dynamic properties of the ribcage in three dimensions, as well as
effects of nonlinear propagation, will be possible in the near future.

3B-2

2:45 PM  Aperiodic and Deterministic 2D Phased Array Structures for Ultrasonic Imaging

Andrew Tweedie"z, Gordon Haywardz, Victor Murray‘; " Alba Ultrasound, Glasgow, Lanarkshire, United Kingdom,
?Centre for Ultrasonic Engineering, University of Strathclyde, Glasgow, Lanarkshire, United Kingdom

Background, Motivation and Objective

Many ultrasonic imaging applications require ultrasonic phased arrays capable of rapid volumetric steering, and to
do so, some form of two-dimensional (2D) array is necessary. However, such devices have typically required a
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large increase in the number of active array elements, with inevitable constraints on performance and cost effective
manufacture. We propose a new, flexible design approach, which allows the array to be closely tailored to a given
application. This allows a reduction in the number of elements needed to achieve a specified beam shape, when
compared to more traditional sparse 2D array designs.

Statement of Contribution/Methods

Conventional sparse 2D arrays have been restricted to grids, rings, simple repeating structures, and random
distributions. These offer limited flexibility in terms of sidelobe levels, beam shapes and the number of elements
required to achieve a specific design goal. Our process, which is based on evolutionary structures that are
encountered routinely in the natural world, allows the designer to choose an apodization function, which
determines the beam shape and sidelobe structure. In addition, the overall apodisation created by the layout of the
array’s elements can be used to create a naturally collimated beam, without the need for electrical transmit
apodisation. The designer specifies the number of active elements to be used, and the desired aperture.
Mathematical optimization is then used to modify the parameters of a deterministic array structure in order to
minimize the worst case sidelobe level. A variety of structures have been investigated, and are aimed at achieving
rotational symmetry and low side lobe levels in the beam structure. The aperiodicity of the structures avoids
aliasing, suppressing grating lobes in the beam. Rotational symmetry smooths the sidelobe floor, avoiding peaks.

Results

The simulated beam profiles of these novel arrays are presented, and compared to that of more traditional array
structures. It is shown that the new designs have lower sidelobes under both CW and pulsed excitation. Sidelobe
levels were reduced by 6 dB over an equivalent periodic grid, and 3 dB over a random design. A range of
apodization functions are shown to demonstrate that the beam shape can be adjusted to meet the design
specification. Finally, experimental results are presented to show that these novel arrays offer functional imaging
performance, while using significantly fewer elements than standard designs. A 127 element array, with a circular
aperture of 161 was used to image flat bottom holes in an aluminum block. A traditional A/2 spaced grid would
require over 800 elements.

Discussion and Concl

This design approach makes it possible to construct high resolution 2D arrays, without incurring the costs of
purchasing large array controllers, with many hundreds of channels. This makes these arrays well suited for
applications where cost, power consumption, and weight must all be kept to a minimum.

3B-3

3:00 PM  Calibration of Acoustic Trapping Forces by Fluid Drag Forces
Jungwoo Lee', K. Kirk Shung':'Biomedical Engineering, University of Southern California, Los Angeles, CA, USA

Background, Motivation and Objective

Forces applied on micron-sized particles must be calibrated to reliably characterize acoustic tweezers, a device that
can be used to non-invasively control the particle motions. It was proposed that an acoustic trap can be formed by a
sharp intensity gradient near the focus, and the particle size greater than the ultrasonic wavelength. Given a
Gaussian intensity distribution, the maximum trapping forces applied by the tweezer, using the numerical method
in the previous studies, can be calculated in the ray acoustics regime and later balanced with viscous drag forces.
This paper then analyzes the particle or escape velocity using viscous drag forces, to estimate the applied forces on
trapped particles and to help design the experimental configuration for the force calibration.

Statement of Contribution/Methods

Viscous drag forces exerted by fluid flows have commonly been used to calibrate forces. It is assumed that a lipid
particle of 125 um in diameter is trapped underneath an acoustically transparent mylar film, when a 36 MHz
ultrasonic transducer excited by sinusoidal bursts. To find the escape velocity, the maximum trapping forces are
computed and then balanced with drag forces by Stokes’ law. Note that inertial forces are negligible due to low
Reynolds numbers for microparticles. The drag effect, however, can be larger when the distance between the
particle and the film becomes comparable to the particle radius (Faxen’s law). So the drag forces must be corrected
by Happel’s method before the calibration.

Results

The estimated maximum trapping force was 35 nN for the peak intensity of 141 W/cm2 at the focus of 3 mm. The
corresponding escape velocity was calculated to be 9.6 mm/s, and its TI and MI were 0.17 and 0.22, respectively.
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Prior to the correction the escape velocity was 29.7 mm/s, higher than the corrected one. This implies that the
lower velocity is needed to calibrate the trapping force in the current version of acoustic tweezers than otherwise.

Di ion and Concl

The calibration method using viscous drag forces was demonstrated for stationary particles to estimate the applied
trapping forces in the order of tens of nano-Newtons. In contrast to optical tweezers where only relatively small
escape velocities (~ 20 um/s) could be measured, the resultant escape velocity indicated that the acoustic trapping
of micron-sized particles was capable of producing much faster particle motions or larger forces than its optical
counterpart. The drag effect of fluid flows near the film must be corrected because the calibration results may
considerably differ from otherwise.

3B-4

3:15 PM  Estimation of Material Parameters for Piezoelectric Actuators Using Electrical
and Mechanical Quantities

Stefan Rupilschl, Felix Wolf', Alexander Sutor', Reinhard Lerch'; ’Department of Sensor Technology, Friedrich-
Alexander-University Erlangen-Nuremberg, Germany

Background, Motivation and Objective

By means of numerical simulations the efforts for the development of piezoceramic actuators and sensors including
piezo-composite transducers can be considerably decreased. However, the reliability of these simulations depends
on the accuracy of the required material parameters. The common approaches to determine these parameters are
based on the IEEE or CENELEC standard, for which well-defined geometries of the investigated piezoceramic
material are mandatory. It is obvious that such approaches are not applicable for a variety of transducers, e.g.
piezo-composites. Hence, there is a great demand for an alternative method concerning parameter determination,
which does not require different sample geometries.

Statement of Contribution/Methods

Our research is concentrated on Finite Element (FE) based Inverse Methods in order to determine the non
vanishing entries of the material tensors for the investigated piezoceramics. So far, we used the frequency resolved
electrical impedance as input quantity of the Inverse Method. Although the resulting material parameters provide a
better matching of simulations and measurements, the occurring deviations in the mechanical displacements are
remarkable. On account of this fact, we extended the Inverse Method. The novel method considers both, the
frequency resolved electrical impedance as well as the spatially resolved mechanical displacement (or surface
normal velocity).

Results

Figure 1 shows the measurement and simulation results of the spatially resolved surface normal velocity for an
investigated piezoceramic disc (diameter 25.2 mm; thickness 2.0 mm; material Pz27). In contrast to the
manufacturer's material parameters, the novel Inverse Method yields parameters which can be used for reliable FE
simulations. In addition, the estimated parameters were used to determine the surface normal velocity of a
transducer (Fig. 2), which is composed of the piezoceramic disc and a disc made of polyvinyl chloride (PVC).
Again, the parameters of the Inverse Method provide reliable simulation results, while against that, the
manufacturer's material parameters are not suitable to describe the behavior of the investigated transducer.

Discussion and Concl
The results clearly show that the Inverse Method is applicable for material parameter estimation. Currently, the
novel method is applied for different actuator shapes.
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3B-5

3:30 PM  Parameter sensitivity study of a Field Il multilayer transducer model on a convex
transducer

David Bzek', Jorgen Arendt Jensen', Morten Willatzen?;  Department of Electrical Engineering, Technical University
of Denmark, Kgs. Lyngby, Denmark, *Mads Clausen Institute for Product Innovation, University of Southern Denmark,
Sonderborg, Denmark

Background, Motivation and Objective

A multilayer transducer model for predicting a transducer impulse response has in earlier works been developed
and combined with the Field II software. This development was tested on current, voltage, and intensity
measurements on piezoceramic discs (Bak et al. TUS 2008) and a convex 128 element ultrasound imaging
transducer (Bak et al. ICU 2009). The model benefits from its 1D simplicity and has shown to give an amplitude
error around 1.7-2 dB. However, any prediction of amplitude, phase, and attenuation of pulses relies on the
accuracy of manufacturer supplied material characteristics, which may be inaccurate estimates. The previous test
cases have assumed the simulation parameters to be exact as received from the manufacturer. In this paper the
influence of a deviation in the accuracy of the different parameters is studied by comparing simulation and
measurement. The objective is a quantitative calibrated model for a complete ultrasound system. This includes a
sensitivity study as presented here.

Statement of Contribution/Methods

The study alters 35 different model parameters which describe a 128 element convex transducer from BK Medical
Aps. The changes are within 20 % of the values supplied by the manufacturer, which are considered the zero
reference (ZR). Simulations of a system consisting of a transmit unit, a five material layer transducer, and the
Field II predicted pressure are performed by altering in turn the value of a single parameter in steps of 2 %. The
remaining simulation parameters are held fixed at the ZR. The influence of the parameter change is determined by
calculating the pressure and the intensity at a distance of 112 mm on an element’s center axis and comparing it
with hydrophone measurements. These are performed with a water bath hydrophone setup using an Agilent
MSO6014A oscilloscope that is set to average consecutive pulses 48 times for noise reduction of the hydrophone
output. A commercial transmitter unit is used to drive the transducer with a 10 cycle tone burst at a frequency of
4.0 MHz and a maximum excitation amplitude of 31 volt.

Results

Predictions using the ZR give a pressure pulse error (PPE) and an intensity error (IE) of 32 % and 23 %,
respectively, relative to the measured response. Altering the piezoelectric permittivity +12 % from ZR decreases
the PPE to 30 % and the IE to 2 % relative to the measured. Changing the stiffness constant of the lens -4 % from
ZR increases the PPE and the IE with 6 % and 1 %, respectively. Performing the same with the ceramic stiffness
the PPE is lowered 1.5 % and the IE is lowered 12 %.
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Discussion and Conclusions

PPEs are found mainly to be sensitive to lens properties and piezoceramic properties, but minor sensitive to
changes in matching layers. IEs are mainly sensitive to the piezoceramic properties. The study shows that minor
changes can improve predictions significantly.

3B-6

3:45 PM A triangle-cut piezocomposite structure for application in hexagonal-shaped 2D
Ultrasonic array for NDE Applications

Jerzy Dziewierz', Anthony Gachagan', Richard L. O’Leary', Nishal S. Ramadas', Gordon Hayward'; /Centre for
Ultrasonic Engineering, University of Strathclyde, United Kingdom

Background, Motivation and Objective

Present 2D ultrasonic arrays for NDE applications suffer from low SNR and limited steering capabilities. Yet, there
is a great desire to increase the operational frequency, in order to enhance their imaging resolution. State-of-the art
arrays use orthogonal matrix of rectangular elements, as this is a natural step forward from the conventional 1D
array structure. The objective of this work is to evaluate properties of 1-3 connectivity piezoelectric composites
wherein the ceramic phase comprises triangular prismatic pillars, rather than more typical parallelepiped pillars.
The triangular prismatic pillars are arranged such that a hexagonal-element 2D array structure will result.

Statement of Contribution/Methods

The hexagonal array element offers advantages of increase aperture, low element pitch and enhanced volumetric
coverage, when compared to the more typical orthogonal array structure. Additionally, the triangular prism pillar
offers improved mechanical robustness, a significant advantage in the manufacture of high-frequency arrays.

A combination of PZFlex and COMSOL models has been utilized to predict behaviour of the hexagonal array
structure, finding acceptable levels of inter-element cross-coupling.

Results

2.25MHz and 3MHz prototype devices, both orthogonal and the new hexagonal substructure, have been
manufactured. The measured mechanical cross-coupling level is -18dB between neighbouring elements and
excellent corroboration between measured and FE modelled device behaviour is demonstrated.Finally, a drilled
version of the microstructure (Figure 1) has been simulated using COMSOL. This modified structure is predicted
to further improve device sensitivity and mechanical cross-talk in the hexagonal structure.

Di ion and Concl

It is argued that hexagonal microstructure piezocomposite offers significant advantages over orthogonal
microstructure, which result in improved imaging capability of resulting 2D ultrasonic array.
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4B. Advances in NDE

Tarragona

Monday, September 21, 2009, 2:30 pm - 4:00 pm

Chair: David Greve
Carnegie Mellon University
4B-1

2:30 PM  EMAT’s and its potential for modern NDE - State of the art and latest
applications

Hans-Juergen Salzburger':'Fraunhofcr 1zfP, Saarbruecken, Saarland, Germany

Background, Motivation and Objective

Electro Magnetic Acoustic Transducers (EMAT) are a well known type of ultrasonic probes used for non-
destructive evaluation (NDE) of electrically conductive materials.

Ultrasonic Testing (UT) is mostly performed by longitudinal waves and mode converted shear-waves generated by
piezoelectric probes. EMAT’s are broadening the range of usable wave modes by the direct conversion of
polarized shear waves with normal and angle beams and the selective generation and detection of nearly all types
of guided waves. Despite their limitations (low efficiency, lift-off sensitivity, limited frequency range etc.) they
have the big advantage to perform UT without couplants. The dry coupling allows UT at elevated temperatures, in
media which do not tolerate liquids (e.g. natural-gas pipelines), on sensitive or coated surfaces of blanks used for
car bodies in the automotive industry etc.

NDE is not only related to defect detection but more and more to material state and condition analysis and
monitoring. To this end, polarization, dispersion, propagation velocity, and mode conversion are physical
parameters usable for improved and high sophisticated non-destructive measurements.

Statement of Contribution/Methods

The contribution will put special emphasis on the unique capability of EMAT’s for generation and detection of
polarized shear waves as well as angled beams of horizontally polarized shear (SH)-waves as straight beams of
linearly or radially polarized shear waves. Guided modes of SH-waves in plates and tubes - not yet widely used for
UT due to the lack of availability of appropriate probes and equipments - are a further topic of the presentation.

Results

New solutions for UT by polarized Shear waves and guided waves are presented: For the in-line inspection for
defects and weld geometry of butt welds, for crack inspection in gas pipelines, for screening of hidden corrosion in
tubular goods, for long range inspection of pipes and for the inspection of multilayered aircraft components.

The latest developments of the probe design are reported in brief. The equipments and their integration in
production lines as well for in-service application are shown together with examples of inspection results during
their practical applications.

Di ion and Concl

4B-2

3:00 PM  High-Frequency Focusing Poly(Vinylidene fluoride-trifluoroethylene)
Transducers and Measurements of Elastic Constants of Thin Layers

Yung-Chun Lee', Cheng-Hsien Chung'; ‘Mechanical Engineering, National Cheng Kung University, Tainan, Taiwan,
Taiwan

Background, Motivation and Objective

PVDF and its copolymer such as P(VDF-TrFE) films have been widely used in making ultrasound transducers.
There are two approaches: to permanently deform a piezoelectric polymer film into a concave shape or to form a
piezoelectric polymer film by spin-coating on a concave surface. The latter is favorable in achieving focusing
transducers with higher operating frequency and wider aperture angle, and both are important in the so-called
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lensless acoustic microscopy and V(f,z) measurements. In this work, we proposed a new approach in making high-
frequency PVDF-based focusing transducers. The fabricated transducers are then used for accurate determination
of dispersion curves of thin plates or layered medium, with the goal of accurate determination of their elastic
constants.

Statement of Contribution/Methods

We have successfully integrated three key elements, namely, the high-speed spinning, pneumatic air-pressuring,
and infrared thermal heating, into a transducer fabrication system which allows high-quality [P(VDF-TrFE)]
copolymer films being uniformly coated on either spherical or cylindrical concave surface of a substrate. The
ferroelectric hysteresis loops of the spin-coated P(VDF-TrFE) films are measured to establish the best fabrication
parameters. The fabricated transducers are used for high-frequency wave velocity measurements from few MHz up
to 120 MHz, and for non-destructive determination of elastic constants of thin plates and coatings.

Results

Several point-focused and line-focused P(VDF-TrFE) transducers are successfully fabrictaed. The radius of
curvature ranges from 1 mm to 15 mm, and the full aperture angle covers from 30 to 100 degrees. The film
thickness is from few to few tens of micrometers and is uniformly distributed along the full aperture. The central
frequency of transducer varies from few MHz up to 70 MHz, and typical -6 dB bandwidth around 80% to 120%.
Based on these transducers, defocusing measurement system and V(f,z) waveform processing method are
developed and implemented. Both surface waves and Lamb waves with frequency up to 120 MHz are accurately
determined and mutiple modes of dispersion curves are measured, which are then inversely used for calculating the
elastic constants of samples under investigation. Good results are obtained with an estiamted error less than 5%.

Discussion and Conclusions

A modified spin coating process is successfully developed to fabricate P(VDF-TrFE) copolymer ultrasound
transducers. Ferroelectric hysteresis loops of the spin-coated P(VDF-TrFE) copolymer films are measured for
determining the best fabrication parameters and conditions. The fabricated transducers are used for non-destructive
determination of elastic constants of thin plates and coatings. The test results show good agreement with the
reported materials data provided by the manufacturers.

4B-3

3:15 PM  Ultrasonic Probes Simultaneously Producing One Longitudinal and Two Shear
Waves and Their Potential Applications
K.-T. Wu!, M. Kobayashi?, C.-K. Jen?, L. Zhao®; ! Electrical and Computer Engineering, McGill University, Canada,

’Industrial Materials Institute, National Research Council Canada, Canada, *3. The State Key Laboratory of Polymer
Materials Engineering, Sichuan University, China, People's Republic of

Background, Motivation and Objective

The Young’s modulus, shear modulus, Poisson’s ratio, texture, stress and thickness of materials or manufactured
parts may be measured concurrently at elevated temperatures by using a ultrasonic probe which can generate and
receive simultaneously one longitudinal (L) and two orthogonally polarized shear waves (Sy and Sy). One
objective of this research is to develop such probes. Another objective is to use such probes to perform NDE of
materials and real-time non-invasive monitoring of polymer injection molding process at high temperatures so that
the desired part properties can be obtained on-line.

Statement of Contribution/Methods

Piezoelectric integrated ultrasonic transducers (IUTs) directly coated onto probes and mold inserts made of steels
have been made and used to excite and detect L, Sy and Sy simultaneously in pulse-echo modes using proper mode
conversion angles. The coating was done by a sol-gel spray technology. They can operate at temperatures above
150°C. This may be the first time such probe is made and used for the on-line polymer injection molding. The
theories explaining the capabilities of these probes to measure simultaneously the above mentioned material and
part properties will be provided.

Results

Piezoelectric lead-zirconate-titanate thick (~75 pm) composite films have been deposited onto side edges
perpendicular to each other at the top of steel rods as IUTs. One of them generates and receives both L and Sy
waves and another Sy. The signal-to-noise ratios (SNRs) of the echoes obtained in pulse echo mode are higher than
23 dB and have a center frequency around 15 MHz. Such sensors have been also fabricated onto special mode
inserts of a 150-ton Injection Molding machine and real-time non-invasive ultrasonic polymer injection molding
process monitoring was carried out. All ultrasonic measurements were performed by a two-channel system.
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Discussion and Conclusions

L, Sy and Sy waves can be simultaneously generated and received at high temperatures with piezoelectric
miniature IUTs. Such probes may be used to measure thickness of a sample accurately together with a correction
of texture including texture coefficients such as Wiy and Wyy. The stress applied to the probe may be also
measured. Because they can sustain high temperatures, on-line ultrasonic measurements of Young's modulus,
Shear modulus and anisotropy of the molded or casted parts during polymer injection molding and light weight
metal die casting may be achieved.

4B-4

3:30 PM  Nondestructive Characterization of Radially Orientated Hydride in Zircaloy
Cladding Tubes with a Laser Ultrasound Technique

Cheng-Hung Yeh', Che-Hua Yang'; 'Institute of Manufacturing Technology, National Taipei University of
Technology, Taipei, Taiwan

Background, Motivation and Objective

Degradation of mechanical properties in Zircaloy cladding tubes commonly used in nuclear fuel are well known to
be related to the concentration of precipitated hydrides. The fuel integrity can be threatened while the hydrides
concentration reaches a critical value. Besides concentration, the hydride orientation is recently found out to be
another key factor influencing the mechanical integrity; hydrides orientated in the radial direction (Fig. 1) reduce
the fracture toughness much more than the circumferentially orientated ones.

Statement of Contribution/Methods

This research is focused on characterizing Zircaloy cladding tubes with different concentration ratios between
radially(R) orientated hydrides and circumferentially(C) ones. A procedure corporate with an experimental
technique and an inversion algorism is used to investigate the effects of R/C ratio on the dispersion spectra of
guided waves (GW) propagating in the tubes. A laser ultrasound technique (LUT) is used to measure the
dispersions of circumferential guided waves (CGW) propagating along the circumferential direction of the
cladding tubes. An inversion algorism based on simplex method is used to extract interested properties from the
measured GW dispersion spectra.

Results

With good measurement accuracy, the measured CGW dispersion spectra is able to be distinguish different levels
of hydrogen concentration in the cladding tubes. In the meanwhile, as shown in Fig. 2, this procedure is able to
distinguish the R/C ratio in a quantitative way. It is also observed that the bulk elastic modulus increases as the R/C
ratio increases.

Di ion and Concl

This method is potentially useful to probe the hydrogen concentration and the associated R/C value in a remote and
nondestructive way which is desired in nuclear power industry.
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3:45 PM  Railway Wheel-Tread Inspection by Ultrasonic Techniques

Jose Brizuela', Alberto Ibafiez', Carlos Fritsch'; 'Instituto de Automatica Industrial, La Poveda - Arganda del Rey,
Madrid, Spain

Background, Motivation and Objective

Nowadays, high speed trains represent a real technology challenge to cover long distances in the less time possible.
Transport security and quality require a proper and effective maintenance system to avoid related risks and to
prevent incidents and accidents. Wheels are the critical part of the train and must be watched very closely. Typical
wheel tread damages are flat, shelling, spalling and cracks. Infrastructure and rolling stock get worse through
vibrations and noise caused by irregular rail-wheel contact. Moreover, wheel tread damages found at early stage
can help to keep the passengers safe and the train in service.

Many NDT inspection systems are used today such as Eddy current and ultrasounds. However, most of them are
off-line methods and poorly time-efficient during maintenance processes. This work proposes a different approach,
a new inspection system for railway wheels using a dynamic ultrasonic technique. This method can be applied to
trains moving at low speed (10-15 Km/h typical) and allows all wheelsets mounted to be inspected within a few
seconds.

Statement of Contribution/Methods

The proposed system determines wheel tread damages while the train moves at a low speed over a measuring rail.
The special rail is used to propagate Rayleigh wave pulses at regular intervals. Echoes produced by the rail-wheel
contact, while the train is moving, are recorded by a piezoelectric transducer. Time of flight measurements are used
for a) tracking the wheel movement and b) determining the rail-wheel contact condition. Damages on the wheel
tread can be also sized.

Results

The method described is able to detect different tread irregularities, such as flat, shelling and spalling. The system
is a dynamic technique that allows checking the railway wheels while the train is in movement within speed limits
(1 and 3m/s). The suggested technique allows determining length irregularities with 4mm resolution.

Discussion and Conclusions

The system represents an innovation for NDT by ultrasound field where defects are considered as static reflectors.
The system can be placed at the entrance of repairs shops where routine inspections are carried out in order to
reduce time for maintenance schedules. Tread damage detection does not consider wheel impact loads nor uses
optical systems. Moreover, moving parts are not required by the online inspection method described. As a
conclusion, a reliable flat detection on wheels can be performed in a minimum time, guaranteeing a commensurate
cost-profit ratio for railway companies.
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5B. SAW Modelling

Pergamo

Monday, September 21, 2009, 2:30 pm - 4:00 pm

Chair: Karl Wagner
EPCOS AG
5B-1

2:30 PM  SAW Strain Sensitivity of Selected Rayleigh Wave Crystal Cuts

Gudrun Bruckner', Gernot Stampf‘, Georg Franz', Robert Hauser?, Rene Fachberger'; !Carinthian Tech Research
AG, Villach, Austria, >Carinthian University of Applied Sciences, Villach, Austria

Background, Motivation and Objective

Given its high pressure sensitivity and superior temperature compensation, standard quartz (ST-quartz) is the
common substrate for wireless SAW pressure respectively force sensors. Drawbacks are its frequency limitations
and poor coupling coefficient. In particular for medical applications, either for implants into the human body or
integration into medical devices like external fixators, the operation temperature is obviously limited. Hence good
signal coupling and higher frequencies may trump the temperature effects and thus, also other piezoelectric crystals
with fair temperature dependencies are of practical interest. Yet, the force / strain sensitivity of such alternatives
has rarely been investigated, limiting the options in sensor designs. This paper presents investigations to overcome
this limitation.

Statement of Contribution/Methods

Of the available choices, Langasite LGS 138.5 with Euler angles of (0°]138.5°26.6°) was selected for its low
temperature coefficients of frequency and lithium tantalate LT 112.2 (x-cut, 112.2° y-direction) for its high
frequency applicability. The measurements were referenced against ST-quartz (45°), using a differential delay line
layout and measuring the impulse responses versus varying mechanical loads. A dedicated bending beam geometry
test stand was designed for that and the actual mechanical loads were measured. The strain distributions in the
SAW elements were calculated using advanced FEM methods considering anisotropic elasticity. The changes in
delay times characterize the sensitivities of the substrate. Both values, the sensitivity to force and the calculated
sensitivity to strain are used as evaluation criteria.

Results

For the given geometry the investigated change in delay time was caused by the elongation of the propagation path
as well as by the change of the wave velocity. By calculating the strain the two effects could be separated. All three
substrates exhibited linear behavior, correlating to the force and strain values. In comparison, quartz still shows the
highest sensitivities; LGS_138.5 is weaker to an extend, that could be countered by the better coupling efficiency.
LT _112.2, showing still weaker sensitivities, appears to be less suitable.

Discussion and Concl

While this study confirms the qualification of ST-quartz for pressure and force sensing applications, LGS_138.5
could be a viable alternative. While the actual force respectively strain sensitivity is lower, the factor 3.5 higher
Rayleigh wave coupling coefficient makes this material interesting for special sensor applications. LT 112.2,
finally, exhibits a sensitivity that is too low to be adequate for a practical pressure sensor.

5B-2

2:45PM SAW Device Design using the Nelder-Mead Minimisation Algorithm
David Morgan':'Impulse C lting, Northamp Northants, United Kingdom

Background, Motivation and Objective

Most SAW bandpass filters need to be designed to satisfy demanding requirements on the frequency response,
taking account of specified tolerances. In general the response is a very complex function of the design
parameters, and it is necessary to take account of second-order phenomena such as multiple-transit signals, circuit
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effects, diffraction and waveguiding. The discrepancy between the calculated response and the requirement can be
expressed as an ‘error’ function which needs to be minimised. A global design algorithm is needed, minimising
this complex function of a large number of variables (the design parameters), without having explicit information
on the device analysis. By modifying the parameter values, the algorithm is required to progressively reduce the
error, which eventually becomes small enough for the response to satisfy the specification. However, the
complexity of the problem is such that the error is not monotonically reduced - at times, it needs to be allowed to
increase.

Algorithms which do this include simulated annealing, the genetic algorithm and sequential quadratic
programming. These are widely applicable to complex non-linear minimisation problems, and the latter two have
been applied to SAW LCR design [1, 2]

1. J.Meltaus et al. ‘Genetic Optimization Algorithms in the design of coupled SAW filters’. IEEE Ultrasonics
Symp., 2004, pp. 1901-1904

2. R. Peach and Z Xu. ‘Design of LCR filters using non-linear optimization applied to simplified Green function
models’. ibid., 2006, p.78-81

Statement of Contribution/Methods

This paper describes use of the Nelder-Mead algorithm, which is a downhill simplex method [3]. Software has
been developed for design of DART and LCR filters. It is shown that the algorithm is effective in design of DART
and LCR filters. The algorithm is very versatile. It is capable of minimising an error function which is a very non-
linear function of the design parameters, and can include step functions. It does not need differentials to be
evaluated. The author’s experience is that this method is very reliable and rapid in execution.

3. W.H. Press et al. ‘Numerical Recipes’, Cambridge Univ. Press, 1989.

Results

Design results show that the Nelder-Mead algorithm is very effective for design of DART and LCR filters, and
examples are shown. The error to be minimised is a very non-linear function of the design parameters, including
step functions.

The method is simple to programme and operates rapidly and reliably.

Discussion and Concl

The Nelder-Mead algorithm is applicable to a wide class of non-linear optimisation problems since the algorithm
itself operates independently from the actual device analysis. It can cope with very non-linear functions, and it
does not require evaluation of differentials.

5B-3

3:00 PM  Performance Simulation of SAW Ring Waveguide Resonator by 3D FEM
Sergey Biryukov', Hagen Schmidt', Manfred Weihnacht'; 'IFW Dresden, Dresden, Germany

Background, Motivation and Objective

The ring waveguide resonator (RWR) as a new electrode structure for SAW devices has been proposed recently in
[1]. Its behavior has been approximately estimated using the 2D scalar wave equation in polar coordinates [2]. The
structure consists of an IDT in the form of a closed ring placed on the Z-cut of a hexagonal piezoelectric crystal
like AIN. Thereby the IDT itself creates a waveguide effect on the substrate, which is isotropic in plane. It was
shown that due to the structure regularity the electrical admittance of RWR does not have sidelobes and all possible
angular modes besides the main one are completely suppressed. The main mode resonance has a high quality factor
Q depending on the radiating loss into the surrounding region. The properties of such promising structure have to
be investigated more carefully than in the frame of used 2D formulation. The objective of this work is a 3D
simulation of the RWR.

Statement of Contribution/Methods

Because of the angular periodicity a single periodic cell of RWR is considered by the 3D FEM for all four
components of the field. The periodic cell contains two electrodes and two busbars of finite thickness, which are
placed on a cylindrical sector of the substrate. The substrate is restricted in depth and along the radius by an
absorbing medium to suppress parasitic wave reflections from the external boundaries. In angular direction the
periodic boundary conditions are imposed. So the formulation of the boundary-value problem corresponds to a real
structure and the problem solution in fact is a numerical experiment for the RWR.
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Results

The RWR has been calculated for one-degree angular period. It corresponds to 360 electrode pairs in the whole
ring. The middle radius of RWR is 1060 microns and the RWR aperture with busbars is 120 microns. Material
parameters for Al electrodes and AIN substrate are used. The frequency dependence of the RWR electrical
admittance has five distinct narrow peaks at 294.9, 302.6, 308.2, 313 and 317.6 MHz with Q-factors 12900, 9200,
5000, 3600, and 5200, respectively. There are no sidelobes between the peaks. These peaks correspond to five
transverse modes with mechanical displacement profiles containing from one to five oscillating loops along the
aperture, respectively. The displacement field of the first mode is concentrated near the external ring radius and the
field of following modes expands towards the internal radius.

Di ion and Concl

The first numerical experiment for the RWR demonstrates the excellent structure performance, which is
outstanding for SAW devices. This means that such advantages of bulk acoustic wave devices as high selectivity
and a large Q-factor are probably also achievable by SAW devices without loosing their inherent simplicity of
manufacturing. Obviously, the RWR structures can be attractive also for sensor applications.

[1]S. V. Biryukov, G. Martin, and M. Weihnacht, APL, 173503, 2007.
[2] S.V. Biryukov, H. Schmidt, and M. Weihnacht, Proc. 2008 IEEE Ultrason. Symp., 284-287.

5B-4

3:15 PM  Characterization of Electrode Material Parameters

Ben Abbott', Alan Chen', Tim Daniel', Kevin Gamble', Julien Gratier', Tacho Kook, Natalya Naumenko® ’TriQuint
Semiconductor, Apopka, FL, USA, ’Moscow Steel and Alloys, Russian Federation

Background, Motivation and Objective

Rigorous methods to the analyses of SAW devices, such as FEM/SDA, rely upon the accurate characterization of
the elastic moduli and mass density for both the piezoelectric substrate as well as the materials comprising the
devices' thin film electrodes.

As the values for the moduli and density of thin films are different than those for bulk materials, and depend upon
the process by which they are deposited, a means to characterize the values for these parameters for thin film
materials is needed.

Statement of Contribution/Methods

To accomplish the goal of characterizing the moduli and mass density for a thin film metallization, an approach has
been devised which is sensitive to the longitudinal and shear modulus, the thin film's mass density, as well as the
geometry of the SAW device's electrodes.

In short; (1) a piezoelectric substrate supporting both a Rayleigh type SAW mode and a Shear Horizontal type
SAW mode is selected. (2) One-port resonators, with varied periods and metallization ratios, are fabricated with
the thin film metallization to be characterized. (3) The mean and standard deviation of the fabricated devices'
resonant frequencies are measured. (4) The elastic moduli and density for the thin film are determined by applying
nonlinear optimization to minimize the error between the numerical and measured values for the devices' resonant
frequencies.

Results

Using the summarized approach, the elastic moduli and mass density for a thin film, proportionally composed of
Copper, have been characterized.

The resulting RMS error between the mean of the measured resonant frequencies and the numerical results was
found to be less than that of the standard deviation of the measurements. Which is an indication that the variation
in the devices' physical geometry is of a greater significance as compared to the errors in the characterized elastic
moduli and mass density.
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Discussion and Conclusions

To validate the goal of characterizing the thin film's moduli and mass density for the accurate simulation of SAW
devices, a comparison is made between measured experiments and numerical results obtained by using published
bulk material values and the newly characterized values.

The characterized values are found to reduce the error between the measured and predicted resonant frequencies by
about 50 times.

5B-5

3:30 PM  Improved SHSAW Transduction Efficiency using Gratings and Uniform Electrode
Guiding

Thomas Pollard’, Mauricio Pereira da Cunha':’ Electrical and Computer Engineering, University of Maine, USA

Background, Motivation and Objective

Pure shear horizontal surface acoustic wave (SHSAW) devices have been increasingly considered for liquid phase
and bio-sensing applications due to their sensitivity to mass, stiffness, viscosity, and electrical surface
perturbations, and ability to operate under liquid loaded conditions. The SHSAW is typically weakly guided or not
even exists under a free surface boundary, e.g. ST-90 quartz. As a result strong excitation of spurious bulk acoustic
wave (BAW) by the interdigital transducer (IDT) is typical. Alternatively, dense or thick electrodes in periodic or
uniform configurations must be placed between IDTs in delay line devices to increase the ratio of SHSAW power
to input power, nSH. The degree of nSH improvement depends on the structure metallization thickness,
composition, and geometry.

Statement of Contribution/Methods

In previous work, the authors discussed nSH using finite and boundary element method (FEM/BEM) models
limited to cases of free or finite thickness periodic electrodes surrounding surfaces. This work extends the analysis
to the important case of uniform semi-infinite electrode guiding, used in most liquid-phase and biosensor
application. The far field SHSAW power generated by an IDT surrounded by uniform finite thickness guiding
electrodes is determined based on the simulation of a truncated finite device which incorporates an acoustic
matching electrode. This matching electrode makes the overall structure appear infinite, thus allowing the far-field
behavior to be predicted.

Results

The nSH is computed with both periodic and uniform electrode guiding on quartz ST-90 with Au metallization for
varying number of IDT electrodes and film thicknesses. For 18 and 318 electrode split-finger IDTs surrounded by
guiding gratings, for instance, nSH goes from 25% to 90% for the Au film thickness relative to the wavelength
(h/1=0.234%). For the 318 electrode IDT, for instance, nSH varies from 90% to 100% when the h/l is increased
from 0.234% to 1.875%. For the case of uniform guiding electrodes, nSH goes from 64% to 83% for h/1=0.234%.
For the 318 electrode IDT, nSH goes from 83% to 92% when the I/l is increased from 0.234% to 1.875%. To
verify the model an IDT with uniform guiding structures was simulated and compared to a fabricated device. The
simulations predicted 9 dB directivity which was experimentally confirmed to within 1 dB.

Discussion and Concl

For the first time nSH has been characterized for finite length IDTs with finite film thickness uniform guiding
electrodes. The modeling technique created allows the evaluation of SHSAW transduction efficiency based on the
sensor platform design parameters, such as film thickness, materials, and IDT geometry. The tool was
experimentally verified and is useful in the design and development of SHSAW devices in order to exhibit
improved transmission response and reduced BAW excitation, both for communication and sensor applications.
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5B-6

3:45PM Introduction and Creation of Computational Nodes in Multilayered Micro-
acoustic Device FEM Modelling

Murat Muradoglu', Alireza Baghai-Wadji', Markus Mayer?; 'School of Electrical and Computer Engineering, RMIT
University, Melbourne, Victoria, Australia, 2EPCOS AG, Munich, Germany

Background, Motivation and Objective

Consider a Surface Acoustic Wave (SAW) or a Bulk Acoustic Wave (BAW) device that comprises a number of
ideally-conductive massive metallic electrodes loaded by a sequence of elastic/piezoelectric layers of non-uniform
cross-section. Current Finite Element Method (FEM) simulations of realistic device models result in a large system
of equations which need to be re-calculated for any design modifications that may merely affect a small section of
the device. Such design alterations may consist of only the re-arrangement of the position of layers and/or choice
of the layer-, or substrate material. An accurate, flexible and fast simulation tool has to be developed to respond to
this need.

Statement of Contribution/Methods

The proposed method involves the logical partitioning of the entire device structure into small non-overlapping
physical subregions (computational nodes) that can be designed individually, solved independently and stored and
retrieved effectively. Thereby, a key idea is our formulation and implementation of a generalized Impedance
Boundary Condition (IBC) for arbitrary subregion geometry which will be presented for the first time. The IBC has
been devised in order to accommodate fixed displacement, stress free, or arbitrary interface conditions in a unified
form. This abstraction permits viewing any of physical subregions as a computational node. The proposed scheme
has been designed to enable a further key feature which is the low data communications overhead between the
computational nodes. The introduction of our IBC along with the low data communication overhead make this
method highly suitable for parallel computation.

Results

Preliminary test runs for realistic SAW devices are encouraging and show acceleration of the computations by up
to one order of magnitude, while assuring high accuracy. Comparisons with experimental data, and with alternative
simulations will be presented.

Discussion and Conclusions

Given a complex physical layout of microacoustic devices, the proposed method allows flexible modification of
the design parameters without necessitating the re-calculation of the entire device structure. The method achieves a
high degree of accuracy, while substantially decreasing simulation cycles.
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6B. Visualization Interferometry
Baalbek

Monday, September 21, 2009, 2:30 pm - 4:00 pm

Chair: John D. Larson
Avago Technologies
6B-1

2:30 PM  Imaging surface acoustic waves on phononic crystal devices

Paul Otsuka', Sorasak Danworaphong?, Motonobu Tomoda', Oliver Wright', Osamu Matsuda', Dieter Profunser’,
Yukihiro Tanaka', Abdelkrim Khelif’, Vincent Laude®, Sarah Benchabane®; ' Graduate School of Engineering,
Hokkaido University, Japan, *School of Science, Walailak University, Thailand, *FEMTO-ST, Besancon, France

Background, Motivation and Objective

Surface acoustic wave devices based on one-dimensional (1D) periodic structures have found extensive application
in high-frequency signal processing. 2D phononic crystals exhibit interesting physical properties that have the
potential to improve on and expand the range of these devices. Optical generation and detection of surface waves
has proved effective in visualising their propagation in real time. Here we present results of real-time imaging of
laser-induced surface acoustic waves at frequencies up to ~1 GHz in various phononic crystal structures.

Statement of Contribution/Methods

We use a Ti:sapphire laser to generate optical pulses of duration ~200 fs, wavelength 830 nm and repetition rate 76
MHz. A 415 nm pump beam derived from this laser excites surface acoustic waves in various crystal structures.
The 830 nm beam is used to probe the sample after being delayed relative to the pump beam. The beams are
focused to a spot of about 2 pm diameter. The probe beam is scanned across the sample to generate images, which
are obtained at various times by adjusting the probe delay.

Results

We obtained images of the propagation of surface acoustic waves in phononic crystals that include structures such
as waveguides, cavities, slabs and prisms. The dispersion relations and the acoustic fields in two dimensions at
individual frequencies are extracted by spatio-temporal Fourier transforms. Time-resolved images reveal effects
such as diffraction, refraction, reflection, resonance and waveguiding. The figure shows the field amplitude at 380
MHz of waves confined to a square cavity (made of four linear sections) in a phononic crystal made up of a square
lattice of circular holes in Si (100) of radius 6.5 pm and filling fraction 70%.

Discussion and Conclusions

We have obtained real-time images of surface acoustic waves on various crystal structures using an optical pump
and probe technique. Such research should be invaluable for the evaluation of future surface acoustic wave devices
and for revealing the physics of the interaction of surface waves with phononic crystals.
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6B-2

2:45PM Real-time simulations and experiments on ultrahigh frequency surface acoustic
waves in microstructured phononic crystals
Istvan A. Veres', Dicter M. Profunser’, Oliver B. Wrightz, Osamu Matsuda®; ’Department of Electronic & Electrical
Engineering, University of Strathclyde, Glasgow, United Kingdom, >Graduate School of Engineering, Hokkaido
University, Japan

Background, Motivation and Objective

Periodic elastic structures, or phononic crystals, promise diverse applications in the control of propagating sound.
These acoustic metamaterials possess stop bands where the elastic waves are heavily damped. The most prevalent
examples are one-dimensional (1D) phononic crystals that take the form of interdigital transducers for generating
and detecting surface acoustic waves. The promise of acoustic filtering and sound control has also stimulated work
on surface acoustic waves in 2D phononic crystals consisting of arrays of cylinders or holes.

Statement of Contribution/Methods

We investigate numerically and experimentally the interaction between ultra-high frequency surface acoustic
waves and periodic microstructured patterns. We performed real-time finite element (FEM) simulations of the
propagating ultra-high frequency surface waves in 1D and 2D phononic crystals, allowing the investigation of
surface acoustic wave scattering in the same geometries as real fabricated phononic crystals or devices. We image
surface acoustic waves with frequency components up to 1.3 GHz by means of ultrashort pulsed optical excitation
and interferometric detection with picosecond temporal and micron spatial resolutions. We use microfabricated 1D
phononic crystals made of copper lines embedded in silicon-oxide, as well as 2D phononic crystals consisting of
air-filled holes etched in silicon (100) in a square lattice.

Results

We first present real-time animations of surface acoustic waves scattered by the 1D and 2D microscructured
phononic crystals. Movies of the scattered surface acoustic wave in real-time simulation and experiment are treated
by spatiotemporal Fourier transforms to reveal the band structure. Eigenmode spatial distributions at each
frequency are derived from the temporal Fourier transforms. The figure shows the simulated amplitude of the
acoustic field in the 2D phononic crystal at 195 MHz.

Discussion and Conclusions

In conclusion, we have probed the dispersion relation for surface wave propagation in 1D and 2D phononic
crystals. The numerical and experimental dispersion relations are in good agreement, and show evidence for
phononic stop bands. Further investigations are required to elucidate the effect of the hole depth and to better
understand the form of the constant frequency surfaces.

6B-3
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3:00 PM  Laser Interferometers in Physical Acoustics
Kimmo Kokkonen':' Helsinki University of Technology, Espoo, Finland

Background, Motivation and Objective

Need to understand the physics of wave motion in materials and ongoing interest in developing microacoustic
components for, e.g., signal processing applications, have created a demand for versatile characterization methods.
In many cases, components whose operation is based on mechanical vibrations, such as surface acoustic and bulk
acoustic wave (SAW and BAW) devices, as well as, e.g., microelectromechanical (MEMS) resonators, are studied
in electrically excited test structures or in real device configurations. Therefore, much of the characterization relies
on measuring the electrical response of the structure and comparing that to simulations. Although these methods
are well established, they provide only secondary information of the wave motion and the underlying device
physics.

On the other hand, optical probing enables direct measurement of the vibration fields within the sample structure
without disturbing the device operation. The ability to measure the vibration fields yields primary information of
the wave physics and on the device performance.

Statement of Contribution/Methods

Optical probing has been in use for a long time as a research tool to deepen the understanding of the wave physics
in various materials, their combinations and in different device configurations. Due to the extensive history and
successful application of laser interferometers for characterization of microacoustic devices, there is a number of
research groups utilizing an interferometer as an important part of their research facilities.

Results

Laser interferometric techniques are well suited, e.g., to image the wave field amplitude distributions in SAW
devices, revealing possible sources of losses and unwanted responses, such as excitation of transverse modes in
resonators, escaping acoustic beams, acoustic crosstalk in filters, etc. In the case of BAW research, the wave
dispersion properties derived from vibration field measurements play an important role in device design and
characterization, especially in the case of solidly mounted resonators. Also the recent progress in the research of
phononic crystals, acoustic metamaterials, is expected to benefit from laser interferometric measurements.

Di ion and Concl

This paper focuses on the role of laser interferometers in physical acoustics, reviewing several different published
setups, their capabilities, and recent progress in the field. Examples of recent research results on SAW, BAW and
MEMS devices are presented and discussed.

6B-4

3:30 PM  Heterodyne laser-doppler interferometric characterization of contour-mode
resonators above 1 GHz

Hengky Chandrahalim’, Sunil Bhave', Christian Rembe?, Sebastian Boedecker?, Ronald Polcawich?, Jeff Pulskampl;
!Electrical and Computer Engineering, Cornell University, Ithaca, New York, USA, *Polytec, Germany, *US Army
Research Laboratory, USA

Background, Motivation and Objective

AFM has been used to image and characterize vibrations of MEMS resonators [1]. Characterization of MEMS
resonators using heterodyne interferometer is of interest because it provides accurate measurement of resonances
and broadband vibrations [2,3] without contacting the surface of the resonators.

Statement of Contribution/Methods

We report a special technique to measure frequencies and vibrations of contour-mode resonators (Fig. 1a) up to 1.2
GHz using only a 618 MHz carrier frequency (fc). The detector signal of the vibrometer is digitized by a fast
oscilloscope and demodulated off-line in a computer (Fig. 1b). This method enabled us to realize an algorithm to
extend the measurement bandwidth by a factor of 2. The algorithm takes only the frequency components of the
detector signal into account which are higher than fc to construct an IQ-(in-phase, quadrature) signal from a virtual
carrier signal with 2x the original frequency. The Rohde & Schwarz SMBVI100A broadband Vector Signal
Generator has been used to excite the specimen with a periodic chirp signal [4]. We set the spacing of the periodic-
chirp frequencies to the resolution bandwidth of the measurement and adjusted the evaluated frequencies to the
center of the FFT lines of the demodulated spectrum to determine the vibration amplitudes without leakage. In
addition, the energy is distributed equally to all frequency components.
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Results

A PZT transduced high-overtone width-extensional mode resonator was first characterized electrically on an RF
probe station. Frequency response in air at room temperature is recorded in Fig. 1c. Optical measurement using a
heterodyne interferometer technique was performed. Resonator’s displacement as a function of frequency was
plotted in Fig. 1d.

Di ion and Concl

A novel characterization technique of MEMS resonators above 1 GHz using heterodyne interferometer was
performed. By measuring modes of vibrations optically, misalignment in lithography that leads to parasitic modes
and unexpected resonance peaks can be identified without contacting the surface of the resonators.

[1] San Paulo et al, Microelectronic Engineering, pp. 1354-1357 (2007).
[2] Rembe et al, SPIE 7098, pp. 70980A-70980A-12 (2008).

[3] Stoffels et al, to be published at Transducers *09.

[4] Schiissler et al, SPIE 4072, pp. 354-360 (2000).
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6B-5

3:45PM  Measuring the frequency response of photodetectors used in ultrasonic
applications by a heterodyne system with difference-frequency servo control

Christian Koch'; ! Physikalisch-Technische Bundesanstalt, Braunschweig, Germany

Background, Motivation and Objective

One of the important quantities describing the properties of photodetectors is the frequency response which can be
defined as the voltage at the detector’s output in response to a constant or well-defined optical input signal versus
frequency. Photodetectors in ultrasonic applications are applied in very different optical configurations and during
a calibration of the photodetector these conditions should be reconstructed to ensure that the frequency response
obtained matches the application conditions. For traceable optical measurements it is advisable to have an in-house
calibration set-up which is adapted to the ultrasound application requirements. Since sophisticated and costly
optical equipment is usually not present in a laboratory dealing with ultrasonic applications, a set-up had to be
constructed which used only simple components available in a standard optical laboratory.

Statement of Contribution/Methods

A heterodyne system was realized using two commercially available DFB lasers, and the required frequency
stability and resolution was ensured by a difference-frequency servo control scheme. The frequency-sensitive
element generating the error signal for the servo loop comprised a delay-line discriminator constructed from
electronic elements which converts a frequency deviation into an amplitude deviation. The output signal is used as
an error signal for a servo loop controlling the emission frequency of one laser via the driving current.

Results

Measurements were carried out up to 450 MHz and as an example the frequency response of a photodetector used
in a multilayer optical hydrophone system is depicted in Fig. 1. The uncertainties of about 4% (k=2) can be further
reduced without losing the feature of using only simple elements by improved rf power measurement.
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Discussion and Concl

High-quality optical measurements in ultrasound require calibrated equipment traceable to a national standard. The
presented method allows the wide-frequency determination of the frequency response of photodetectors under
conditions occurring in ultrasonic applications and it improves the metrological basis of ultrasound measurement.
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1C. New Methods and High Frequency Ultrasound
for Tissue Characterization

Sala 1

Monday, September 21, 2009, 4:30 pm - 6:00 pm

Chair: Georg Schmitz

Ruhr-Universitdt Bochum
1C1

4:30 PM  Acoustic Microscopy — Beyond High Resolution Imaging

Yoshifumi Saijo': Graduate School of Biomedical Engineering, Tohoku University, Sendai, Miyagi, Japan

Background, Motivation and Objective

The year 2009 is the 60th anniversary of acoustic microscopy because the concept of "ultrasound microscope” to
visualize opaque media was first proposed in 1949. As the wavelength of 3-GHz ultrasound in water is the same as
the wavelength of green light in air, acoustic microscopy has been developed to catch up the resolution of optical
microscopy. Today, acoustic microscopy using lower frequency ultrasound than expected at that period provides
important information beyond high resolution imaging. There are three major objectives of acoustic microscopy in
medicine and biology; 1) rapid examination of histopathology without staining or slicing, 2) search for the origin of
echo in clinical ultrasound imaging and 3) novel approach to the pathophysiology from biomechanical point of
view.

Statement of Contribution/Methods

The most important originality of our acoustic microscopy laid on the quantitative measurement of sound speed in
the tissue. Varying the central frequency of the burst waves, the frequency dependent amplitude and phase
characteristics were analyzed to determine the tissue thickness and sound speed. The algorithm has become more
sophisticated in the 21st century to equip a frequency-domain analysis of a single pulse. Thin slicing of the fresh
biological specimen has been the biggest limitation for practical use of acoustic microscopy in clinical settings.
Ultrasound impedance microscopy was developed to visualize surface morphology of the fresh tissue by just
touching the tissue surface with the ultrasound probe which is made of a thin plastic plate, coupling medium and a
mechanical transducer. The reflection from the interface between tissue and plastic plate is obtained and compared
with the reflection from a material with known specific acoustic impedance such as saline to measure specific
acoustic impedance of the tissue. The design of our newest acoustic microscopy is flexible to realize multimode
ultrasound microscope with conventional C-mode, surface impedance mode, B-mode and reconstructed 3D mode.

Results

Measurements of microscopic acoustic properties in gastric cancer, renal cancer, myocardial infarction,
atherosclerosis, tendon, cartilage and brain have provided useful information not limited in the field of medical
ultrasound but also in the field of biomechanics especially in cardiology and orthopedic surgery. Spectral analysis
of the radio-frequency signal for B-mode image has realized automatic classification and segmentation of skin and
regenerated skin model.

Di ion and Concl

The resolution of acoustic microscopy applied in medicine and biology is still inferior to that of optical
microscopy. The continuous effort to fabricate 3-GHz transducer with newest technologies of material science will
realize such resolution. However, passions of biomedical researchers to find the new horizons in pathophysiology
are more important for future progression of acoustic microscopy.
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1C-2

5:00 PM  Acoustic nonlinearity parameter of tissue on echo mode: review and evaluation
of the different approaches for B/A imaging

Frangois Varray', Mirza Pasovic', Christian Cachard', Piero Tortoli?, Olivier Basset'; ' CREATIS LRMN, Université
de Lyon, INSA-Lyon, Université Lyon 1, CNRS UMR 5220, Inserm U630, France, *Microelectronics Systems Design
Laboratory, Universita di Firenze, Italy

Background, Motivation and Objective

In nonlinear imaging applications such as tissue characterization, harmonic or contrast imaging, the nonlinear
parameter B/A plays the main role in the generation of harmonics during ultrasound wave propagation. Many
efforts have been so far addressed to evaluate this parameter, either theoretically and experimentally, in
transmission mode. The proposed methods generally provide a global B/A value for a homogenous medium. The
final objective of our work is to map the B/A parameter through echo mode imaging. The present paper extends the
use of previously described approaches to B/A imaging and compares the related performance.

Statement of Contribution/Methods

The potential existing methods for B/A imaging can be grouped in four categories: methods based on the second
harmonic increase [1], insertion-comparative [2], dual frequencies waves [3] and pumping wave [4] methods. They
have been implemented using an existing propagation simulator based on the Burger or the KZK equations. For a
given transmitted pulse, the resulting pressure at any point on the propagation axis is computed taking into account
the attenuation, the nonlinearity effect and the diffraction of the beam. The evolution of the fundamental and the
nth harmonic are deduced from the resulting pressure. The above approaches, initially proposed for transmission
mode, have here been adapted to echo mode imaging to evaluate different B/A values along the propagation
direction. The simulation results are presented with and without considering the diffraction effect of the probe. Our
approach, based on the insertion-comparative method, has been first implemented on an Ultrasonix SONIX RP
scanner and evaluated using a phantom including different media.

Results

The values used in the simulator are based on the characteristics of an experimental ultrasound probe (128
elements, transmit focus at 7.1 cm, frequency between 1 and 6 MHz) and on a B/A range between 3 and 10. When
the chosen probe parameters yield low diffraction effects, the accuracy on estimated B/A values results generally
better than 5 %. The insertion-comparative method adapted to echo mode is the most robust with respect to
diffraction effects. Its application to the experimental RF echo-signals provided by the Ultrasonix scanner, have
produced maps which clearly distinguish the different B/A regions of the phantom.

Di ion and Concl

Preliminary results with insertion-comparative methods show interesting potentialities for nonlinear parameter
imaging. The other methods require further adjustments of related models, which do not take into account the
diffraction effects and have been developed for single element transducers.

1. Law et al., Ultrasound Med. Bio., 1985, 11 (2)

2. Gong et al., J. Acoust. Soc. Am., 1996, 116 (3)

3. Nakagawa et al., IEEE Ultrasonics Symposium, 1986
4. Fukukita et al., J. Acoust. Soc. Am., 1996, 99(6)

1C-3

5:15 PM  Three-Dimensional High-frequency Characterization of Excised Human Lymph Nodes

Jonathan Mamou', Alain Coron®, Masaki Hata®, Junji Machi®, Eugene Yanagihara®, Pascal Laugier®, Ernest J.
Feleppa':'F. L. Lizzi Center for Biomedical Engineering, Riverside Research Institute, New York, NY, USA,
2UMR 7623, Laboratoire d'Tmagerie Paramétrique, UPMC Univ Paris 06, Paris, France, 3University of Hawaii
and Kuakini Medical Center, Honolulu, HI, USA

Background, Motivation and Objective

High-frequency ultrasound (HFU, >20 MHz) offers a means of investigating biological tissue at the microscopic
level because the short wavelengths (<75 um) and small focal-zone beam diameters of HFU transducers provide
fine-resolution images (<100 pwm). Most human lymph nodes have sizes ranging from 2 to 8 mm and readily can be
imaged with HFU. The objective of this study was to develop 3D quantitative-ultrasound (QUS) methods to detect
metastases from freshly-dissected lymph nodes of cancer patients. Detection of metastases is critically important
for staging and treatment planning.
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Statement of Contribution/Methods

3D radio-frequency (RF) data were acquired by scanning dissected lymph nodes using a 26-MHz center-frequency
transducer. Adjacent A-lines and B-planes were 25 pm apart and scanning time was <5 minutes. A 3D
segmentation algorithm based on the watershed transform was used to segment saline, residual fat, and nodal tissue
in the 3D RF data. Overlapping cylindrical regions-of-interest (ROIs, 1-mm diameter, 1-mm deep) were processed
to yield four QUS estimates. Spectral intercept (I) and spectral slope (S) were computed using a straight-line model
and scatterer size (D) and acoustic concentration (CQ?) were estimated using a Gaussian scattering model. An
SNR-estimation method was used to derive an ROI-dependent optimization bandwidth to fit either model to the
system-corrected attenuation-compensated ROI power spectra. 3D QUS images were generated by expressing
QUS estimates as color-encoded pixels and overlaying them on conventional, 3D, B-mode images.

Results

QUS estimates were obtained for 46 lymph nodes from 27 patients diagnosed with colon cancer. Table I displays
estimates for metastatic and cancer-free nodes and indicates statistically-significant differences between cancer-
containing and cancer-free nodes for all QUS estimates except CQ’. Furthermore, areas under the ROC were
greater than 0.95 for D or I alone and greater than 0.99 when linear discriminant analysis was used with I and S or
with D and CQ>

Discussion and Concl

Excellent classification performance was obtained using 3D QUS methods on this representative set of lymph
nodes. Therefore, these initial results suggest these methods may provide a clinically important means of
identifying small metastatic foci that might not be detected using standard pathology procedures.

Talile 1

Average QUS esthmates (means £ standard devintions) for the non-metastatic and metastatic
neles, (The svimbol **7 indicates statistical significance based on ANOVA results giving
I 005, )
Node D {pn) CO? (AR mm™) I (dB) S (dB/MHz)
Non metastatic (N=37) || 21.6 £ 4807 .30 + 6,39 -G3.0 £ 3.092° | 058 + 0.15°
Metastatic (N=9) 317 £ 3547 5.0 £ 4.37 53.5 £3.22° | 0,30 £+ 0.14°
1C-4

5:30 PM  Quantifying ultrasonic properties of cells during apoptosis using time resolved
acoustic microscopy

Eric Strohm', Michael Kolios'; ' Department of Physics, Ryerson University, Toronto, Ontario, Canada

Background, Motivation and Objective

Scanning acoustic microscopy (SAM) is an imaging modality that uses ultra high frequency focused ultrasound
(100+ MHz) to create high mechanical contrast images of micrometer sized structures and living cells. SAM can
also be used to quantitatively measure the ultrasonic properties of cells. The pulse echoes from the cell can be used
to calculate the thickness, speed of sound, acoustic impedance, density, bulk modulus and attenuation within the
cell. The objective of our research is to study the effects of chemotherapeutic drugs on cancer cells and how the
mechanical properties change as a function of time after cytotoxic exposure.

Statement of Contribution/Methods

The acoustic microscope used in these studies is equipped for simultaneous optical and acoustic measurements,
which allows for precise alignment and comparison of acoustic and optical images. Time resolved SAM was used
to measure the mechanical properties of MCF7 breast cancer cells at 375 MHz using 7 ns pulses. The time and
amplitude of the ultrasound echoes from the cell surface and the cell-substrate interface were used to calculate the
mechanical properties. The technique was previously validated using 9um PVDF with known properties. Cells
were treated with paclitaxel for 15 hours and then the effect of the chemotherapeutic agent was investigated by
measuring the ultrasonic properties during the structural changes of the cells as they undergo apoptosis. Optical
movies of cells undergoing apoptosis were recorded and compared to acoustic data.

Results

Untreated and treated cells before apoptotic collapse (a hallmark feature of apoptosis) showed minimal backscatter
variations and variations in ultrasonic properties as a function of time. During and after apoptotic collapse, rapid
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structural changes observed optically were correlated to large transient variations of the ultrasound backscatter
within the cell. The attenuation within the center of the cell increased by 30% after collapse, and the attenuation
around the periphery of the cell (mainly the cytoplasm) increased by over 100%. In our preliminary experiments, a
comparison of the nucleus to the cytoplasm after apoptotic collapse showed a decrease in the speed of sound from
158349 to 1547+15 m/s, an increase in the density from 992+6 to 1015+10 kg/m3 and a decrease in the bulk
modulus from 2.49+0.01 to 2.42+0.02 GPa.

Discussion and Concl

For the first time, the mechanical properties of cells undergoing apoptosis induced by chemotherapeutic treatment
are reported as a function of time. The rapid variations in the ultrasound backscatter after cellular collapse indicate
extensive activity within the cell, which correlates well with optical observations. After cellular collapse, the
attenuation within the entire cell increased, but was greater around the cell periphery. The density around the
periphery also increased. This corroborates the morphological observation that the cell becomes denser when it
collapses due to apoptosis.

1C-5

5:45 PM  High-Resolution Ultrasonic Monitoring of Cellular Differentiation in an Ex Vivo
Produced Oral Mucosal Equivalent (EVPOME)

F. Winterroth', J. B. Fowlkes?, S. Kuo®, K. Izumi’, S. E. Feinberg", S. J. Hollister", Kyle Hollman'; 'Biomedical
Engineering, University of Michigan, Ann Arbor, MI, USA, *Biomedical Engineering & Radiology, University of
Michigan, Ann Arbor, MI, USA, 3Oral and Maxillofacial Surgery, University of Michigan, Ann Arbor, M1, USA,
*Biomedical Engineering & Oral and Maxillofacial Surgery, University of Michigan, Ann Arbor, MI, USA

Background, Motivation and Objective

This study examines the use of high-resolution ultrasound to monitor an ex vivo produced oral mucosal equivalent
(EVPOME) as it develops from oral keratinocytes being seeded on a dermal cadaveric scaffold, with surface
variations, into a stratified uniform cellular layer. Ultrasonic profilometry should be able to detect filling and
smoothing of surface irregularities as seeded cells proliferate. As these tissue-engineered structures develop,
seeded cells stratify from their differentiation in which they produce a keratinized protective upper layer. These
cells change in shape and composition, lose water content, and accumulate proteins (keratins) - transformations
which could alter ultrasonic backscatter. If non-invasive ultrasonic monitoring could be developed then tissue
cultivation could be adjusted in-process to account for variations in the development of the stratified cellular layer.

Statement of Contribution/Methods

To create an EVPOME specimen, oral mucosa keratinocytes were dissociated from human oral tissue samples and
then seeded onto a scaffold of acellular cadaveric dermis. EVPOME’s were cultured submerged for 4 days to form
a continuous epithelial monolayer and then raised to an air-liquid interface for another 7-10 days. At specific
intervals (1, 2, 4, and 7 days) specimens were imaged with an ultrasound acoustic microscope that consists of a
single-element transducer (61 MHz center frequency, 32 MHz bandwidth, 1.52 f#) with a three-axis stepper-motor-
controlled positioning system. Lateral step size was 15 um, about half of the 37 um resolution. Ultrasonic images
were created using confocal image reconstruction. Tissue surfaces were determined by thresholding the magnitude
of the signal at the first axial incidence of a value safely above noise. Roughness was measured with root-mean-
squared (RMS) surface height. Echogenicity was measured using apparent integrated backscatter (AIBS) with
respect to a fused silica flat. AIBS was calculated over bandwidth after gating the signal with a window centered
at the specimen surface.

Results

There was no considerable change in measured roughness (20 to 22 um) from unseeded scaffold through day 4
after seeding. Between days 4 and 7 RMS heights decreased from 22 um to 13 um. AIBS first changed between
days 1 and 2 when it dropped from -30 dB to -41 dB. Echogenicity increased again from days 4 to 7 from -40 dB
to -29 dB.

Di ion and Concl

Ultrasonic profilometry did not detect seeded cells filling in scaffold irregularities until cells had sufficiently
stratified and differentiated by day 7. The initial drop in AIBS on day 2 may be due to undifferentiated seeded
cells attenuating but not scattering ultrasound at that layer. More maturely differentiated cells, present at day 7,
show brighter echogenicity possibly due to cellular changes. These initial results show that ultrasonic
characterization may have potential to monitor EVPOME development during its manufacturing process.
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2C. Therapeutic In-Vivo Studies
Sala 2

Monday, September 21, 2009, 4:30 pm - 6:00 pm

Chair: Elisa Konofagou
Columbia Univ.
2C-1

4:30 PM  In-vivo study of non-invasive thrombolysis by histotripsy in a porcine model

Adam D. Maxwell', Gabe Owens?, Hitinder S. Gurm®, Charles A. Cain', Zhen Xu'; 'Department of Biomedical
Engineering, University of Michigan, Ann Arbor, MI, USA, *Department of Pediatric Cardiology, University of
Michigan, Ann Arbor, M1, USA, *Department of Internal Medicine, University of Michigan, Ann Arbor, MI, USA

Background, Motivation and Objective

Current treatments for thromboslysis involve either drugs or catheter-based procedures, both of which have
drawbacks including risk of bleeding. We demonstrated previously that histotripsy can break down in-vitro clots
into fragments smaller than red blood cells. This paper is the first study to evaluate the feasibility of histotripsy for
non-invasive thrombolysis in-vivo.

Statement of Contribution/Methods

Experiments were performed in 35 kg pigs. Clots were formed in the femoral veins by vessel occlusion and
thrombin injection through a catheter. After one hour, a water bath was placed on the leg to provide acoustic
coupling of the therapy transducer to the subject. A focused 1 MHz transducer was used as to generate cavitation.
An ultrasound imaging probe guided the alignment of the therapy focus with the clot based on a hyperechoic
bubble cloud induced by histotripsy. The treatment used 5 cycle pulses delivered at a rate of 1 kHz and peak
negative pressure of 12-14 MPa. Treatment outcome was evaluated by B-Mode ultrasound and restoration of blood
flow on Doppler images.

Results

In four experiments performed to date, blood clots between 1.5 and 2.5 cm length were formed in the femoral vein.
The clots were apparent on B-Mode images as areas of increased echogenicity in the vein. Veins with clots showed
obstruction or complete elimination of flow on Doppler images. Guided by ultrasound imaging, histotripsy pulses
generated a bubble cloud of 2-4 mm diameter on the clot in the 6-7mm diameter vein. Within 10 seconds, areas
where the bubble cloud was generated became hypoechoic, indicating clot disintegration. Using pre-programmed
mechanical scanning, the bubble cloud was moved along the clot. In two experiments, the clot was entirely
eliminated after 5-13 min of sonication. The clot was no longer visible on the B-Mode image (Fig. 1), and Doppler
showed increased flow through the vessel. In two other cases, the clot was partially eliminated as shown by a
region of reduced echogenicity, but flow was not restored.

Discussion and Conclusions

Guided by ultrasound imaging, we were able to successfully target and disintegrate clots in-vivo using histotripsy
alone. Small bubble clouds can be generated inside the vessel lumen and scanned along the clot without cavitating
outside the lumen. This work is the first in-vivo study of histotripsy’s potential as a non-invasive ultrasonic
technique for thrombolysis.

Pre-Treatment
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2C-2

4:45PM Brain region and microbubble-size dependence of the focused ultrasound-
induced blood-brain barrier opening in mice in vivo

James Choi', Jameel Feshitan?, Babak Baseri!, Shougang Wang®, Yao-Sheng Tung', Mark Borden?, Elisa
Konofagou'?:'Department of Biomedical Engineering, Columbia University, New York, NY, USA,
Department of Chemical Engineering, Columbia University, New York, NY, USA, *Department of Radiology,
Columbia University, New York, NY, USA

Background, Motivation and Objective

Currently, the major impediment to the treatment of brain diseases is the inability of therapeutic agents to bypass
the interface that lines the cerebral capillaries: the blood-brain barrier (BBB). Previous studies have shown that
systemic administration of bubbles in an acoustic field temporarily opens the BBB. Most reported studies utilized
bubbles polydispersed in size (1-10 pm in diameter). However, cerebral capillaries are 4-8 um in diameter, and,
thus, smaller (i.e., 1-2 pm in diameter) or larger bubbles (i.e., 4-5 pm in diameter) may have different acoustic
pressure thresholds of BBB opening. In addition, the capillary density and geometry varies in different brain
regions and may influence the amount of drugs delivered. The purpose of this study was to investigate the
dependence of the FUS-induced BBB opening on microbubble size, acoustic pressure, and location of the targeted
brain region.

Statement of Contribution/Methods

Lipid-shelled microbubbles were manufactured in-house and size-isolated using differential centrifugation. Twenty
eight mice were each injected with bubbles of either 1-2 or 4-5 pm in diameter. The left hippocampus of each
mouse was then sonicated using focused ultrasound (1.5 MHz frequency; 20 ms pulse length; 10 Hz pulse
repetition frequency) while the right hippocampus served as the control. Each mouse was sonicated at a specific
acoustic peak-rarefactional pressure ranging between 0.15 and 0.61 MPa in order to identify the threshold of BBB
opening. Approximately 10 min after sonication, 3 kDa Texas Red®-tagged dextrans were systemically
administered and allowed to circulate for 20 min prior to animal sacrifice. BBB opening was then determined by an
increase in fluorescence signal in the left relative to the right hippocampus.

Results

The BBB opening pressure threshold was identified to lie between 0.30 and 0.46 MPa in the case of the 1-2 um
bubbles and between 0.15 and 0.30 MPa in the 4-5 um case. At every acoustic pressure studied, the fluorescence
was greater with the 4-5 um bubbles than with the 1-2 pm bubbles. At 0.61 MPa, in the 1-2 pm bubble case, the
amount and area of fluorescence were both greater in the thalamus than in the hippocampus.

Discussion and Concl

The 4-5 pm bubbles required a lower pressure to induce BBB opening than the 1-2 pm bubbles. This may be due
to the fact that the 4-5 um bubbles are closer in size to the capillary diameter and thus may not require as high of an
acoustic pressure to induce BBB opening as the 1-2 um bubbles. The greater fluorescence signal observed in the
thalamus compared to the hippocampus may be due to its larger capillary density, which may imply a greater
number of opened capillaries. This is being further investigated in ongoing studies. However, it was clearly
determined that FUS-induced BBB opening was dependent on both the size distribution of the injected
microbubbles and the brain region targeted.

2C-3

5:00 PM In vivo thermal ablation of liver tumors in rabbits using a HIFU toroidal
transducer

David Melodelima', William N‘Djin‘, Amélie Battais', Michel Rivoire?, Jean-Yves Chapelon‘; 'Unit 556 -
Therapeutic Applications of Ultrasound, INSERM, Lyon, France, *Institute of experimental surgery, Centre Leon
Berard, Lyon, France

Background, Motivation and Objective

To demonstrate in a rabbit liver tumor model that high intensity focused ultrasound (HIFU) produced with toroidal-
shaped emitters may have a role in treating colorectal liver metastases.

Statement of Contribution/Methods

Eight ultrasound emitters were created by sectioning a single toroidal piezocomposite transducer. Each of the eight
emitters was divided into 32 transducers operating at a frequency of 3 MHz. The toroidal transducer has a diameter
of 70 mm and a radius of curvature of 70 mm. A 7.5 MHz ultrasound imaging probe (Vermon, Tours, France) was
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placed in the centre of the device. Using this transducer single lesions of 7 cm3 were created in 40 seconds.
Juxtaposition of single lesions was performed under ultrasound guidance. VX2 tumor segments (25 mg) were
implanted into right lateral liver lobes of 45 New Zealand white rabbits. Fifteen rabbits were treated with toroidal
HIFU ablation (Group 1). Fifteen rabbits were resected (Group 2). Fifteen rabbits were not treated and formed a
control group (Group 3). Group 1 and 3 were compared to evaluate treatment efficacy. Group 1 and 2 were
compared to evaluate if the toroidal HIFU treatment increases the risk of tumor dissemination. Total hepatectomy
took place 11 days after treatment. The therapeutic response was evaluated with follow-up ultrasound imaging and
the corresponding gross pathology and histology.

Results

HIFU ablation produced using the toroidal transducer allowed fast and homogeneous tumor treatments. Ablations
were visible on sonograms. The VX2 tumors were completely coagulated and were surrounded by ablated liver
tissue without secondary thermal lesions in surrounding organs. In the control group tumor volume was 225%
higher at the time of autopsy when compared to the volume at the day of the treatment. Tumor dissemination was
lower in the HIFU group (25%) compared with resected (67%) and control (38%) groups. Findings of ultrasound
imaging, gross pathology and histology supported these outcomes.

Discussion and Concl

Successful rabbit liver tumor ablation can be achieved using a toroidal HIFU transducer under ultrasound imaging
guidance and therefore could be an effective treatment of localized tumors. There was no complication related to
the HIFU procedure. Its clinical usefulness has to be further proven.

2C-4

5:15 PM  Non-invasive Fetal Sheep Surgery using Histotripsy

Yohan Kim', Carlen Gomez Fifer, Sarah Gelehrter?, Jennifer Williams®, Jimmy Lu?, Charles Cain', Zhen Xu':'Dept.
of Biomedical Engineering, University of Michigan-Ann Arbor, Ann Arbor, M1, USA, *Dept. of Pediatric Cardiology,
Medical School, University of Michigan-Ann Arbor, Ann Arbor, MI, USA, *Dept. of Obstetrics and Gynecology,
Medical School, University of Michigan-Ann Arbor, Ann Arbor, M1, USA

Background, Motivation and Objective

Previous experiments have shown that mechanical tissue fractionation can be achieved using pulsed cavitational
ultrasound (“histotripsy”). The goal of this study is to investigate the feasibility of using histotripsy for non-
invasive fetal therapy in an in vivo fetal sheep model.

Statement of Contribution/Methods

Experiments involved four sheep at 100-120 days into gestation (full gestation period: 150 days). Histotripsy
therapy was applied by a focused 1 MHz transducer positioned in a water bolus coupled to the maternal abdominal
wall. The fetal heart, kidney and liver were exposed to ultrasound pulses (<10ps) at a 1 kHz pulse repetition rate
and 10-16 MPa peak negative pressure. The entire procedure was guided by real-time ultrasound imaging through
a 3 MHz imaging probe mounted in the center hole of the therapy transducer.

Results

Hyperechoic cavitating bubble clouds were successfully generated in the targeted fetal organs, located beneath up
to 8 cm of overlying tissue and fetal bones. Ultrasound imaging provided real-time targeting guidance and
monitoring of treatment initiation, progress and completion. In the fetal heart, erosions were created in the
ventricular septum (VS) by 30s - 1min exposures. Figure 1 shows a treated fetal heart sample, in which two areas
of erosion were generated in the VS, each with 3mm in diameter and 10mm apart. In the fetal kidney and liver,
0.3-1 cm3 cube-shaped lesions were created in 5-10 min by mechanically scanning the transducer focus. Post
mortem morphology confirmed lesions with location, size and shape corresponding to regions in which cavitation
was monitored. Histologic inspection indicated complete cellular fractionation within the therapeutic ultrasound
exposure zones with no discernible damage to overlying tissue.

Di ion and Concl

Preliminary results show that histotripsy can generate precise tissue fractionation at targets within the fetal chest
cavity at depths of up to 8 cm, without damaging the overlying fetal and maternal tissue. To our knowledge, no
existing non-invasive surgery modality has achieved such accuracy in treating fetal organs under similar
conditions. These results, coupled with real-time ultrasound imaging feedback, suggest that histotripsy has
potential in non-invasive fetal surgery applications such as treatment for hypoplastic heart syndrome.
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Fig. 1: A) Mormal view of intact fetal heart. B) Cross
sectonal view showing eroded V5 (as indicated by
ATTOWS &

2C-5

5:30 PM  Microbubble and Ultrasound Enhancement of Radiation-Induced Tumour Cell
Death in Vivo

Gregory Czarnota'?, Raffi Karshafian®, Azza Al Mahrouki', Anoja Giles':'Radiation Oncology, and Imaging
Research, Sunnybrook Health Sciences Centre, Toronto, Ontagio, Canada, *Radiation Oncology, and Medical
Biophysics, University of Toronto, Toronto, Ontario, Canada, “Physics, Ryerson University, Toronto, Ontario,
Canada

Background, Motivation and Objective

It is now appreciated that radiation not only damages the DNA inside tumour cells in vivo but may act by
damaging the endothelial cells of the vasculature. In this study we tested the hypothesis that microbubble agents in
vivo may be used apriori to cause endothelial cell perturbations thus causing "radiosensitization" of tumours.

Statement of Contribution/Methods

Human prostate cancer xenograft-bearing mice (120 animals) were exposed to combinations of ultrasound,
activated-microbubbles, and radiation (8 animals per group). For ultrasound treatments, animals were exposed to
16 cycles tone burst at 500kHz center frequency 570kPa peak negative pressure with a 3 kHz pulse repetition
frequency for 5 minutes. For treatments involving bubbles, Definity bubbles (Bristol Myers-Squibb) were first
administered and for radiation treatments160 kVp X-rays were used at doses of 2 and 8 Gy. Representative tumour
sections were examined using immunohistochemistry. Clonogenic assays and growth delay studies were also
carried out. Separate experiments were carried out using endothelial cells in vitro to indentify the biochemical
mechanism of cell death activation due to microbubbles.

Results

Analyses indicated a synergistic increase in tumour cell kill due to vascular disruption caused by the combined
therapies that increased when microbubbles were used in conjunction with radiation with increases of cell kill from
5% to over 50% with combined single treatments. Immunohistochemistry indicated endothelial cell apoptosis and
activation of the ceramide cell-death pathway to be caused by microbubbles. Effects from parallel in vivo
experiments using cultured endothelial cells indicated production of ceramide after exposure to microbubbles and
an upregulation of key genes involved in membrane repair and cell death.

Discussion and Conclusions

Radiation effects were synergistically enhanced by using microbubbles to perturb tumour vasculature prior to the
administration of radiotherapy. Analyses indicated activation of ceramide-mediated apoptotic cell death in
endothelial cells leading to vascular disruption in tumours. This lead to profoundly enhanced tumour cell death
even after one combined treatment using a 2 Gy radiation dose. This work forms the basis for ultrasound-induced
spatial targeting of radiotherapy enhancement.
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2C-6

5:45 PM  Harmonic Motion Imaging (HMI) for Focused Ultrasound (HMIFU): Initial in vivo
results

Caroline Maleke', Elisa Konofagou'; 'Biomedical Engineering, Columbia University, USA

Background, Motivation and Objective

The capability of HMIFU for real-time monitoring of tissue stiffness changes during thermal therapy was
previously demonstrated ex vivo[1]. Here, initial feasibility of the HMIFU for thermal ablation generation and
monitoring is shown in a transgenic mouse model of breast cancer in vivo.

Statement of Contribution/Methods

A focused ultrasound (FUS) transducer with a center frequency of 4.5 MHz was used to generate an oscillatory
radiation force at the tumor region. The FUS transducer was driven by an amplitude-modulated (AM) signal at 15
Hz. The focus was set at a depth of 45+2 mm and the acoustic intensity was equal to 1050 W/cm2 at the focus. A
3.3-MHz phased-array was used to image the relative tissue stiffness changes during application of the oscillatory
radiation force. A digital low-pass filter removed the spectrum of the FUS beam and its harmonics from the
acquired RF signals prior to displacement estimation. 1D cross-correlation (window size = 1 mm and 85% overlap)
was performed to estimate the resulting tissue axial displacement. The peak-to-peak displacement amplitude was
monitored throughout the entire treatment. Two transgenic mice were used with 8 lesions formed in each mouse
(16 lesions total). The mammary tumors were invasive adenocarcinomas and typically grew to 3 to 10 mm in
diameter.

Results

Grayscale B-mode and M-mode images overlaid with color-coded HMI displacements during heating were used to
simultaneously provide functional and anatomical visualization. The average HMI displacement amplitude around
the focal region shows that it could follow the lesion formation due to the relative tissue stiffness changes
throughout the entire duration of the thermal treatment. The average peak-to-peak displacement amplitude was
found to be equal to 17.34+1.34 im and 10.98+1.82 im, before and after lesion formation, respectively. Comparison
of the displacement amplitude before and after lesions were formed using a pair t-test exhibited a statistically-
significant difference (p-value < 0.001). The lesion formation was also identified by a 30% decrease in
displacement amplitude. Cell death in the tumor area was confirmed by H&E histology.

Di ion and Concl

HMIFU was shown capable of monitoring and localizing thermal ablation of tumors in vivo. The color-coded
harmonic displacement offers complementary tissue stiffening information to the B-mode or M-mode imaging’s
anatomical view. HMI can thus be used as a guidance tool for visualization of the targeted region and monitoring
of the relative tissue stiffness changes during thermal treatment so that the treatment procedure can be performed in
both a cost- and time-efficient manner.

1. C Maleke and EE Konofagou, Phys. Med. Biol., 53, 1773-1793, 2008.
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3C. CMUT Modeling

Sala 4

Monday, September 21, 2009, 4:30 pm - 6:00 pm

Chair: Jian Yuan
Boston Scientific
3C1

4:30 PM  Non-linear dynamic response of cMUTs population: modeling and
characterization

Nicolas Sénégond', Franck Teston', Cyril Mcynicrz, Frédéric Patat', Dominique Certon:/UMR Université Frangois
Rabelais de Tours INSERM U930 CNRS ERL3106, TOURS, France, "VERMON S.4, TOURS, France

Background, Motivation and Objective

The understanding of temporal cMUT behavior is a key aspect for optimization and fabrication of transducers.
Depending on applications, several driving modes exist. For reception, the conventional mode is based on
membranes polarized with DC voltage superimposed by a low amplitude dynamic voltage. For therapeutic
applications and echographic imaging in transmit mode, high voltage excitations are rather used but produced some
undesired non-linear effects. This paper proposes to investigate the dynamic collective behavior of membranes,
loaded with fluid medium and coupled for different excitations. For that, a time domain model is presented and
compared with heterodyne interferometer measurements.

Statement of Contribution/Methods

The motion of membrane immersed in oil is measured with a homemade interferometer. This device is based on a
double-passing of the laser beam through the Bragg cell in order that the ultrasonic frequency carrier moves from
70 MHz to 140 MHz with a laser spot around 3 pm in fluid. For modeling the time response of cMUTs population,
each membrane is replaced by an equivalent “fluid loaded piston” which parameters are extracted and fitted from
harmonic displacement measured with laser interferometer and network analyzer. Each equivalent piston is
coupled each other through acoustic mutual coupling expressed in time domain. To this end, the diffraction
impulse response theory is used. Electric and acoustic degrees of freedom are grouped to express time domain
equations of cMUTSs population in a matrix form. Displacement at each sampling time is obtained through finite
difference scheme.

Results

Responses of 20*20 pm? and 25*25 pum? membranes are studied for different excitation magnitudes and
frequencies (from 200 kHz to 10 MHz). Analysis of non-linear response is conducted through the displacement vs.
input voltage curve. cMUT behavior can be divided in several domains. At low frequencies, membrane motion is
driven by the membrane elasticity and is strongly non-linear. Indeed, for high voltage excitation, the displacement
vs. input voltage curve reminds static hysteretic cycle with presence of collapse and snapback phenomena. For high
frequencies, inertial effects due to fluid loading control the membrane response which becomes linear. Between
these two domains, both effects drive the membrane. The impulse response of membrane is also studied for
different levels of excitation and impacts on bandwidth are studied.

Discussion and Conclusions

Model and measurements are compared and present good agreements: the displacement vs. input voltage curves
are similar. Theoretical hysteretic cycle points out same collapse and snapback voltage values than extracted ones
from experimental cycles. The impulse responses of cMUTs are well predicted. Finally, we show how taking
advantage of cMUT non-linearity to enlarge the emitted ultrasound bandwidth and how controlling the pressure
radiated pulse shape in a large frequency range.
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3C-2

4:45 PM  Minimizing the bottom reflections in Ultrasonic CMUT transducer backing using
low profile structuring

Kamal Chapagain', Arne Ronnekleiv?; ' Electronics and Telec ication, NTNU, Trondheim, Trondheim, Norway,
’Electronics and Telec ication, NTNU, Trondheim, Norway

Background, Motivation and Objective

Ultrasound CMUT transducers need a supporting structure with a high acoustic impedance which will not absorb
energy from the transducer. The CMUTs are usually made on silicon, which has to be backed to absorb any
acoustic signals from the transducer so that they are not reflected back into the transducer and create false echoes.
Such a backing is conveniently made from epoxy filled with tungsten powder, to make it lossy with matching
impedance.

In many cases there is little space available under the transducer where it is difficult to accommodate a sufficiently
thick layer of material with realistic propagation losses to avoid echoes. Irregular structures of the bottom surface
are customary used to scatter the waves, but they also take up some space. Here we suggest a low profile structure
to scatter the waves. It is similar to that proposed by Khuri Yakub et al.(US patent 7321181B2,2008)

Statement of Contribution/Methods

The structure proposed by Khuri-Yakub consists of parallel rectangular grooves with equal width and spacing of
the grooves, which, in principle, gives cancellation of specular reflection of waves when the groove depth is 1/4 of
the acoustic wavelength at broadside. This structure scatters the waves into waves with significantly changed
transverse wave vectors, giving long propagation paths back to the transducer. It may also convert longitudinal
waves into shear waves which normally have much higher propagation losses than longitudinal waves. Khuri-
Yakub discuss scattering in a narrow band. We will show that the scattering can be extended to a broader
frequency range by superimposing grooves with different depths and different directions or different periodicities.
The principle is to provide sets of reflecting surfaces with equal areas but different depths that may be grouped in
pairs such that the depths differ by a quarter of a wavelength at a set of frequencies; grouping is different at
different frequencies. Cancellation of specular reflection at two independent frequencies requires 4 different
depths; at three frequencies it requires 8 different depths. We also discuss other ways of implementing the
structure. One may use a checker board pattern where the white and the black fields have different depths; or a
pattern of rectangles split in two triangles where the two triangles have different depths.

Simple versions of the structure will also be analyzed by FEM methods, and the FEM results will be compared
with the results using the analysis based only on delay differences.

Results

By using the proposed structure, we can reduce the specular reflection up to 20dB over a range of 1 to 10 in
frequency, as evaluated by a simple time delay difference model for signals reflected at 16 different depths.

Discussion and Conclusions

The proposed structure is expected to make it easier to form well damped backing layers for CMUT array
transducers in cases where little space is available under the CMUT array, as for instance in equipment for
intravascular ultrasound imaging.

3C-3

5:00 PM  Acoustic Characteristics of CMUT with Rectangular Membranes Caused by
Higher Order Modes

Hiroki Tanaka', Shuntaro Machida', Kunio Hashiba', Takashi Kobayashi‘ ! Central research laboratory, Hitachi,
Ltd., Kokubunji, Tokyo, Japan

Background, Motivation and Objective

One of the most important issues involved in improving the performance of capacitive micro-machined ultrasonic
transducers (CMUTs) is the trade-off between sensitivity and output pressure. Several pieces of previous research
show that the rectangular membranes improve the fill factor and the performance of CMUTSs compared with
circular or square ones [1]. However, a finite aspect ratio of the rectangular membranes causes higher order modes.
The effect of these higher order modes on the acoustic characteristics of CMUTS has not yet been comprehensively
understood.
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Statement of Contribution/Methods

The three-dimensional (3D) nature of a membrane shape is an essential principle in this work. We used PZFlex™
software to create 3D simulation models of the rectangular membranes. We calculated the impedance and analyzed
the mode shape of the rectangular membranes in air as a function of dimension and the aspect ratio. We also
fabricated test element groups (TEGs) of rectangular and hexagonal CMUT cells, and used an impedance analyzer
and laser interferometer to measure the impedances and the static and dynamic deformation shapes when DC and
AC voltage was applied. The output pressure waves in a water tank were also measured by hydrophone.

Results

Typical mode shapes of the rectangular membrane with aspect ratio of 1 to 4 measured in air by a laser
interferometer are shown in Figure 1. The mode frequencies of the rectangular membranes agree with theoretical
and simulation results. Simulation results of the frequency spectrum in a water tank exited by impulse voltage are
also shown in Figure 2. Several dips are found in the frequency spectrum by using a calculation based on a 3D
model, while this characteristic phenomenon is not obtained by using a 2D model in the calculation.

Discussion and Conclusions

We found that higher modes affect the acoustic characteristics of CMUT, e.g., there were several dips in the
frequency spectrum. A rectangular CMUT with a finite aspect ratio generates higher order modes. The frequency
and mode shape of these higher modes are calculated by previous theoretical works. We show the relationship
between the dip frequency and the parameters of the CMUT design parameters. We also discuss the essential
mechanism that generates these dips.

[1] Y. Huang, et al., Optimized membrane configuration improves CMUT performance, in Proc. IEEE Ultrasonics
Symp., 2004.
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3C-4

5:15PM Trade Off Between Bandwidth and Noise in Airborne cMUTs

Muhammed N. Senlik', Selim Olcum', Vahdettin Tas', Hayrettin Koymen', Abdullah Atalar'; 'Department of
Electrical and Electronics Engineering, Bilkent University, Turkey

Background, Motivation and Objective

Capacitive micromachined ultrasonic transducers (¢cMUTSs) offer relatively large bandwidth compared to their
piezoelectric alternatives due to the lower impedance mismatch between the air and the transducer. There are
various methods to increase the bandwidth of the cMUTs. For example, using thinner membranes decreases the
membrane impedance and hence reduces the quality factor. On the other hand, increasing the radiation resistance
also helps, since it improves the loading on the cells. Introducing lossy elements to the electrical terminals of the
device may also work at the expense of reduced efficiency and sensitivity. In this work, we try to optimize the
bandwidth of the cMUTs operating in air while keeping the noise figure of the overall system as small as possible.
The noise figure includes the contributions of the receiver circuitry.

Statement of Contribution/Methods

In a recent work [1], the radiation impedance of a single cMUT cell and an array element is calculated. It is shown
that when ka is around 3.85, the radiation resistance is maximized, where k is the wavenumber and « is the radius
of a single cell. However, the choice of this ka value does not permit the use of the thinner membranes, which also
improves the bandwidth. In order to increase the radiation resistance for lower ka values, we changed the distance
between the cells to get a sparse arrangement of the cells. We found that as the distance between the cells
increases, the ka value where the radiation resistance is maximized occurs at a lower value. We investigated the
change of the radiation resistance for various array shapes and the number of the cells in an array. We calculated
the bandwidth of the transducer with respect to the cell size, assuming that the cMUTSs operate at 100 kHz in the
air.
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Results

The sparse arrangement of the cells increases the radiation resistance at lower ka values, whereas it decreases the
receiver sensitivity of the transducer. To determine the receiver sensitivity we calculated the signal-to-noise ratio
(SNR), at the output of the receiver circuitry for a given incident plane wave field. We calculated the SNR for the
closely packed and the sparse arrays. We show that SNR is proportional to the number of the cells in the array. We
use a state-of-the-art low noise opamp in the receiver circuitry. We calculate the optimum resistance that must be
seen by the opamp to minimize the noise figure of the overall system at the operating frequency. We used Mason’s
equivalent circuit to model the cMUT. Both the deflection under the atmospheric pressure and the stress stiffening
effects are included, which are critical for the thin membranes.

Di ion and Concl

[1] M. N. Senlik, S. Olcum, H. Koymen, and A. Atalar, “Radiation impedance of array of circular clamped
membranes,” IEEE Trans. Ultrason., Ferroelect., Freq. Contr., submitted for publication.

3C-5

5:30 PM  Design Modeling of CMUT’s for Medical Imaging

Arne Rennekleiv'; ' Department of Electronics and Telecommunications, Norwegian University of Science and
Technology, Trondheim, Norway

Background, Motivation and Objective

We want to develop scalable models to design CMUT’s that will meet the requirements in medical imaging. The
fact that CMUT transducers have not yet made it into commercial products indicates that this has so far not
happened. This is probably mainly due to low sensitivity for the available arrays.

Statement of Contribution/Methods

Two slightly different equivalent circuits for CMUT arrays will be presented. Both describes coupling to grating
lobes if the element size is large compared to the wavelength. They may include effects of finite viscosity in the
fluid outside the array, and also lossy uniform layers on top of the CMUT membranes, and coupling to waves in
the backing.

For a CMUT that mainly couples to one specific acoustic vibration mode of the membrane, the Mason equivalent
circuit applies. It is well known that for this equivalent there is a link between the relative bandwidth of the
transduction of the CMUT array and the transduction gain, such that low loss and high relative bandwidth requires
high coupling. The basic consequences will be shortly reviewed, and also the requirements to the CMUT if it is to
maintain a high electromechanical coupling over a wide range in applied DC-voltages.

Coupling to slow non radiating waves along the array surface, which is often referred to as neighbor coupling, will
be discussed in terms of the product of frequency and the shear viscosity of the fluid outside the array, using the
equivalents.

Results

It is verified that the effects on the array response of the neighbor coupling through the fluid is highly dependent on
the shear viscosity of the fluid, but also on losses in a possible top layer and on other losses in the CMUT’s. The
effects of the coupling on the transducer response may be offset by using low impedance transmission or reception
amplifiers. If the amplifiers in reception are based on field effect transistors, they may still offer good signal to
noise ratio. But the acoustic reflection suppression of the array will suffer compared to what is commonly obtained
with PZT-transducers with impedance matched amplifiers.

In the range of high coupling the properties of most CMUT’s are shown to vary fast with DC-voltage. An
exception to this is CMUT’s in collapsed mode. Due to material problems this has not yet been a success. Hence
stability and uniformity of high coupling CMUT arrays seems to be a continuing problem.

Di ion and Concl

So far presented arrays seem to have had problems with combining stability and uniformity over the array with
high sensitivity and high bandwidth. Low sensitivity has been quoted as a reason for not using them. This may be
due to too high weight on bandwidth which gives problems for good sensitivity. Proper packaging for high
frequency 2D application and integration with electronics seems still to require some improvements, but may be
coming. This is probably the imaging applications where the PZT-solutions have the largest problems, and where
CMUT’s might make a breakthrough in imaging.
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4C. Acoustic Wave Sensors
Tarragona

Monday, September 21, 2009, 4:30 pm - 6:00 pm

Chair: Donald McCann
University of Maine
4c1

4:30 PM  Young’modulus characterisation of mesoporous titania films using Love wave
sensors

laurianne blanc', gregory tortissier', angelique tetelin', cedric boissiere?, clement sanchez?, corinne dejous’,
dominique rebierel; 'IMS Laboratory, Universite Bordeaux I, Talence, France, ’LCMCP Laboratory, France

Background, Motivation and Objective

The Young modulus (E) of thin mesoporous films is usually derived from the measurement of gas adsorption
isotherms through ellipsometric porosimetry (EP) [1]. This method calculates the expected Young Modulus for the
“dry” film, before gas sorption. For chemical sensing applications and modelling, the “dry E” is not relevant
because it is assumed to vary during sorption. In this work, Love wave sensors are associated to EP for real time
measurement of the Young modulus variation of mesoporous films during humidity sorption.

Statement of Contribution/Methods

Current work is focused on showing the ability of the Love wave sensor to correctly record the water sorption-
adsorption cycle through frequency shift measurements. The refractive index is recorded by ellipsometry, at the
same time as the frequency shift of the sensor, thanks to a dedicated experimental set-up. For further comparison, a
previously developed numerical model of the sensor was used to calculate the frequency shift that should be
expected from the sensor, feeding the software with parameters derived from the ellipsometric characterisation: the
thickness of the film, its density and its Young modulus.

Results

Figure 1 compares the water adsorption-desorption cycle recorded with EP and with the Love wave sensor at 18°C.
It also shows the simulation of the frequency shift as described in the previous section. Both methods provide
isotherms of similar shapes with quite the same capillarity condensation threshold of 70%RH.

Di ion and Concl

At the end of the cycle, EP extracted a Young’s modulus of 8 GPa using the modified Kelvin equation [1]. This
value fed the simulation software. The difference between the measurements and the simulation is explained by the
fact that the Young modulus is likely to change in accordance with the humidity level. Thus, the ability of the Love
wave sensor to record sorption cycles tend to be demonstrated. Future work will focus on the real-time recording of
Young’s modulus change in the nanostructured layer with the presented method. Further investigations with
different porosity and pore size will also aim at improving the understanding of the mechanical mesoporous thin

films at the nanometric scale.
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4C-2

4:45 PM  Measurement of methanol solutions using Love mode liquid sensor

Yuan-Feng Chiang', Chia-Chi Sung', Ruyen Ro’ Ruyue Lee?, Sean Wu?, Cheng-Chiao Tu', Chih-Yung
Huang':'National Taiwan University, Taiwan, *I-Shou University, Taiwan, *Tung-Fang Institute of Technology, Taiwan

Background, Motivation and Objective

The Direct methanol fuel cell (DMFC) is a promisingly alternative energy owing to the merits of ease of refueling,
harmless storage, and high power density. Over the operation situation, controlling the methanol concentration in
the inlet of the fuel flow at anode side or in the mixing tank of DMFC is very important to maintain the high
efficiency as well as the better stability. In this study, Love mode sensor based on SiO,/ST-cut Y-propagation
quartz was employed for measuring methanol concentration.

Statement of Contribution/Methods

The immersed-type Love mode sensor based on SiO,/ST-cut Y-propagation quartz was fabricated using the
MicroElectroMechanical Systems (MEMS). A temperature controlled measurement system consisting of a
spectrum analyzer and an oscillator circuit was employed to characterize the methanol solutions with different
weight concentrations at different temperatures. A theoretical prediction of the phase velocity change for the
methanol solutions with different weight concentrations was also performed for comparison.

Results

The measured center frequency and the associated insertion loss of the Love mode sensor are 37 MHz and 15.96
dB. Measurement results at different temperatures illustrate the average temperature coefficient of frequency (TCF)
of the sensor is around 54 ppm/°C. The results of methanol solutions with different weight concentrations at
different temperatures show that the amount of the frequency shift is approximately linearly proportional to the
weight concentration, and the proportional rate increases as the temperature increases. The attached figure shows
the measured frequency shift versus different weight concentrations of methanol solutions at various temperatures,
the corresponding slopes and the correlation coefficients are indicated in figure. By calculating the slopes of
results, the concentration resolutions were 1.1876 and 0.2484 %/kHz by weight at 25°C and 70°C.

Discussion and Concl

In this study, the immersed-type Love mode sensor was employed to measure the weight concentration of
methanol solutions. An approximately linear relation is observed between the frequency shift and the weight
concentration. This result implies that the Love mode sensor is applicable for practical methanol detection in the
DMEC system.
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5:00 PM  Microbead dynamics on Quartz Crystal Microbalance at elevated amplitudes

Sourav Ghosh', Victor Ostanin®, Ashwin Seshia':’ Engineering, University of Cambridge, Cambridge, United
Kingdom, >Chemistry, University of Cambridge, Cambridge, United Kingdom

Background, Motivation and Objective

The Quartz Crystal Microbalance (QCM) has been utilised as a platform for biochemical sensing. The modulation
of thickness shear mode quartz oscillations by bound analyte at elevated amplitudes has received sporadic
attention. This study presents preliminary results for QCM-analyte interaction that provides insight into the
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dynamics involved at the surface. In particular, interactions of the QCM with polystyrene microbeads physisorbed
on its surface via self-assembled monolayer (SAM) are described.

Statement of Contribution/Methods

The QCM is driven at varying amplitudes at the fundamental mode (1F) frequency and the amplitude and phase of
the response at the first and third harmonic (3F) are recorded. Simultaneously, video of physisorbed
microbeads moving on the QCM surface is captured. The 1F frequency characteristics are measured before and
after the voltage ramp at the fundamental mode frequency. Additionally, the temperature increase on the sensor
surface is measured using a thermal imaging camera. These results are compared with a model of microbead
dynamics on a piezoelectric disc.

Results

The video demonstrates microbeads sliding and aggregating together before finally being dispelled from the field
of view at high amplitudes. This behaviour matches the kinetics estimated by the model. The 3F current rises
abruptly as the 1F drive amplitude is increased and reduces sharply for reducing amplitude, describing a nonlinear
response clearly different from the classical nonlinearity of quartz. The amplitude of the 3F current plotted against
the 1F current exhibits large hysteresis, which is absent in similar scans for the bare QCM (Fig la). This 3F
response also matches with the results predicted by the model. The 1F frequency characteristics taken after
amplitude scan show a dramatic increase in quality factor with no significant change in the resonant frequency
(Fig. 1b).

Discussion and Conclusions

The third harmonic response observed is due to the motion of beads on the surface and the nonlinearity reduces as
the beads are dispelled from the surface. This model may be extended to study dynamics of chemisorbed species
on QCM surface.
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5:15PM  Acoustic Mode Behavior in Lateral Field Excited Sensors

Jason McGann', Christian Peters?, Kristopher Sgambato', John Vetelino'; 'Laboratory for Surface Science and
Technology, University of Maine Orono, USA, *Institute of Micro and Sensor Systems, University of Magdeburg,
Magdeburg, Germany

Background, Motivation and Objective

Lateral Field Excited (LFE) sensors have been shown to have several very attractive features[1], the most
important of which is the bare sensing surface. In contrast to the standard Quartz Crystal Monitor, the LFE sensor
surface allows one to sensitively monitor both mechanical and electrical property changes in adjacent media or
analyte selective biological or chemical films. Although LFE sensors have been shown to function very efficiently
in liquid media[2,3], LFE sensor operation in gaseous environments has been plagued by spurious mode responses.
It is the purpose of this work to study sensor curvature and selective surface etching in order to rid the LFE sensor
of the spurious modes and enhance the fundamental resonant mode used in LFE gaseous sensor applications.
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Statement of Contribution/Methods

The acoustic mode response spectra of AT-cut Quartz and Lithium Tantalate (LTO) LFE sensors under various
boundary conditions have been investigated. In particular, the effects of mesa structures and surface contouring on
the sensor response have been studied in detail.

Results

The present work examined a large number of AT-cut quartz and (YXwl1)-16.5° LTO samples in which the applied
lateral electric field couples only to the resonant transverse shear mode (TSM). The sample surfaces, which ranged
from plano-plano to plano-convex, were selectively etched to create mesa structures. It was experimentally shown
through a combination of surface contouring and selective etching that the TSM was trapped in the mesa structure
and spurious modes were eliminated.

Discussion and Concl

Proper convex contouring of the sensor surface and selective surface etching have resulted in AT-cut quartz and
LTO LFE sensors with a strong fundamental TSM and no appreciable spurious modes. These sensors have been
shown to be capable of operating in a gaseous environment and will have applications ranging from thin film
monitoring in vacuum deposition systems to the detection of a wide variety of air-borne gases.

1. “A Lateral Field Excited Liquid Wave Sensor,” IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, Vol. 51, No 11, pp.1373-1380, 2004. (Y. Hu, L.A. French, K. Radecsky, M.P. DaCunha, P. Millard and
J.F. Vetelino)

2. “Pesticide Detection Using Lateral Field Acoustic Wave Sensor,” Sensors and Actuators B Chemical 109, pp
910-916, 2005. (W. Pinkham, D. Frankel, L. French, Y. Hu and J.F. Vetelino)

3. “A Lateral-Field-Excited LiTaO3 High-Frequency Bulk Acoustic Wave Sensor” IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control, Vol. 56, No 4, pp779 — p787, 2009. (D. McCann, J. McGann,
J. Parks, D. Frankel, M.P. DaCunha, and J.F. Vetelino).

4C-5

5:30 PM  Improved Substrate Selection for Lateral Field TSM Sensors

Jeffrey Andle', Reichl Haskell, Maly Chap®, Daniel Stevens*; SenGenuity, Vectron, Hudson, NH, USA, *Sengenuity,
Vectron, USA, jSenGenuiry, Vectron, USA, *Vectron, Hudson, NH, USA

Background, Motivation and Objective

In recent years there have been several motivations away from thickness field excitation and toward lateral field
excitation for thickness shear mode (TSM) fluid phase sensors. Lateral field excitation offers an unmetallized
sensor surface for electrical interactions and also provides for hermetic packaging of the driven electrodes.

Historical substrate selections have supported both thickness field and lateral field excitation incurring a shift in
operating mode and a significant issue with spurious signals. While the effect has been fertile ground for papers, it
is not conducive to a commercially viable, mass producible sensor.

The objectives of this paper are to present a ground up analysis of the ideal symmetry properties for lateral field
excitation and to recommend classes of materials and proper orientations through which to obtain low-spurious
lateral field excitation.

Statement of Contribution/Methods

The paper examines the fundamental structure of the piezoelectric tensors and the modes of vibration that will be
excited by a driving electric field vector. The symmetry conditions provide insight into substrate symmetry groups
and orientations in which thickness field coupling ceases to exist and in which lateral fields couple to the target
TSM modes.

Lateral field and thickness field cases are examined on a "traditional" orientation, Y-cut langasite, and a
recommended orientation, Z-cut langasite. Experimental results are presented.

It is noteworthy that lateral field excitation provides lower piezoelectric coupling strength. In fluid phase sensing
this limits the range of fluid viscosity or of polymer coatings to which the sensor is suitable.
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A further analysis of inter-mode coupling is performed and the properties of preferred materials are deduced.

Results

It is found that symmetry groups 32, 422, 622, (isotropic)2, and 6-bar offer the requisite symmetry. Candidate
materials from symmetry groups 32 and 622 are evaluated in terms of the expected intermode coupling.

It is shown through experimental examples on several traditionally oriented substrates that altering the electrical
boundary condition on the opposing (sensing) surface alters the nature of the acoustic modes whereas, on the
suggested substrates, the nature of the modes is significantly less impacted by the changing electrical properties of
the sensing surface.

The impact of using lateral field excitation on sensor packaging is presented as are several interesting sensor
integrations that may be performed as a consequence of using lateral field coupling.

The impact of lateral field excitation on the level of viscoelastic damping that may be sustained in a given
instrumentation system is also evaluated.

Discussion and Concl

Prior reports of lateral field excitation were not ideal due to spurious modes and inefficient coupling. The present
paper offers a ground-up treatment of the substrate selection. Theoretic predictions are experimentally verified.

4C-6

5:45 PM Pseudo-LFE sensors with different electrode configurations on X-cut LiNbO3

Zhitian Zhang', Chao Zhang’, Tingfeng Ma', Wenyan Wang', Guanping Feng'; ' Precision Instruments and
Mechanology, Tsinghua University, Beijing, Beijing, China, People's Republic of, *Research Institute of Tsinghua
University, Shenzhen, Guangdong, China, People's Republic of

Background, Motivation and Objective

Previous studies on (yx1)-58;jalithium niobate LFE devices with different electrode configurations have found that
these devices had different frequency shift when exposed from water to 0.06wt% Nacl solution. Recent study has
found that (yxI) -58;alithium niobate LFE devices were working on pure-LFE mode. The sensitivities of pseudo-
LFE sensors with different electrode configurations to the change of electrical properties (such as permittivity,
conductivities, and so on) have not been studied. In this study, the sensitivity of X-cut lithium niobate LFE devices
with different electrode configurations was investigated.

Statement of Contribution/Methods

Several 4MHz LFE lithium niobate devices with different electrode configurations were fabricated on X-cut
LiNbO3, including the 1mm single gap electrode, two-turn symmetric spiral electrode, single-turn Archimedes
spiral electrode, 0.5mm single gap electrode, split-parallel-gap electrode, which was in turn shown in Fig.1(a), (b),
(c), (d) and (e). The sensitivities of these devices were tested.

Results

These devices were tested in isopropanol water solutions and the result is shown in Fig.2. It is found that the
devices with two-turn symmetric spiral electrode, single-turn Archimedes spiral electrode and split-parallel-gap
electrode have similar frequency changes, and the devices with Imm single gap electrode and 0.5mm single gap
electrode also have similar frequency changes; but the frequency changes of the three former devices are much
higher than the other two.

Discussion and Concl

The LFE devices with two-turn symmetric spiral electrode, single-turn Archimedes spiral electrode and split-
parallel-gap electrode are more sensitive than the single gap electrode. Theoretical analysis is presented.

Ultrasonics, Ferroelectrics, and Frequency Control Society 123




2009 IEEE International Ultrasonics Symposium (IUS)

N\

Froquancy shefMiz)
I REEERRT

124 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009

5C. BAW |

Pergamo

Monday, September 21, 2009, 4:30 pm - 6:00 pm

Chair: Ken Lakin
Consultant
5C-1

4:30 PM A Family of 2.0 x 2.5 mm**2 UMTS FBAR Duplexers Based on 8-pole Near-Elliptic
Filters

Paul Bradley’, Shen Ye', Jeesu Kim', Jung-Hoon Kim?, Kun Wangl, Herb Ko', Yuan Xie'; ’Avago Technologies, Inc.,
USA, *dvago Technologies, Inc., Korea, Republic of

Background, Motivation and Objective

UMTS antenna duplexers for handsets require high levels of wide-band rejection while still achieving high-
isolation, low insertion loss, and good return loss in-band. Several of the UMTS duplexers also require the
sharpest possible roll-offs due to a very small guardband between transmit and receive frequency bands (Band 2
and Band 8 guardband is ~1% of center frequency). Without sizeable inductors to stretch the bandwidth, this
demands a higher effective coupling coefficient and near-ideal placement of a large number of poles and zeroes to
achieve fast roll-off while maintaining acceptable insertion loss with so many resonators.

Statement of Contribution/Methods

Recently, FBARs with Q's of several thousand have become available which allow us to dispense with the fairly
large (and tight tolerance) inductors used to achieve a better trade-off between in-band insertion loss (I.L.) and
rejection. This allows us to use a low Q, low-tolerance substrate with physically much smaller size than in the past
to comply with the industry-standard 2.0 x 2.5 mm**2 duplexer footprint. In effect, the FBARs do more work so
the substrate may do less.

We propose such a design in which all resonators have the same coupling coefficient (a severe design constraint
needed for a simpler manufacturing process) and small cross-coupling elements are used to shift some of the
zeroes.

The larger number of resonators with small external shunt inductance also provides much better wide-band
rejection than in past designs. An 8-resonator ladder filter with a cross-coupled capacitor for the Tx filter or a
cross-coupling common ground inductance for the Rx filter shifts one of the zeroes from the bottom of the
guardband roll-off to the middle of the rejection band without significantly degrading I.L. These zeroes together
with the three zeroes remaining in the guardband near the rejection band and the one on the far-side of the rejection
band produced by the presence of the other filter produce near equi-ripple filter rejection. The use of four different
resonator frequencies for each filter permits fine-tuning the poles in the passband to achieve near equi-ripple
response here.

Results
Duplexers were designed to achieve a typical isolation of ~60 dB in the Tx band and ~55 dB in the Rx band. Total
die area grew as the need for for more resonators and higher effective coupling coefficient forced the AIN
thickness, hence, resonator areas to be larger than in earlier designs. I.L. for Band 2 is about 3.0 dB (Tx) and 3.5
dB (Rx).

Di ion and Concl

The duplexers designed with these 8-pole cross-coupled filters achieve adequate in-band isolation and out-of-band
rejection to permit elimination of both the transmit and receive interstage filters (and associated matching and the
need for the signal going off and back onto the transceiver chip) while maintaining similar insertion loss and return
loss to the more conventional, larger, duplexers with lower levels of rejection and isolation.
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5C-2

4:45 PM  An electrically-driven acoustic resonator imaged with an ultrafast optical
technique

Oliver Wright', Takashi Fujikura', Osamu Matsuda', Dieter Profunser', Jeremy Masson?, Sylvain
Ballandras®:’ Graduate School of Engineering, Hokkaido University, Japan, >FEMTO-ST, Besancon, France

Background, Motivation and Objective

Thin-film bulk acoustic resonators (BAWs) driven by piezoelectric films are showing promise in the wireless
communications industry to filter electromagnetic waves at ~1 GHz. Frequency domain imaging techniques for the
acoustic field based on optical interferometry or atomic force microscopy have previously been used to directly
monitor device operation and acoustic wave leakage. Here we demonstrate a new hydrid optical-electrical time-
domain method up to ~2 GHz on a BAW resonator, and derive the acoustic dispersion relation by means of
spatiotemporal Fourier transforms.

Statement of Contribution/Methods

Optical pulses of duration ~200 fs, wavelength 830 nm and repetition rate 76 MHz from a Ti:sapphire laser are
used for the dual purpose of generating electrical pulses to excite a BAW resonator and for the detection of the
resulting surface motion. The rest of the laser beam - the probe light - passes through an optical delay line and then
a common-path Sagnac interferometer. The beam is then focused to a ~2 um diameter scanned spot on the sample.
The surface velocity normal to the plane of the device is imaged as a function of the time with picosecond time
resolution.

Results

Time-resolved surface vibration images reveal complex patterns within the active area of the device arising from
mode conversion from longitudinal waves to in-plane guided modes such as generalized-Rayleigh, Lamb or
Sezawa waves. Temporal and spatial Fourier transforms reveal the mode patterns (see 220 pm square figure for a
frequency of 1368 MHz) and dispersion relations. The phase allows one to distinguish standing and travelling
waves.

Discussion and Concl

In conclusion, we have obtained real-time and (from temporal Fourier transforms) single-frequency vibrational
images of a BAW resonator up to ~2 GHz with a hybrid electrical-excitation and ultrashort-optical-detection
technique. Improvements in the photodetector response would allow higher frequency BAW or SAW devices to be
probed, potentially up to frequencies >100 GHz.

5C-3

5:00 PM  The role of high Q bulk acoustic wave resonators in low power IC design
Brian Otis'; ' University of Washington, Seattle, WA, USA

Background, Motivation and Objective

The demands placed on radio integrated circuit (IC) designers are becoming increasingly severe. Portable devices
must integrate multiple wireless transceivers in the same handset and, increasingly, on the same chip. In addition to
being power efficient, these radios must co-exist peacefully on the same platform without significant interference.
Miniaturization and power concerns, already important considerations in portable radio design, are amplified in
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emerging wireless sensor applications. Additionally, there are several applications on the horizon that will demand
completely thin-film integration of RF transceivers, prohibiting surface-mount components of any kind. This talk
will explore three IC metrics that can greatly benefit from the use of high Q RF resonators: power, performance,
and size. Several case studies will be described, and measured results will be presented.

Statement of Contribution/Methods

Results

Discussion and Concl

First, high Q resonators can significantly reduce the power dissipation of RF circuit blocks. The general strategy
here is to use the properties of passive resonators to relax the performance specifications (and, thus, power
dissipation) of active circuit blocks. Furthermore, utilizing high Q resonators can allow the realization of novel
transceiver architectures. Passive impedance transformers, high-Q amplifiers, and deep notch filters providing high
image rejection ratios can be realized. We will show some examples and discuss how these techniques can benefit
ultra-low power RF transceivers.

Second, these resonators can be used to realize very efficient high performance circuit blocks. For example, the
high Q nature of bulk resonators allows the realization of very low phase-noise RF oscillators. This allows the
possibility of clean low power clock sources for RF transceivers, data interfaces, and high speed ADC sampling
clocks. We introduce design methodologies for a very low-jitter PLL design that leverages high Q resonators to
reduce phase noise. Test chip results will be presented and numerous challenges (tuning range, system integration,
temperature stability) will be explored.

A third motivation of using RF resonators is the possibility of extreme system miniaturization. Bulk resonators
manufactured using IC fabrication processes allow the potential of completely thin-film integration of RF circuits
and systems. Frequency stabilization is one of the main challenges here. Replacement of the ubiquitous quartz
resonator would be a significant step towards an ultra-thin transceiver. Recent efforts towards this end will be
presented.

5C-4

5:30 PM Laterally Coupled Solidly Mounted BAW Resonators at 1.9 GHz

Johanna Meltaus', Kimmo Kokkonen?, Tuomas Pensala', Andre Jansman®:'VTT Technical Research Centre
of Finland, Espoo, Espoo, Finland, *Helsinki University of Technology, Espoo, Finland, *NXP Semiconductors,
Eindhoven, Netherlands

Background, Motivation and Objective

Lateral acoustical coupling between bulk acoustic wave (BAW) resonators has been used in quartz devices to make
narrow-band filters. Acoustic even and odd resonance modes create a bandpass response. The effect has also been
studied in membrane-type resonators on piezoelectric ZnO or AIN thin films.

Extending the concept to modern RF devices requiring a wide frequency band and GHz-range operation
frequencies could offer a compact device with larger critical dimensions at high frequencies than surface acoustic
wave filters.

Statement of Contribution/Methods

Laterally coupled solidly-mounted resonators (SMRs) are fabricated onto an acoustic mirror comprising two W-
Si02 pairs. Thin-film AIN is used as the piezoelectric material with Mo bottom electrode and Al top electrode.
Structures consist of acoustically coupled electrode fingers 2 to 8 um wide and 300 pm long, with gaps of 4 um in-
between. Bottom electrode and AIN layer are not patterned. Electrical frequency responses are presented and
compared to simulations. Mechanical vibrations are studied with a laser interferometer.

Results

Passband (PB) responses are achieved with all topologies. In 50-Ohm environment, devices are sub-optimally
matched and responses have strong peaks at even and odd resonance mode frequencies, as shown in the figure for
structure with 2 coupled fingers. Adding post-measurement matching results in a flat PB with minimum insertion
loss of 3.92 dB, relative 3-dB bandwidth of 28 MHz (1.45% of center frequency), and out-of-band suppression of
>30 dB.

Imaging acoustical vibration fields allows to connect features of electrical response to acoustical operation in the
device. Resonance in the contact pad area is seen to create a notch in the electrical response, whereas higher order
resonances in pads create spurious ripple below the PB. A loss mechanism in the form of escaping acoustic waves
is identified within and near the PB.
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Discussion and Concl

The achieved electrical frequency response of a 2-finger device shows that laterally coupled SMRs are promising
for filter applications. In a 2-finger design, frequencies of resonance modes are close to each other, resulting in a
narrow PB. A larger number of fingers and appropriate matching can be used to obtain a wider band. Deducing
from the vibration field images, losses can be reduced by re-designing so that acoustic energy cannot escape the
device.
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5C-5

5:45 PM  Study of Thin Film Bulk Acoustic Resonator Filters in Several Ten GHz Band
Motoaki Hara', Tsuyoshi Yokoyama‘, Takeshi Sakashita', Masanori Ueda', Yoshio Satohl:‘Fujitsu LIMITED, Japan

Background, Motivation and Objective

A conventional frequency band is very crowded. A market of a mobile phone is expanding, and many new
specifications of communication are proposed. Discussion of a wireless system using several ten GHz band can
become important to use the frequency band efficiently today.

A filtering is a key in such high frequencies. A thin film bulk acoustic resonator (FBAR) gives a good solution for
this purpose. The FBAR has high potential above several GHz band, and is attractive to achieve a small and low-
cost system. However, FBAR filters operating above K-band have not been reported.

Statement of Contribution/Methods

In this paper, the first 24 GHz and 30 GHz band acoustic filters of the world using FBARs are introduced, and then
the effect of parasitics in the FBAR filters are theoretically and experimentally described.

Results

Figure 1 shows characteristics of 24 GHz and 30 GHz band FBAR filters. A fractional bandwidth, a minimum
insertion loss and a suppression in out-band were 3.0%, -3.4 dB and -13 dB in the 24 GHz band filter, and were
3.4%, -3.8 dB and -11 dB in the 30 GHz band filter, respectively. Obtained resonant Q, anti-resonant Q and keff2
in 24 GHz FBAR were 285, 291 and 6.0%, respectively.

In several ten GHz band, it becomes impossible to disregard the parasitics. Characteristics which were measured
and calculated using conventional MBVD equivalent circuit model were not corresponding due to the influence of
parasitics. Although the parasitics can be calculated precisely using a numerical electro-magnetic (EM) simulation,
this method spends long time and is not flexible.

It was paid attention in this study that the capacitance which parasites to the FBAR in parallel is dominant in the
parasitics and is proportional to the capacitance of the FBAR. Dotted line in Fig. 1 (a) indicates the simulated
characteristic using the MBVD equivalent circuit model including the capacitance. It was confirmed that the
attenuation levels of pass-band and out-band were corresponding well.

Discussion and Conclusions

The first 24 and 30 GHz band acoustic filters of the world using FBARs were fabricated and analyzed using the
MBYVD equivalent circuit including parasitics. Obtained resonant Q, anti-resonant Q and keff2 in 24 GHz FBAR
were 285, 291 and 6.0%, respectively. An insertion loss and a fractional bandwidth were -3.4 db and 3.0% in the
24GHz band filter, and -3.8 dB and 3.4% in the 30 GHz band filter, respectively.
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Figure 1. characteristics of 24 GHz and 30 GHz band filter
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6C. Novel Ultrasonic Motors |
Baalbek

Monday, September 21, 2009, 4:30 pm - 6:00 pm

Chair: Eun Sok Kim
University of Southern California
6C-1

4:30 PM Increase in torque of screw-shaped ultrasonic motor

Atsuyuki Suzuki', Kentaro Izumi?, Jiromaru Tsujino® 'Mechanical and Electrical Engineering, Tokuyama College of
Technology, Shunan, Yamaguchi, Japan, *Tokuyama College of Technology, Japan, *Kanagawa University, Japan

Background, Motivation and Objective

Ultrasonic motors have unique characteristics such as high torque at low speed, silent motion, and freedom from
any magnetic influence. However, their use is limited, e.g., to autofocus mechanisms of cameras.

Ultrasonic motors are expected to be open to utilization in various ways after their torque is improved. They are
also expected to be used in high-torque applications such as a robot arm.

We previously devised a screw-shaped ultrasonic motor comprising bolt-clamped Langevin-type longitudinal
vibration transducers (BLTs). BLTs were connected to a BLT connector to form a screw shape in order to produce
complex vibration. However, the driving frequency did not match the resonant frequency of the BLT. Therefore,
the motor did not generate sufficient power. In this study, we devised a new screw-shaped ultrasonic motor with
better torque.

Statement of Contribution/Methods

We devised a screw-shaped ultrasonic motor comprising three separate BLTs (15 mm in diameter). The figure
shows the photograph of the devised ultrasonic motor. The three BLTs were driven simultaneously. The motor has
free ends that are parallel to the emitting parts of BLTs. Therefore, it would be easy to match the resonant
frequencies of the motor and the BLTs. Further, conical horns are installed in the motor in order to increase the
vibration amplitude. Vibration and load characteristics of the motor were measured.

Results

Vibration distributions and loci were measured. The resonant frequency of the motor matched that of the BLT.
Further, elliptical vibration loci were observed at driving surfaces of the motor.

In addition, load characteristics of the motor were measured. The maximum torque, revolution speed, and
efficiency of the ultrasonic motor were 1.13 Nm, 506 rpm, and 3.53%, respectively.

Discussion and Concl

In order to develop a high-torque motor, we devised a separate-type screw-shaped ultrasonic motor. Its maximum
torque, revolution speed, and efficiency were 1.13 Nm, 506 rpm, and 3.53%, respectively. The corresponding
values of the previously devised one-piece-type motor were 0.41 Nm, 104 rpm, and 0.55%, respectively. This
indicates an improvement in the characteristics of the screw-shaped ultrasonic motor. The performance of the
ultrasonic motor can be improved further by matching the vibration distributions of all three BLTs.
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6C-2

4:45 PM  Micro Ultrasonic Motor with Ultrasonically Assembled Micro-Mirrors

Steven Tin', Serhan Ardanuc', Amit Lal'; ‘School of Electrical and Computer Engineering, Cornell University, USA

Background, Motivation and Objective

We demonstrate an ultrasonically-driven surface-micromachined micromotor with optical reflector plates
integrated directly on the rotor, proving ultrasonic motors can be used to realize compact rotating platform carrying
stages for micro-optics, etc. As the rotor starts to rotate, reflectors are self-assembled to be perpendicular to the
rotor sono-thermokinetic force. This paper shows an ultra-compact ultrasonically driven optical beam steering sub-
system realizes CMOS-compatible actuation and sensing. With potential applications in directional sensing and
communications, surface-microfabricated rotating stage is easily integrated with other MEMS optical or bio
devices to realize lab-on-a-chip applications. With multi-layer polysilicon fabrication process and < 5V operation,
the rotating stage has low cost, low power consumption, and high integrate-ability with other MEMS devices.

Statement of Contribution/Methods

The surface-micromachined parametrically driven ultrasonic motors were previously reported by our group [1] [2].
In this paper, integrated with microfabricated reflectors, the motor is for the first time used as a rotating stage for
directional communication applications. Fabricated using the SUMMIT V polycrystalline silicon surface
micromachining process, the thickness and diameter of the stator and rotor are 2um, 580um and 2.5pum, 980um
respectively with the reflector dimension of 150pm long, 75um wide and 2um thick. After released, a rectangular
PZT-4 plate is bonded to the back of the die.

Results

The PZT plate is excited with a single frequency signal at 530 kHz, while stator and motor motion are measured
with a laser interferometer. As the excitation voltage increases, nonlinear parametric vibrations on the stator
generate whispering-gallery traveling waves along the outer-edge. At two frequencies near 260 kHz the sum equals
the drive frequency,which are whispering gallery modes. This wave couples motion into rotor through contact and
acoustic streaming resulting in 100-200 rpm. The kinetic energy from the rotor impacts the hinged micro mirrors
that are ratcheted into a locked vertical position, and has been used to modulate an incident laser beam.

Di ion and Concl

Integration of hinged micromirrors and travelling-wave ultrasonic motor has been demonstrated on a commercially
available micromachining process. The integration of both an ultrasonic motor and reflecting mirrors on a micro-
platform, driven by CMOS compatible voltages, enables pathways to implement closed-loop control of motor
position by optical feedback, and other integrated capacitive electrodes around the rotor.

[1] Kaajakari, V., Rodgers, S., Lal, A., "Ultrasonically driven surface micromachined motor", MEMS 2000,
Miyazaki, Japan, January 23-27, 2000 pp. 40-45

[2] Nayfeh, T.A., Vakakis, A. F. “Subharmonic travelling waves in a geometrically non-linear circular plate”,Int.
J. Non Lin, Mech, v 29, n 2, Mar, 1994, pp. 233-245

6C-3

5:00 PM  Novel Ultrasonic motor using torsional/ longitudinal vibration
Samarth Bhargava', David Greve?, Irving Oppenheim®:'Department of Electrical and Computer Engineering,
Carnegie Mellon University, Pittsburgh, PA, USA, 2Dept. Electrical and Computer Engrg., Camegie Mellon

University, Pittsburgh, PA, USA, *Dept. Civil and Environmental Engrg., Carnegic Mellon University,
Pittsburgh, PA, USA

Background, Motivation and Objective

Longitudinal-torsional converters [J. Tsujino et al., Proc. IUS 1996, p. 377; D. Wajchman et al., [IEEE UFFC-55, p.
832 (2008)] have greatly simplified the structure of ultrasonic motors using a combined torsional/ longitudinal
vibration, making miniaturization more practical. In this paper, we report the use of wafer-type actuators leading to
further reduction in the required volume of piezoelectric material.

Statement of Contribution/Methods

Wajchman et al. used a multilayer piezoelectric actuator (MLPA) 20 mm in height to actuate a twisted beam that
acted as a longitudinal-torsional mode converter. MLPAs use a large volume of piezoelectric material and also
present a substantial reactive load to the driving circuit. In contrast, we have used two piezoelectric wafers

Ultrasonics, Ferroelectrics, and Frequency Control Society 131




2009 IEEE International Ultrasonics Symposium (IUS)

mounted on opposite sides of a flat portion of the beam. The actuating voltage V is applied across the thickness t of
the wafers, causing a longitudinal displacement d31VL/t, where L is the length of the wafer. The wafers thus
behave similarly to symmetrically excited wafers used to launch Lamb waves in plate-like structures.

Several motors were constructed using PZT-7A material 0.64 mm in thickness, 9.4 mm long, and 6.5 wide,
cemented to the wider surface of the beam. The twisted beams were fabricated from plexiglas 3.18 mm in thickness
and with varying widths ranging from 4.8 to 7.5 mm. The helices had approximately two turns of twist over a
length of about 47 mm. A circular brass disk 2.6 gm in mass with a 0.9 mm diameter axle was used as the rotor.
The motors were driven with sinusoidal excitation at voltage amplitudes ranging up to 150 V peak. The rotational
velocity was measured using an optical emitter and detector to count revolutions of the rotor.

Results

Rotation was observed for several frequencies in the range from 10-200 kHz with both CW and CCW rotation
occuring at different frequencies. We will report on measurements of the maximum rotational velocity, stall torque,
and the effect of varying the excitation frequency around the optimum frequency. Finally we will report on the
relationship between structure in the electrical admittance measured at the motor terminals and the frequencies of
rotation.

Di ion and Concl

The results show that this geometry effectively actuates the vibrations needed in an ultrasonic motor. This simple
construction is attractive for miniaturized motors.

70 o n = - . r
W s - r - o
% ) P s ] .
= - -
= 5 - 161kHz 150V |
= 50
$ 40 i .
= . A b T T
153 3
g 161kHz 113V
£ 20|
% 10
[+

o . . . . . .

o 2 4 [ 8 10

time (s)

6C-4

5:15 PM A Ring-type Piezoelectric Actuator for Rotating a Sphere with Multi-Degree of
Freedom

Shine-Tzong Ho', Yu-Ting Lin':' Department of Mechanical Engineering, Kaohsiung University of Applied Sciences,
Kaohsiung, Taiwan

Background, Motivation and Objective

This study proposed a piezoelectric actuator for rotating a sphere with multi-degree-of-freedom (multi-DOF). The
actuator can also be called as a multi-DOF ultrasonic motor. So far, multi-DOF actuators have become more
useful in the field of robotics. The general features of ultrasonic motors are suitable for constructing a direct-drive
multi-DOF actuator.

Statement of Contribution/Methods

In this study, we develop a multi-DOF ultrasonic motor composed of a spherical rotor and extremely compact
piezoelectric stators, as shown in Fig.1. In this actuator, three vibration modes of a piezoelectric ring are chosen to
produce three elliptical trajectories, which are orthogonal with each other. Fig.2 shows the three vibration modes.
To drive the actuator, three sine voltage signals with phase difference are necessary to apply on the electrodes of
the piezoelectric actuator for rotating a sphere. In analysis, a commercial software ANSYS is used to simulate the
vibration modes and displacement distributions of the actuator. In experiments, a frequency response analyzer and
a laser Doppler vibrometer are used to measure the stator.

Results

A prototype ultrasonic motor was fabricated for verification. The stator with outer diameter 40mm, inner diameter
7.5mm, and thickness 2mm was bonded a piezoelectric ring. In the measurement, the vibration modes, the input
impedance curves and the displacement responses are obtained from the experiments. Also, a discussion about
how the adhesive affect the performance of the actuator is described when bond a piezoelectric ring to a metal.
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Discussion and Conclusions

The multi-DOF ultrasonic motor for rotating a sphere is presented. A rotary motion of the sphere can be induced
via friction forces from the stator. The characteristics of the stator are discussed in the paper.
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Fig. 1 A ring-type piczoclectric actuator
Fig.2 Three orthogonal vibration modes

6C-5

5:30 PM  Modes and tip motions in ultrasonic motors using torsional/ longitudinal
vibration
David Greve'?, Irving Oppenheim®?; 'Dept. Electrical and Computer Engrg., Carnegie Mellon University, Pittsburgh,

PA, USA, *National Energy and Technology Laboratory, Pittsburgh, PA, USA, *Dept. Civil and Environmental Engrg.,
Carnegie Mellon University, Pittsburgh, PA, USA

Background, Motivation and Objective

Ultrasonic motors using combined torsional/ longitudinal vibration rotate at frequencies where the stator tip has a
large rotational velocity when the axial tip acceleration is high. Frictional contact with the rotor imparts a torque
impulse to the rotor. Various geometries have been proposed that produce the required combination of torsional
and longitudinal vibration. The resulting stator tip motions are complex and it is not obvious which frequencies
will yield effective operation.

Statement of Contribution/Methods

We have used COMSOL 3.4a in the piezo solid 3d mode to investigate motions in torsional/ longitudinal
converters. We have focused on the spiral beam converter recently reported [D. Wajchman et al., IEEE UFFC-55,
p. 832 (2008)]. The spiral was modeled as an isotropic material; piezoelectric elements attached to the spiral were
driven by a sinusoidal exciting voltage with frequencies ranging from 20 kHz to 120 kHz. Sinusoidal steady state
calculations every 3 kHz yield velocities and accelerations at all locations in the spiral and electric displacement
throughout the piezoelectric elements.

Results

In post-processing we determine the magnitude and direction of the torque impulse exerted on the rotor from the
magnitudes and phases of the relevant velocity and acceleration components. By evaluating this torque impulse for
the rotor- stator contact point we can determine the frequencies where strong rotation should occur and also the
direction of rotation. The electric displacement axial component provides a measure of the current drawn by the
piezoelectric elements.

Discussion and Conclusions

Calculations have been performed for several motor geometries with a spiral beam and a multi-layer piezoelectric
actuator. We have also simulated a related design with wafer-type piezoelectric elements attached to the sides of
the beam. The results show a small number of sharply defined frequencies where the required motions are
predicted to occur. We will report on the correlation between simulations and experiments, including frequencies
corresponding to strong rotation and the electrical admittance at the actuator terminals.
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6C-6

5:45 PM A Cylindrical Ultrasonic Motor for NMR Sample Spinning in High Magnetic Field

Hiraku Maeda', Akihito Kobayashi', Takefumi Kanda', Koichi Suzumori', Kiyonori Takegoshi?, Takashi Mizuno®;
! Okayama University, Okayama, Japan, *Kyoto University, Kyoto, Japan, *JEOL limited, Tokyo, Japan

Background, Motivation and Objective

Recently, in the medical, chemical, and biological fields, the demand for instruments which use high magnetic
fields has increased. A high-resolution solid-state nuclear magnetic resonance (solid-state NMR) analysis system is
one of such instruments. As for the solid-state NMR analysis, samples are required to spin at high speed. Therefore
the solid-state NMR needs actuators which are used for sample spinning at high speed with accuracy under the
high magnetic field. This research aims to develop an actuator for the solid-state NMR with low interference
against the magnetic field.

Statement of Contribution/Methods

Currently, micro air turbines are used for sample spinning of the solid-state NMR. Although these actuators are
available in the high magnetic field, it is too difficult to be used in high pressure or ultralow temperature.
Generally, ultrasonic motors have low electromagnetic interference, and they are easily downsized. Thus ultrasonic
motors are advantageous to the high magnetic field. Furthermore it will be easy to use ultrasonic motors in high
pressure because of its advantage in downsizing. We have designed an ultrasonic motor for sample spinning of the
solid-state NMR. The motor has to consist of nonmagnetic materials in order to be used in the high magnetic field.
We have applied a cylindrical micro ultrasonic motor to the NMR motor. To realize high speed spinning, a
transducer consists of a cylindrical metal stator with a disk piezoelectric element. The diameter and the height of
the NMR motor are 11 mm and 47.9 mm including sample case. The stator of the NMR motor, which has 3 mm in
outer diameter and 15 mm in height, was made of brass. We have evaluated driving performances about this NMR
motor.

Results

The revolution speed was measured in changing magnetic field from 0 T to 7 T. There was no influence of the
magnetic field to drive the NMR motor. The revolution speed of NMR motor and the starting torque were 3.7x10°
rpm and 9.6x10? mNm when applied voltage, the driving frequency, the preload, and the magnetic field were 280
Vi 344 kHz, 0.01 N, and 7 T, respectively. The revolution speed of NMR motor was controlled in the magnetic
field. Then the error of revolution speed was less than or equal to 5 % when the speed was 3000 rpm. From these
results, the NMR motor has achieved a stable spinning in the high magnetic field. Additionally, "H-NMR analysis
of H,0 was conducted. We have succeeded in obtaining the signals of H,O by using NMR motor.

Di ion and Concl

In this paper, we have designed the NMR motor and have succeeded in driving the NMR motor with no influence
of the magnetic field. Additionally, because '"H-NMR signals of H,O have been obtained, this NMR motor is
available for sample spinning of the solid-state NMR.
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P-S-1

The role of compressional pressure in formation of dense bubble clouds in
histotripsy
Adam D. Maxwell', Tzu-Yin Wang', Charles A. Cain', J. Brian Fowlkes', Oleg A. Sapozhnikovz, Michael R. Baileyz,

Zhen Xu"!Biomedical Engineering, University of Michigan, Ann Arbor, M1, USA, *Applied Physics Laboratory,
University of Washington, Seattle, WA, USA

Background, Motivation and Objective

The onset of tissue fractionation by histotripsy pulses has been shown to coincide with initiation of a dense
cavitating bubble cloud. Histotripsy pulses are short (<20 cycles) and highly non-linear, with high peak
rarefractional pressures (>10MPa) and compressional pressures (>30MPa). How a histotripsy pulse forms a dense
cloud in tissue is not clearly understood. Using high-speed imaging, we studied bubble cloud formation induced by
a histotripsy pulse and the role of the positive pressure phase in cloud formation.

Statement of Contribution/Methods

Bubble clouds were generated in a gelatin tissue phantom using histotripsy pulses. A focused, 1-MHz transducer
(aperture = 10 cm, f# = 0.9) was used to apply single 15-cycle pulses with peak negative/positive pressures of
19/70 MPa. Shadowgraphic images of pulse propagation and bubble cloud formation were recorded with a high-
speed camera at 0.1-10 million fps. To assess the importance of the compression phases of the pulse in forming
bubble clouds, an 80-um thickness steel foil was placed between the transducer and focus to reflect the high
frequency components found in the positive shock. As a result, the transmitted positive pressure was reduced by
48%, while peak negative pressure remained unchanged.

Results

High speed images show that in the first 3-5 cycles of the ultrasound pulse, a sparse field of single cavitation
bubbles with maximum radii of 50 — 120 um was formed within 5 mm of the focal region. During subsequent
cycles, a dense cavitation cloud erupted from one of the single bubbles at the focus, and grew in length opposite the
direction of ultrasound propagation until all 15 cycles passed the focus. After the pulse ended, the cloud ceased
growth and collapsed. Images suggest that the cavitation cloud started to form directly after incidence of the shock
front on the single bubble. When the positive pressure at the focus was reduced, single bubbles still formed, but a
bubble cloud was never observed.

Di ion and Concl

Bubble clouds nucleate from the location of a single cavitation bubble. After single bubbles are generated, a high
compression component of the ultrasound cycle is necessary to induce cavitation clouds. Based on these results, we
hypothesize that the backscattered shock from a single cavitation bubble is inverted, resulting in extremely high
rarefractional pressure, which is responsible cloud formation.
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Fig. 1 = Bubble cloud forming from single b-uhble
during 3 cycles of a histotripsy pulse

P-S-2

Forward-Looking Volumetric Intracardiac Imaging Using a Fully Integrated CMUT
Ring Array

Amin Nikoozadeh', Omer Oralkan', Kai Thomenius®>, Aaron Demingerz, Douglas Wildes?, Kalyanam
Shivkumar’, Aman Mahajan’, Douglas N. Stephens®, Matthew O’Donnell’, David Sahn®, Pierre T. Khuri-
Yakub':'Stanford University, Stanford, CA, USA, *General Electric Corporate Research & Development,
Niskayuna, NY, USA, *University of California, Los Angeles, Los Angeles, CA, USA, *University of California,
Davis, Davis, CA, USA, 5Univemity of Washington, Seattle, WA, USA, 6Oregan Health and Science University,
Portland, OR, USA

Background, Motivation and Objective

Atrial fibrillation is the most common type of cardiac arrhythmia that now affects over 2.2 million adults in the
United States alone. Currently fluoroscopy is the most common method for guiding interventional
electrophysiological procedures.

We are developing a 9-F forward-looking intracardiac ultrasound catheter for real-time volumetric imaging. This
catheter not only improves visualization and ultimately procedural success but also reduces the undesirable use of
fluoroscopy.

Statement of Contribution/Methods

We designed and fabricated a 64-element 10-MHz CMUT ring array with through-wafer via interconnects. The
outside and inside diameters of the ring measure 2.6 mm and 1.6 mm, respectively. The central opening of the ring
can potentially be utilized to deliver a variety of devices such as HIFU transducers, RF ablation electrodes, and
optical fibers for photo-acoustic imaging.

We also designed custom front-end electronics to be closely integrated with the CMUT array at the tip of the
catheter for improved SNR. This integrated circuit (IC) is composed of preamplifiers and protection circuitry, and
can directly interface a standard imaging system. This multi-channel IC is designed in a high-voltage process and is
capable of passing up to £50 V bipolar pulses. Every channel in this IC is composed of two separate paths that
meet at both the input and output of the channel: the transmit path, which is only composed of diode expanders,
and the receive path, which contains a transimpedance amplifier and a buffer. Both the amplifier input and buffer
output are protected from high voltage pulses using diode limiters.

An 8-channel front-end IC was fabricated based on this circuit topology. Additionally, a flexible PCB (flex) was
designed that is composed of 8 long and narrow legs that intersect at the center of the flex. The ring array is flip-
chip bonded to the center of the flex and one IC is flip-chip bonded to each leg to address a total of 64 channels.
The flex legs are then folded around the ring array for final integration with the catheter.

Results

The IC was wire-bonded to a ring array for bench-top testing. We successfully applied up to +50 V bipolar pulses
to the IC and measured an amplifier recovery time of less than 300 ns. We performed a pulse-echo experiment with
the ring array immersed in oil. The CMUT array was biased at negative 70 V and a 2-burst £45 V sine wave was
applied to an element. We measured a SNR of about 30 dB for the echo from the oil-air interface that was about
5.2 mm away. In another experiment, with the array biased at negative 60 V and a +45 V 8-MHz tone burst input,
we measured an acoustic pressure of 1.4 MPa,, at the face of the array element.

136 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009

Discussion and Conclusions

The presented experimental results demonstrate the performance of the main components of our forward-looking
volumetric intracardiac imaging approach. We are currently working on the final catheter integration and backend
imaging system development.

Supported by the NIH under grant HL67647.

P-s-3

Applications of Low Intensity Pulsed Ultrasound for Functional Bone Tissue
Engineering using Adult Stem Cells

Skylar Marvel', Elizabeth Loboa', Paul A. Dayton'; 'Joint Dept of Biomedical Engineering, University of North
Carolina-North Carolina State University, USA

Background, Motivation and Objective

Low intensity pulsed ultrasound (LIPUS) has been used to accelerate fracture healing for over a decade. In 1994
the FDA approved a LIPUS device for fracture healing and in 2000 for nonunions. Despite this, there is still a lack
of understanding the effects of ultrasound (US) parameters on cell growth. There are very few published studies
that examine US pulse repetition frequency (PRF), a crucial parameter in US dose. Also, most studies are limited
to the parameter ranges available within the capabilities of commercially made systems, such as a 1 MHz sine
wave, 30 mW/cm2 intensity applied for 20 min. per day, pulsed for 200 1%s with a PRF of 1 kHz, giving a 20%
duty cycle.

Statement of Contribution/Methods

We combine expertise in tissue engineering and US physics to study the effects of LIPUS parameters on stem cell
differentiation for both human bone marrow derived (hMSC) and adipose derived (hASC) adult stem cells. We
have built a custom LIPUS system, which has extreme flexibility over parameter selection, in order to determine
separate optimal parameter settings that will increase calcium production while also decreasing adipose production
for each cell type.

Results

In recent preliminary studies, our group has discovered significant effects of LIPUS on the differentiation of stem
cells. Specifically, we have found that application of LIPUS to hMSCs is capable of increasing the calcium
production per cell (p<0.05 control/1 kHz, 100 Hz/1 kHz) while significantly decreasing adipogenic differentiation
(p<0.05 control/100 Hz, control/l kHz, 1 Hz/1 kHz). The application of LIPUS to hASCs also significantly
increases calcium accretion per cell (Figure 1, p<0.01 control/100 Hz, control/1 kHz, 1 Hz/1 kHz; p<0.05 1 Hz/100
Hz, 100 Hz/1 kHz).

Di ion and Concl

Clearly more research needs to be done exploring the effects of LIPUS on stem cells. These two cell types can be
used for creating bone constructs to fill critical bone defects. Our results are particularly exciting because hASCs
are understudied and have only recently begun to gain interest to researchers since they are readily available, easily
obtained and new lineage potentials are continually being discovered. One of the significant factors for LIPUS has
been determined to be the PRF. Once proper parameters have been found, LIPUS can be incorporated into modern
bioreactors as an additional stimulus to produce a desired differentiation.
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P-S-4

Flexible Ultrasonic Transducers for Structural Health Monitoring of Pipes at High
Temperatures

Jeanne-Louise Shih', Makiko Kobayashi®, Cheng-Kuei Jen? 'McGill University, Canada, *Industrial Materials
Institute National Research Council Canada, Canada

Background, Motivation and Objective

Structural health monitoring (SHM) and non destructive evaluation (NDE) of pipes in power, chemical and
petroleum plants and other structures have become increasingly important in the improvement of safety and in the
extension of these structures’ lifespans. In these applications, ultrasonic transducers (UTs) may need to be
conformed to structures that have surfaces with different curvatures and may need to be operated at elevated
temperatures. Conventional piezoelectric UTs having rigid flat end surfaces may not be convenient for such type of
inspections due to poor signal to noise ratio (SNR) in the pulse-echo mode. The main goal of this research is to
develop a simple and an economical on-site sensor fabrication approach. One objective is to develop piezoelectric
flexible ultrasonic transducers (FUTSs) including those formed in array configurations that can be made in the lab.
Another objective is to develop an on-site bonding technique such as brazing to bond FUTs onto pipes to achieve
excellent bonding for permanent SHM and NDE purposes.

Statement of Contribution/Methods

The sol-gel fabricated thick piezoelectric films coated directly onto 75 pm thick steel or titanium membranes
serving as FUTs have been developed with a rapid thermal treatment and a poling under ultraviolet light technique.
Top electrodes, electrical wire, conductive bonding and connectors were also developed for operation at up to
500°C. Array configurations in 1D and 2D were made by varying the arrangements of the top electrode layouts.
Special induction heating techniques were developed to braze such FUTs directly onto steel pipes, where the
brazing material between the FUT and the external surface of the pipe served as a permanent high temperature
couplant for SHM and NDE applications.

Results

At room temperature, the ultrasonic signal strengths of the developed FUTs made of PZT composite films were the
same as those of the commercially broadband UTs centered at 5 — 10 MHz. Such FUTSs centered at around 11
MHz and brazed onto steel pipes with a 26.6 mm outer diameter and a 2.5 mm pipe thickness showed ultrasonic
echoes with a signal-to-noise ratio (SNR) of at least 26 dB at 150°C in pulse-echo mode. FUTs made of bismuth
titanate composite films and centered around 12 MHz were also made and brazed onto steel pipes and their
operation temperature reached up to 500°C. Individual ultrasonic performance of the 16-element 1D and 2D FUT
arrays also showed to be similar.

Di ion and Concl

FUTs and arrays are small, lightweight and have a high level of sensitivity that is comparable to commercially
available broadband UTs at room temperature. They can be conformed to pipes and this ensures high SNR during
pulse-echo measurements. Since FUTs together with all necessary electrical connections can operate at up to
500°C and can be fabricated on-site, they are excellent candidates for the purposes of SHM and NDE of pipes.

P-S-5

Temperature Compensated Solidly Mounted BAW Resonators with Thin SiO,
Layers
Mohamed Abd Allah', Jyrki Kaitila>*, Robert Thalhammer®*, Werner Weber?, Doris Schmitt-Landsiedel':' Lehrstuhl

fiir Technische Elektronik, Technische Universitdt Miinchen, Munich, Germany, Z]rg/inean Technologies, Munich,
Germany, *currently at Avago Technologies GmbH, Munich, Germany

Background, Motivation and Objective

Temperature compensation is becoming more and more a high demand for RF filters in order to successfully meet
the tightening specifications over a wide range of temperatures. In BAW resonators SiO, has been the material of
choice for compensation due to its unique positive temperature coefficient of elasticity which is opposite to that of
AIN and the metal electrodes. This work investigates adding thin SiO, compensation layers at high stress regions
inside the resonators, examining their effect on the resonators Temperature Coefficient of Frequency(TCF) and
extracts an accurate value of the temperature coefficient of elasticity of SiO,.
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Statement of Contribution/Methods

SiO, thin film layers ranging from 20-60 nms were placed inside the resonator, in the middle of the AIN
piezoelectric layer where the stress at this location is orders of magnitude higher than that around the electrodes. In
this setup the resonator TCF is very sensitive to the variation of thickness of SiO,, and hence, it is possible to
compensate resonators with a minimum amount of SiO, inside the resonator. With this high TCF sensitivity to the
oxide thickness, it is possible to extract with high degree of accuracy the temperature coefficient of elasticity TCs;
of the thin film SiO,.

Results

Solidly mounted BAW resonators working around 2.47-2.65GHz have been manufactured with TCF ranging from
-11ppm/°C till +12ppm/°C.

The extracted temperature coefficient of elasticity TCs; of SiO, is found to be +110ppm/°C which is significantly
different from that of the bulk value of +237ppm/°C

Discussion and Conclusions

Fully compensated solidly mounted BAW resonators utilizing very thin SiO, layers have been manufactured. The
temperature coefficient of elasticity TCs; of the thin film SiO; is different from the bulk value used in literature.

P-S-6

Unified model for nonlinear effects in BAW resonators

Eduard Rocas', Carlos Collado', Enrique IborraZ, Robert Aigner®; 'Signal Theory and Communications, Universitat
Politécnica de Catalunya, Barcelona, Spain, 2 Grupo de Microsistemas y Materiales Electronicos, Universidad
Politécnica de Madrid, Madrid, Spain, SR&D Acoustic T echnologies, Triquint Semiconductor, Apopka, Florida, USA

Background, Motivation and Objective

A complete physical model for intermodulation distortion and harmonics prediction is presented for thin film BAW
resonators. The model consists on an extension of the Nonlinear Distributed KLM one that includes the significant
role of thermal effects on material properties, which lead to IMD and harmonics generation

Statement of Contribution/Methods

Integrated physical circuit model.

The nonlinear effects are modeled with a stress and temperature dependent elasticity.

The material layers, thermally represented as a cascade of series thermal resistances and shunt heat capacitances,
are coupled to the acoustic domain by dissipation and self-heating effects (Fig.1). The materials stack configuration
and the packaging set the thermal dynamic response. The unified model allows to know the temperature
distribution along the device, which depends on the slow time-varying instantaneous dissipated power.

Third order IMD (3IMD) results from the contribution of both the stress dependent elasticity and the thermal
effects.

Results

Simulation results show good agreement with measurements of second harmonics and 3IMD performed on BAW
resonators of different areas. Figure 2 shows the simulated results (dotted lines) and measured (continuous lines)
3IMD output power at 2f1-f2 for two resonators (circles and squares). The 3IMD power depends on the input
signal envelope because the existence of thermal effects.
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Discussion and Conclusions

The importance of having a unified model that accounts for the electric, mechanic and thermal domains is key to
predict the nonlinear behavior of BAW resonators. The accurate modeling of the IMD generation mechanism is a
significant step towards more linear designs of BAW filters for high power applications.
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P-S-7

Ultrasound Cather for Microbubble Based Drug Delivery

Joseph Kilroy', Linsey C. Phillips', Abhay V. Patil', John Hossack'; ' Biomedical Engineering, University of Virginia,
Charlottesville, Virginia, USA

Background, Motivation and Objective

Atherosclerosis is the leading cause of death in the developed world. Current methods of treating atherosclerotic
occluded blood vessels include angioplasty followed by stent placement. Unfortunately, the potential for re-
occlusion often requires the use of anti-proliferative agents. An intravascular ultrasound (IVUS) catheter that
delivers drug coated microbubbles through radiation force and bursts the bubbles has been simulated and
fabricated. The novel component of this device is the use of IVUS for combined radiation force for translation of
bubbles into position followed by bubble breaking for drug delivery.

Statement of Contribution/Methods

Finite Element Analysis (FEA - PZFlex, WAI) was used to model the acoustic performance of an IVUS transducer
for radiation force and destruction modes of operation. Microbubble translation was simulated with bubble
diameters of 2, 2.5, and 4 microns based on minimum, maximum, and mean sizes for bubbles used in a flow
phantom experiment. A custom IVUS transducer was designed to operate at 1.5MHz with 80 kPa and 170 kPa
PNP for translation and destruction, respectively. Transducer acoustic performance was tested using a hydrophone
in water when excited by a 1.5 MHz Gaussian ramped pulse.

Capacity to deliver drugs or genes was tested by breaking microbubbles carrying a red fluorescent reporter gene in
proximity to rat smooth muscle cells in vitro with a -170 kPa PNP, 1.5 MHz Gaussian Pulse at a PRF of 1 kHz.
IVUS radiation was tested in a flow phantom with 4.5 mm diameter vessels coated with streptavidin to anchor
bubbles once they contact the vessel surface. A solution of 2.5 micron mean diameter biotin bubbles concentrated
at 4.1x10° bubbles/ml was flowed at 30 ml/min for 26 seconds. During flow the bubbles were exposed to a 1.5
MHz 80 kPa PNP Gaussian ramped pulse at 8 kHz PRF. The accumulation of bubbles along the vessel wall was
measured in terms of image intensity by transcutaneously scanning with an Ultrasonix Research Platform Scanner
and bubble specific real time imaging software developed in our laboratory.

Results

The FEA of the transducer design compared with measured acoustic output of the transducer has a correlation
coefficient of 0.98. Translation model results show 2, 2.5, and 4 micron bubbles move at mean velocities of 0.4, 1,
and 3 cm/s respectively. The change in image intensity on the targeted wall of the vessel was 12.5 dB. In vitro
gene transfection, as a surrogate for drug delivery, of rat smooth muscle cells was achieved with the new
transducer.

Discussion and Concl

In this paper an IVUS catheter for microbubble based drug delivery was simulated, assembled, and tested. The
IVUS catheter translated microbubbles across a flow phantom vessel using radiation force in accordance with the
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simulation results. Gene transfection was achieved using burst sequences. To the authors’ knowledge this is the
first demonstration of IVUS-mediated radiation force delivery of microbubbles to a simulated vessel wall.

P-S-8

Evaluation of CMUT Annular Arrays for Side-looking IVUS

Alper SISMAN!, Jaime Zahorian?, Gokce Gurun®, Mustafa KARAMAN!, Mujdat Balantekin?, F. Levent Degertekinz,
Paul Hasler?; 'Isik University, Electronics Eng. Dep., Turkey, *Georgia Institute of Technology, USA

Background, Motivation and Objective

Side-looking (SL) IVUS probes are extensively used for management of cardiovascular diseases. Probes with
single rotating piezoelectric transducer have simple front-end, but have fixed focused operation, and suffers from
motion artifacts. Solid state SL-IVUS imaging probes use piezoelectric transducer arrays and electronic
beamforming, and hence do not suffer from motion artifacts. Synthetic phased array processing of signals detected
with small-sized array elements limits the SNR achievable with these probes. In this study, we explore, through
experiments and simulations, a SL-IVUS probe architecture employing rotating phased annular CMUT array with
integrated front-end microelectronic circuits for both low-cost, low-profile, and advanced IVUS probes.

Statement of Contribution/Methods

We designed and fabricated 840-pum diameter, 8 element CMUT annular arrays operating around 50-MHz using a
low temperature process. The elements are discretized with 18-pm wide rings and arranged to have roughly equal
area. We characterized the imaging performance of these arrays using wire target phantoms in water tank and
verified our simulation methods for fixed and dynamic receive focusing arrays. We also produced simulated PSFs
of rotating probe employing a fixed-focus transducer (at f# 2) and a solid-state array probe with a 64-element ring
array. We compared the simulated PSFs of the CMUT annular array with these two existing probe architectures.

Results

We performed imaging experiments with the CMUT annular arrays in water. The measured axial/ lateral resolution
provided by 50-MHz arrays is 35um/120pm, respectively for a target at fi# of 3.8 using dynamic receive focusing.
The array with parylene coating shows approximately 40% fractional bandwidth measured in water limited by the
cross talk as predicted by FEA. The simulation results show that the proposed annular array produces better beam
quality in different depths than the fixed-focus single transducer and solid-state linear array. For example the beam
widths at f/3 of the simulated PSFs of these three schemes are 4.4, 4.9 and 8.7 degrees respectively.

Di ion and Concl

CMUT based high frequency annular arrays with dynamic receive focusing provide significant improvement over
single element fixed focus transducers as well as existing solid state SL-IVUS arrays. The crosstalk in CMUT
arrays needs to be explored further to improve the axial resolution.

P-S-9

Heterodyne laser-doppler interferometric characterization of contour-mode
resonators above 1 GHz

Hengky Chandrahalim', Sunil Bhave', Christian Rembe?, Sebastian Boedecker?, Ronald Polcawich?, Jeff Pulskamp?;
!Electrical and Computer Engineering, Cornell University, Ithaca, New York, USA, *Polytec, Germany, *US Army
Research Laboratory, USA

Background, Motivation and Objective

AFM has been used to image and characterize vibrations of MEMS resonators [1]. Characterization of MEMS
resonators using heterodyne interferometer is of interest because it provides accurate measurement of resonances
and broadband vibrations [2,3] without contacting the surface of the resonators.

Statement of Contribution/Methods

We report a special technique to measure frequencies and vibrations of contour-mode resonators (Fig. 1a) up to 1.2
GHz using only a 618 MHz carrier frequency (fc). The detector signal of the vibrometer is digitized by a fast
oscilloscope and demodulated off-line in a computer (Fig. 1b). This method enabled us to realize an algorithm to
extend the measurement bandwidth by a factor of 2. The algorithm takes only the frequency components of the
detector signal into account which are higher than fc to construct an IQ-(in-phase, quadrature) signal from a virtual
carrier signal with 2x the original frequency. The Rohde & Schwarz SMBVI100A broadband Vector Signal
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Generator has been used to excite the specimen with a periodic chirp signal [4]. We set the spacing of the periodic-
chirp frequencies to the resolution bandwidth of the measurement and adjusted the evaluated frequencies to the
center of the FFT lines of the demodulated spectrum to determine the vibration amplitudes without leakage. In
addition, the energy is distributed equally to all frequency components.

Results

A PZT transduced high-overtone width-extensional mode resonator was first characterized electrically on an RF
probe station. Frequency response in air at room temperature is recorded in Fig. 1c. Optical measurement using a
heterodyne interferometer technique was performed. Resonator’s displacement as a function of frequency was
plotted in Fig. 1d.

Di ion and Concl

A novel characterization technique of MEMS resonators above 1 GHz using heterodyne interferometer was
performed. By measuring modes of vibrations optically, misalignment in lithography that leads to parasitic modes
and unexpected resonance peaks can be identified without contacting the surface of the resonators.

[1] San Paulo et al, Microelectronic Engineering, pp. 1354-1357 (2007).
[2] Rembe et al, SPIE 7098, pp. 70980A-70980A-12 (2008).

[3] Stoffels et al, to be published at Transducers *09.

[4] Schiissler et al, SPIE 4072, pp. 354-360 (2000).
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Optical and Acoustic Characterization of Vapourized Perfluorocarbon Droplets
as Ultrasound Contrast Agents

Nikita Reznik', Ross Williams?, Peter N. Burns'?:/ Department of Medical Biophysics, University of Toronto, Toronto,
Ontario, Canada, ZSunnybrook Health Sciences Centre, Toronto, Ontario, Canada

Background, Motivation and Objective

Submicron perfluorocarbon (PFC) droplets offer a new potential ultrasound contrast agent for extravascular
diagnosis. Droplet detection is done by vapourizing the droplet with ultrasound, converting the submicron droplet
into a micron-sized bubble. In this study, we investigate the size, stability and echogenicity of the newly created
microbubbles, properties which are crucial for successful non-linear ultrasound imaging, in the first second after
conversion using optical and acoustic methods.

Statement of Contribution/Methods

Droplets of dodecafluoropentane (DDFP) coated with fluorosurfactant (Zonyl FSP), with diameter of 415 + 20 nm,
were vapourized in a 200 pm polyethylene tube with a single 10-cycle pulse from a focused 7.5 MHz transducer.
Subsequent acoustic detection was performed with a series of 10-cycle pulses at 1.75 MHz and peak negative
pressure (PNP) of 120 kPa, at times from Ims to 1s after excitation. Converted droplets were also studied under a
microscope (4 pixels per micron resolution) connected to a camera operated at 1000 fps for time periods of up to 1s
after excitation.
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Results

Echoes from droplets excited at sufficiently high PNP (above 1.7 MPa) had a significant increase in power at both
the fundamental (1.75MHz) and second harmonic (3.5MHz) bands 1ms after excitation, indicating phase
conversion and subsequent resonant oscillation. In the first 100ms the fundamental signal was shown to further
increase while the harmonic signal decreased prior to stabilizing for a time interval of at least 1s. Vapourized
droplets were successfully detected with pulse inversion imaging. Optically, converted droplets were shown to
grow in size over approximately the first 100ms, from 1.79 + 0.67 pm in diameter to 6.43 + 1.80 um, and were
then stable over the next 900ms.

Discussion and Concl

Gas bubbles formed from excited droplets undergo increase in size in the first ~100ms, attributed to the uptake of
dissolved gases from the host liquid. Following initial expansion, the bubbles stabilize in size for at least s,
sufficient for diagnostic detection. Bubble size dynamics are also reflected in nonlinear acoustic scatter. The
simultaneous power increase in the fundamental band and decrease in the harmonic band suggest that bubbles grow
through their resonant size. Such characteristic behavior may serve as a basis for converted droplet specific
detection techniques in-vivo.
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Optical observations of microbubble oscillation in small tubes

David Thomas', Marcia Emmer?, Hendrik Vos?, Vassilis Sboros', Nico de Jong?; ‘Medical Physics, University of
Edinburgh, United Kingdom, *Thorax Center, Biomedical Engineering, Erasmus Medical Center, Netherlands

Background, Motivation and Objective

In diagnostic medicine, microbubbles (MBs) are used as contrast agents to image blood flow. Over 50% of the
blood volume is contained within vessels of diameters under 25um. Previous theoretical predictions show a
decrease in both magnitude of MB oscillation and resonance frequency due to the restriction from a tube with a
diameter of the same order of magnitude as the microbubble. Since microbubble oscillation in vivo will be
constrained in this manner, studies of microbubble oscillations in such tubes are needed to further understand this
effect.

Statement of Contribution/Methods

We studied the difference in the oscillation of Definity (Lantheus Imaging) MBs in tubes with inner diameter of
25um and 200um. Using the ultrahigh speed Brandaris 128 camera, the radial motion of oscillation was captured at
~12 million frames per second. MBs were insonified with six cycle pulses of 1.7 MHz and the acoustic pressure
varied between 50 — 600 kPa. An MB spectroscopy technique, with the applied frequency scanned from 1.0 to 6.0
MHz, was also used to calculate the resonance frequency of MBs at 50kPa in both tubes.

Results

A significant reduction in oscillation was observed for MBs in the smaller 25um tube, when compared to those in a
200um tube. A difference was observed at all pressures (Fig. 1 shows results at 50kPa). In the 25um tube, at 50kPa
an increased incidence of MBs which did not oscillate above the noise level of the system was observed (56% of
MBs compared to 8% in the 200um tube), indicating an increased oscillation damping. Unlike theoretical
predictions no difference was observed between the resonance frequency curves calculated for MBs in 25um and
200um tubes.
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Discussion and Conclusions

While previous investigators have shown the effect of microvessels on MB oscillation at high ultrasound pressures,
the present study provides the first optical images of low amplitude microbubble oscillations in small tubes. These
results show significant influence of a small tube on the damping of the oscillation of phospholipid-coated
microbubbles at clinically relevant acoustic pressures, but no significant shifts of resonance.
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Ex Vivo Measurements of Mechanical Properties of Myocardium Using Lamb and
Rayleigh Wave Dispersion Velocities

Ivan Nenadic', Matthew W. Urban', James F. Greenleaf'; ‘Mayo Clinic College of Medicine, USA

Background, Motivation and Objective

Decreased elasticity of left ventricular (LV) myocardium causes a decrease in LV relaxation and reduced passive
filling which could lead to heart failure. Shearwave Dispersion Ultrasound Vibrometry (SDUV) is a noninvasive
method for quantifying mechanical properties of soft tissue using radiation force to excite harmonic shear waves
and a pulse echo ultrasound transducer to estimate shear wave velocity [1]. We investigated the feasibility of using
Rayleigh and Lamb waves to quantify viscoelasticity of excised myocardium.

Statement of Contribution/Methods

A dissected porcine LV myocardium samples were embedded in gelatin in a container and mounted on a stand
inside a water tank. A glass rod coupled to a mechanical actuator was used to excite harmonic shear waves at
different frequencies in the range 40 — 500 Hz and a pulse-echo transducer to detect tissue motion. In order to
excite Lamb waves, the glass rod was glued to a hole bored through the thickness of the myocardium. Rayleigh
waves were excited by placing a ball point rod on the surface of the sample and coupling the rod to the mechanical
actuator. Amplitude and phase of the motion at different depths of the sample were analyzed to obtain dispersion
curves in four orthogonal directions. Lamb wave dispersion curves were fitted by an anti-symmetric Lamb wave
model [2]. An equation for Rayleigh wave dispersion was derived by modeling the excised myocardium with a
homogeneous Voigt material slab immersed in a nonviscous fluid. Boundary conditions and wave potential
functions were solved for the surface wave velocity.

Results

Estimated dispersion speeds of Lamb and Rayleigh waves in four orthogonal directions were within one standard
deviation for all excitation frequencies. Shear elasticity and viscosity of the myocardium sample estimated from the
Lamb wave dispersion curves were 9.50 + 1.30 kPa and 9.25 + 0.50 Pa*s. Shear elasticity and viscosity estimated
from the Rayleigh wave dispersion curves were 11.25 + 1.50 kPa and 8.13 + 1.31 Pa*s. Mathematical expressions
for Lamb and Rayleigh wave dispersion converge analytically in the frequency range above 100 Hz.

Discussion and Concl

Estimated values of elasticity and viscosity obtained by fitting Lamb and Rayleigh wave dispersion curves were
similar in four orthogonal directions. This study suggests that material properties of the myocardium can be
obtained using SDUV by exciting shear waves on either the epicardial surface or throughout the thickness of the
myocardium.
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[1] S. Chen, M. W. Urban, C. Pislaru, R. Kinnick , Y. Zheng, A. Yao, J. F. Greenleaf. Shearwave dispersion
ultrasound vibrometry (SDUV) for measuring tissue elasticity and viscosity. IEEE Trans Ultrason Ferroelectr Freq
Control. 2009 Jan; 56(1):55-62.

[2] H. Kanai. Propagation of Spontaneously Actuated Pulsive Vibration in Human Heart Wall and In Vivo
Viscoelasticity Estimation. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 52, no.
11, Nov 2005.
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Surface Acoustic Wave Interdigital Transducers Response to Deep UV
Illlumination in AlIGaN/Sapphire
Venkata Chivukula', Daumantas Ciplys?, Michael Shur', Jinwei Yang®, Remis Gaska®; ' Center for Integrated

Electronics, R laer Polytechnic Instil Troy, New York, USA, *Department of Radiophysics, Vilnius University,
Vilnius, Vilnius, Lithuania, *Sensor Electronic Technology, Inc., Columbia, South Carolina, USA

Background, Motivation and Objective

Aluminum-gallium nitride (AlGaN) alloys are promising materials for wavelength-tunable solar-blind SAW UV
sensors. Despite recent developments in making sensitive AlGaN based delay line oscillators for deep UV
applications, the physical origin of SAW frequency/phase change under UV is not completely understood. The
objective of our work is to study the impact of UV illumination on performance of SAW interdigital transducers
(IDT) deposited on AlGaN surface. These results are important for design and development of efficient SAW
devices for UV sensing and high performance filters with tunable frequency response for signal processing
applications.

Statement of Contribution/Methods

We have investigated the impact of UV illumination on admittance of IDT deposited on AlGaN - sapphire
structure. The 2 pm thick AlGaN layer with Al molar fraction of 0.4 was deposited on (0001) surface of sapphire
substrate by MEMOCVD technique. The IDT period was 16 um corresponding to the SAW frequency of 335
MHz. The IDT admittance in a wide frequency range was extracted from S11 measurements with a vector network
analyzer. Light emitting diodes (LEDs) with wavelengths from 280 nm to 375 nm were used as a UV source.

Results

We have observed the strong impact of UV illumination on both the real and imaginary parts of IDT admittance
over entire frequency range investigated. This is illustrated by Fig. 1 for real part of admittance at frequencies in
the vicinity of the SAW excitation. We perform the analysis of impact on SAW excitation of UV-induced changes
in electrical properties of the IDT.

Discussion and Concl

We demonstrate, for the first time, that the SAW excitation in AlGaN/sapphire can be affected by the UV-induced
changes in electrical properties of the IDT. In particular, these changes might be important mechanism responsible
for the change in phase/frequency and insertion loss in AlGaN/sapphire based SAW UV sensors.
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Figure 1: Dependance of IDT conductance on frequency for
different UV wavelengths at constant UV power.
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P-S-14

Measurement of three-dimensional distribution of crack tips by low power
pulsed laser

Atsushi Miyamoto', Mami Matsukawa'; ' Doshisha University, Kyotanabe-shi, Kyoto, Japan

Background, Motivation and Objective

One recent solution to detect cracks in solid materials is nonlinear approach, which still has a problem of spatial
resolution. We then propose a simple method to detect cracks with good spatial resolution, making use of two
different techniques, laser induced pulse waves and the two-layered transducer. In this transducer, a PZT layer
transmits longitudinal waves to fluctuate the crack tips. The other PVDF layer detects laser induced pulse waves,
which gives us the information of crack positions. By scanning the irradiation points of laser on the sample surface,
we have obtained three-dimensional distribution image of the crack tips.

Statement of Contribution/Methods

An acrylic resin sample with a plane crack was used. As shown in Fig.1, both top and bottom PVDF transducers
received the transmitted and reflected waves in the sample. The PZT transducer transmitted continuous large
amplitude longitudinal waves at 500 kHz. Low power laser pulses (Spectra Physics R2-VS5-104Q, 1047 nm, 80
micro J, pulse width 5 ns, repetition time 1 ms, irradiation area 0.6 mm in diameter) irradiated the top PVDF
transducer, where pulse waves were induced.

The phase adjustment of continuous wave made the pulse waves passing through the opening or closing crack tips.
The pulse waves were then extracted from the output of bottom PVDF receiver and analyzed. We repeated this
measurement, scanning the laser irradiation area on the sample surface.

Results

We have compared the observed pulse waves which passed through the opening (P) and closing (N) cracks. The
normalized spectra, P(f) / N(f) of these waves showed peaks around 22 MHz. The spatial distribution of these
peaks gave us the map of crack tips in the X-Y plane. The spatial resolution of this map was around 3 mm, which
depended on the directivity of induced pulse waves. The top PVDF transducer received the reflected waves from
the large crack area. From the time delay of the reflected waves, we obtained the depth (Z) profile of the crack.
However, we could not obtain the reflected waves near the crack tips.

Discussion and Conclusions

The depth profile of the crack was in good agreement of X-ray CT data of this sample. By extrapolating the depth
profile of the crack, we estimated the depth near the crack tips and combined it with the distribution of crack tips in
the X-Y plane. This procedure successfully brought us a three-dimensional distribution image of the crack tips.

Tramsparent plate 1o VDI

AT
fac transducers
Opening

: ffl;,f/ ¥
X

.33
- 037

0 v L |_T a4
s

A4

Y]

-0.57

Afl

~ s

Depth of the crack {mm]

Fig.1 Three-dimensional distribution image of
the crack tips.

146 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009
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Extraction of Pt/Rh/ZrO, High Temperature Elastic Constants

Dana Gallimore', Thomas Moonlight?, Mauricio Pereira da Cunha® ! Electrical and Computer Engineering /
Laboratory of Surface Science and Technology, University of Maine, Orono, Maine, USA, *University of Maine, USA,
3Electrical and Computer Engineering / Laboratory of Surface Science and Technology, University of Maine, USA

Background, Motivation and Objective

Filters, signal processing elements, and sensors capable of operating at temperatures up to 1000°C are needed for
applications including jet engine and aerospace structure monitoring, industrial processes, and oil exploration.
Acoustic wave devices have the potential for use in these environments due to the existence of piezoelectric
crystals, notably gallium orthophosphate and langasite (LGS), which retain piezoelectricity up to 930°C and
1470°C, respectively. Temperature limitations are imposed by the thin film electrode material. Standard metal
films used for device patterning (such as gold and platinum) experience de-wetting above 700°C, leading to loss of
conductivity and signal transduction. A recently developed thin Pt/Rh/ZrO2 film [1] has been used to pattern
acoustic wave devices with successful transduction up to 1000°C. The elastic properties of the Pt/Rh/ZrO2 film
are required for modeling and design of high temperature acoustic wave devices.

Statement of Contribution/Methods

A method for extracting the thin film Pt/Rh/ZrO2 elastic constants using surface acoustic wave (SAW)
measurements is investigated on quartz and LGS. Quartz, due to its well known mechanical properties, is
employed for the extraction of Pt/Rh/ZrO2 elastic constants at room temperature. SAW measurements on LGS are
necessary to allow for Pt/Rh/ZrO2 film annealing, which is performed up to 850°C. SAW delay lines are
fabricated with varying substrate orientations and delay paths metalized with Pt/Rh/ZrO2, which is assumed to be
isotropic and non-viscous. The measured SAW phase velocities are input into the matrix method for SAWs to
determine independent elastic constants c11 and c44.

Results

Figure 1 shows the cl1 vs. c44 curves extracted from Pt/Rh/ZrO2 measurements on ST-X and ST-40° quartz at
room temperature. Figure axes have been normalized to the elastic constants of a reference platinum film. The
orientations selected provide comparable piezoelectric coupling and zero power flow angle. The intersection point
of the two curves denotes c11 and c44 for the Pt/Rh/ZrO2 thin film.

Discussion and Concl

The values of c11 and c44 differ by 53% and 22%, respectively, when compared to the platinum film constants.
These results reveal the importance of characterizing this new film in order to apply it in the design of high
temperature acoustic wave devices.

[1] IEEE 2008 Ultr. Symp, pg 205-208
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Figure 1: The c44 vs. c11 curves extracted for PYRh/ZrO2

film based on quartz ST-X and ST-40° measurements.
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Angular spectrum method for the estimation of pressure fields in the super
harmonic band
Mirza Pasovic!, Mike Danilouchkine', Paul van Neer', Antonius van der Steen', Olivier Basset?, Christian Cachard?,

Nico de Jong':’Biomedical Engineering, ErasmusMC, Rotterdam, Zuid-Holland, Netherlands, 2CREATIS-LRMN,
Univeriste de Lyon, INSA Lyon, Universite Lyon 1, CNRS UMR 5220, INSERM U630, Lyon, Rhone-Alp, France
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Background, Motivation and Objective

Nonlinear propagation is an important physical phenomenon, which is exploited in ultrasound harmonic imaging.
Second harmonic imaging is most often used in clinical practice. By using higher harmonics image quality and
tissue characterization may be further improved. There is a clear need to model and understand the ultrasound field
of the higher harmonics. Numerical simulations, often based on KZK equation, for studying nonlinear wave
propagation are time consuming. In this paper, we present a close-form solution of the higher harmonics pressure
fields and propose a light-weighted procedure, based on the angular spectrum method (ASM), to compute them.

Statement of Contribution/Methods

Using the successive approximation method, we have derived an analytical expression, which predicts the change
of the shape of the transmitted signal during propagation in a lossless medium. The generated harmonics are
described using a set of coupled nonlinear wave equations. The nonlinear term, is a properly scaled second order
temporal derivative of the product between the lower harmonic and the fundamental pressure field. The pressure
distribution in the plane orthogonal to the direction of the wave propagation can be efficiently computed using the
ASM method.

Results

The theoretical findings were corroborated on the lateral beam profiles of a phased-array ultrasound transducer.
The computed (solid line) and experimentally measured (dotted line) profiles up to 3™ harmonic, shown in Fig.1,
exhibit a striking resemblance. The relative difference in the main lobe width between measurement and
simulations at -6dB was 5.5%, 6.5%, and 2.9% for 1%, 2", and 3' harmonic, respectively. The same parameter at -
10dB was of the same order of magnitude, with the exception of the 3™ harmonic difference being 0.7%. The
simulation time of the ultrasound field, based on KZK equation, is usually 50 minutes. Using the ASM method for
the calculation of the higher harmonics decreases the time of the simulation to less then a minute.

Di ion and Concl

In this study we focus on similarities of beam profile up to 3™ harmonic. However, the validation can be easily
extended to higher harmonics. We demonstrated that the ultrasound pressure fields in the super harmonic band can
be reliably computed using an analytical solution in a combination with the ASM method.
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Fast Evaluation of Lamb Wave Scattering by Time Harmonic FEM simulation

Florian Thalmayr', Ken-ya Hashimoto', Tatsuya Omori', Masatsune Yamaguchi'; 'Graduate School of Engineering,
Chiba University, Japan

Background, Motivation and Objective

The evaluation of Lamb wave scattering behavior at geometry irregularities in planar waveguides draws attention
for various applications. Numerical methods like Finite Element Method (FEM) are effective to analyze complex
structures including multiple layers and/or interfaces.

A common technique is application of the two-dimensional fast Fourier transform (2D FFT) to the Lamb wave
field calculated by FEM in the time domain. Drawback of this method is the necessity of FEM for a large number
of time steps, consuming a lot of calculation time.
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Statement of Contribution/Methods

This paper describes a novel method to evaluate the scattering behavior of Lamb waves in a planar waveguide at an
arbitrary reflective geometry by the means of a conventional time harmonic FEM. The evaluation is carried out by
applying a simple 1D FFT to the calculated surface displacements for each frequency. Thus necessary computation
time is small.

An impedance matching and damping mechanism is inserted between the waveguide and the wave source, which
excites one waveguide mode selectively. This is aimed at suppressing unnecessary reflection, mode-conversion and
interference at the wave source to an acceptable level.

Results

First, we apply the proposed technique to the evaluation of scattering properties of SO and S1 Lamb modes at the
straight edge of an AIN planar waveguide. We also detail how the damping mechanism should be setup and the
simulation is carried out. It should be noted that the design of the mechanism is not arbitrary but has to be adjusted
according to waveguide geometry, material and incident mode.

It is shown that the scattering characteristic changes dramatically near the cut-off frequency of the S1 mode
corresponding to the thickness extensional resonance frequency. Namely, incident SO (or S1) mode is back-
scattered into the S1 (or SO) mode efficiently below the S1 cut-off frequency, while the mode conversion
diminishes above the cut-off frequency.

Secondly we apply the proposed technique for the evaluation of Lamb wave back scattering at the joint of
symmetric and asymmetric stepped waveguides, and discuss how the scattering characteristic changes with the
ratio of the waveguide thicknesses. Although being below the S1 (or Al) cut-off frequency in the thinner part of
the stepped waveguide, we show that the power reflection coefficient of theses modes is very dependent on the
thickness ratio and becomes significantly smaller than unity due to mode conversion to A0 and/or SO mode.

Discussion and Conclusions

Because of short execution time, the proposed technique is applicable to the analysis of more complex structures
such as practical film bulk acoustic resonators (FBARs). This practice will allow us to characterize energy leakage
of these devices through the periphery. Moreover, regarding the border region scattering behavior in FBAR design
is a promising approach to improve the device performance further.

P-S-18

Suppression of transverse waveguide modes for SAW resonators with Pt and
Pt/Rh/ZrO, electrodes

Bennett Meulendyk', Mauricio Pereira da Cunha':Electrical and Computer Engineering, University of Maine, USA

Background, Motivation and Objective

Transverse waveguide modes can appear as spurious resonances in the frequency response of a surface acoustic
wave (SAW) resonator. For sensor applications, distinct modes normally respond differently to measurands. For
this reason, spurious modes compromise the operation of the main mode by degrading the Q factor, distorting the
resonant peak, and ultimately obscuring the sensor response. Additionally, spurious modes can cause unexpected
frequency jumping if the resonator is implemented in an oscillator circuit. Transverse waveguide resonances can
sometimes be eliminated by choosing the aperture of the device sufficiently small such that the modes are cut-off.
However, this technique limits the design flexibility of the device and makes impedance matching difficult.
Alternatively, suppression of transverse waveguide resonances can be accomplished through transducer
apodization in the transverse direction or by the insertion of dummy electrodes between the active area and the bus
bars.

Statement of Contribution/Methods

In this work, spurious transverse waveguide modes were suppressed from the frequency responses of Pt electrode
resonators on ST-X quartz [0°, 132.75° 0°] and Pt and Pt/Rh/ZrO2 electrode resonators on LGS [0°, 144°, 24°]
through careful design of the reflectors, aperture, and transducers’ dummy electrodes. In particular, conventional
shorted reflectors cannot be used with Pt or Pt/Rh/ZrO2 electrodes, since the velocity discontinuity between the
grating and the bus bar leaks energy from the active area. Additionally, scalar potential theory was utilized to
adjust the ratio of the transducer’s active area to the total aperture, such that higher-order transverse waveguide
resonances are filtered from the frequency response. The stiffness parameters of the co-deposited Pt/Rh/ZrO2
electrodes determined through SAW delay line measurements in conjunction with the matrix method for SAWs
was used for the extraction of the SAW grating velocity.
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Results

The Pt electrode resonator design, including the dummy electrodes, along ST-X quartz resulted in an 11% increase
in measured Q factor and improved the experimentally observed suppression of a spurious transverse waveguide
resonance, 80 kHz above the main resonance, from -8 dBc to -25 dBc. Similarly, the measured response of the
Pt/Rh/ZrO2 electrode resonators on LGS were improved, resulting in a Q factor of 1550 and >10 dBc spurious
rejection.

Disc i and Concl

Spurious transverse waveguide resonances were successfully suppressed by utilizing scalar potential theory,
implementation of dummy electrodes, and proper design of resonators for Pt and Pt/Rh/ZrO2 electrodes on quartz
and LGS. These progresses are relevant, since the co-deposited Pt/Rh/ZrO2 electrodes on LGS are necessary for
their high temperature SAW operation up to 1000 °C and Pt electrodes on quartz are required for their corrosion
resistance in gaseous HF sensor applications.

P-S-19

Selectable Frequency CMUT with Membrane Stand-Off Structures
Matthew Eames', John Hossack': University of Virginia, USA

Background, Motivation and Objective

Microbubbles are currently used to enhance ultrasound image contrast and are being considered for use in
therapeutic applications such as drug delivery. These functions drive the desire to produce ultrasound transducers
that are capable of both high-frequency, high-sensitivity operation for imaging and low-frequency, high-intensity
output for bubble-related therapy. Designing a single device to operate at these disparate frequencies — as low as
IMHz to excite bubbles and as high as 40MHz to permit high resolution Intravascular Ultrasound (IVUS)-based
imaging — presents a significant challenge.

Research in the area of capacitive micromachined ultrasonic transducers (CMUTs) has demonstrated a membrane-
collapse mode of operation that allows a collapsed membrane to operate at approximately double its non-collapse
frequency. Through the use of validated finite element analysis (FEA) simulations, we demonstrate the feasibility
of implementing partial-height stand-off structures within the device vacuum-gap that divide the device membrane
into smaller, higher-frequency sub-membrane structures on membrane collapse in order to produce higher-order
shifts in frequency than have been previously reported.

Statement of Contribution/Methods

Extending the proven concept of collapse-mode operation of CMUT devices in this manner contributes to the state
of the art in MEMS-based ultrasound and allows the standard operation mode and collapse mode resonances to be
designed independently. Simulations were verified against a CMUT fabricated at the University of Virginia
Microfabrication Laboratory (UVML) with a correlation coefficient of 0.92 and an amplitude error of 4.1%.
Fabrication procedures closely followed previously published techniques. Each CMUT membrane within the
device measured S0um by 250um, was 2.2um thick, and was suspended 0.30pm above an insulated substrate
electrode.

The proposed stand-off configuration, consisting of three stand-off structures, was modeled using PZFlex
(Weidlinger Associates, Inc., Mountain View, CA). An optimization was performed to eliminate out-of-phase
motion of the collapsed membrane structures by accounting for the dynamics of the collapsed membrane.

Results

The optimum spans for each of the four sub-membranes as a percent of the total span are 31.8% for the central sub-
membranes and 18.2% for the lateral sub-membranes. A hybrid device designed to operate at both 1.5MHz and
40MHz has been shown in simulation to posses comparable bandwidth to each of two single-frequency CMUTs
operating at 1.5MHz and 40MHz, respectively, suffering a reduction in output intensity of only 4.0dB and 4.5dB,
respectively.

Discussion and Conclusions

These results suggest the feasibility of the selectable-frequency CMUT with minimal impact on performance.
Future work involves fabrication of the proposed devices, already underway at the UVML. Fabricated devices will
be characterized and these data will be used to validate the FEA.
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P1-A-01

Exploration of shear stress generated by oscillating microbubbles on the cell
membrane in the context of sonoporation

Alexander Doinikov', Peggy Palanchon', Kadija Kaddur', Ayache Bouakaz':'INSERM U930 CNRS ERL 3106,
Université Frangois Rabelais, Tours, France

Background, Motivation and Objective

The subject of this study is shear stress exerted on the cell membrane by acoustic microstreaming generated by a
contrast microbubble pulsating nearby a cell. This effect is presumed to play a major role in the sonoporation
process. However, the analytical formula currently used for estimating the shear stress has been derived assuming
that the microbubble is hemispherical and resting on the cell membrane.

Statement of Contribution/Methods

The aim of this study is to propose a refined theory to estimate shear stress generated by an oscillating contrast
microbubble located at different distances from a cell. The model was evaluated for different acoustic pressures
(0.2—-1 MPa), frequencies (1-3 MHz), bubble concentrations, and distances between the bubble and the cell wall.
Besides, using the same excitation parameters, sonoporation experiments were carried out on a suspension of U-
87MG cells using GFP plasmid DNA as a marker and BR14 microbubbles (Bracco research, Geneva).

Results

Simulations reveal that the shear stress created on the cell membrane by an adjacent contrast microbubble is zero at
the point which is the projection of the bubble center on the cell surface, then it increases, being directed away
from the bubble, reaches a maximum, decreases down to zero, and changes sign, getting directed to the bubble. As
a result, the maximum of the shear stress on the cell surface occurs along a circle whose radius is about 0.287d,
where d is the distance between the bubble and the cell surface. Simulations, made for different acoustic pressures
(0.2-1 MPa) and frequencies (1-3 MHz), show that a bubble with a radius of Ry = 1.5 pm, insonified with a 2.0
MHz, 200 kPa acoustic pulse, produces a maximum shear stress on the order of 400 Pa when it is in contact with
the cell surface. However, as the separation distance between the bubble and the cell increases, the shear stress
rapidly decreases reaching a value of 12 Pa at d = 2R,,. Moreover the simulations point out a decrease of the shear
stress as the bubble concentration increases. These numerical data are corroborated by the experimental results.
The transfection rate according to the shear stress derived from our model shows similar dependencies.
Transfection rate increases with acoustic pressure and decreases with bubble concentration.

Di ion and Concl

This theoretical and experimental study shows the possible correlation between shear stress generated by
oscillating microbubbles on the cell membrane and sonoporation rate. Additional exploration is still required to
elucidate further mechanisms involved in the sonoporation process.
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P1-A-02

Comparison of pulse subtraction Doppler and pulse inversion Doppler

Veronique Mahue', Jean Martial Mari', Robert Eckersley?, Meng-Xing Tang'; ' Bioengineering, Imperial College
London, London, United Kingdom, Imaging Sciences Department, Faculty of Medicine, Imperial College London,
London, United Kingdom

Background, Motivation and Objective

A challenge in molecular imaging is the development of methods able to distinguish adherent targeted contrast
agents from freely circulating agents and tissue. One potential detection method, pulse inversion Doppler (PID) [1],
is able to distinguish linear from nonlinear moving scatterers. In this paper, a new Doppler technique based on
pulse subtraction imaging [2] (PSD) is compared with PID.

Statement of Contribution/Methods

PSD is based on a short pulse p;, followed by a longer pulse p,, made of the combination of time-shifted copies of
1. A “virtual” echo, Ej, is constructed using E{p,} according to the generation of p, so that for a linear system the
echo E{p,} will be the same as Ej.

Simulation

The response, at 2 MHz, to PSD (32 pulses, 2-cycle/4-cycle, 0.01<MI<0.2) and PID (32 pulses, 4-cycle,
0.01<MI<0.2) sequences was modelled for two systems: a bubble (radius 3 um) via the Rayleigh-Plesset equation,
and a linear scatterer. The parameters chosen ensured that for the linear control experiment, the echo pairs arising
from PSD and PID contained the same energy. The amplitude of the nonlinear part of the Doppler spectrum,
indicative of bubble scattering was computed for PSD and PID.

Experiment

A bulk suspension of SonoVue microbubbles was insonated with PSD and PID pulses for the same parameters as
in the simulation. The bubbles were contained in a thin latex tube (diameter 9 mm) at the focus of a pulse echo
system made of two single element 3.5 MHz transducers.

Results

For the range of MIs tested, the nonlinear amplitudes in PSD were on average 6.4 times better than PID in
simulations and 4.6 + 1 times better in the experiments. The figure illustrates this for simulation (a) and experiment
(b) at a peak negative insonation pressure of 140 kPa.

Discussion and Conclusions

For the parameters investigated in this work, PSD provides improved sensitivity to non-linear echoes compared to
PID. A trade-off between resolution and Doppler sensitivity needs to be found.

References:
[1] D.H. Simpson, C.T. Chen and P.N. Burns, IEEE Trans Ultrason Ferroelect, Freq Contr 46 (1999), pp. 372-382
[2] J. Borsboom, Ph.D. dissertation, University of Rotterdam, Rotterdam, Netherlands, 2005
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P1-A-03

Exploitation of multi-frequency excitation for contrast agent imaging
Anthony Novell', Ayache Bouakaz'; 'Inserm UMR 930, CNRS ERL 3106 and Université F. Rabelais, Tours, France

Background, Motivation and Objective

A lasting challenge of ultrasound contrast agent (UCA) imaging consists in the improvement of contrast to tissue
ratio. We propose in this study a contrast agent detection method based on a multi-frequency excitation. The
frequency dependency of microbubbles linear scattering is known to differ significantly from the one of tissue.
While ultrasound scattering increases as a function of frequency for tissue, it exhibits a different profile for UCA
and shows decay as function of frequency above the resonance.

We explore in this study a multi-frequency excitation scheme to take advantage of this frequency dependency for
UCA detection.

Statement of Contribution/Methods

In vitro measurements were performed using a 3.5 MHz single element transducer. Gaussian pulses at 2.5 MHz, 4
MHz and 6 MHz were transmitted simultaneously with amplitudes ranging from 220 kPa to 700 kPa. The number
of cycles of each component was adapted to avoid frequency overlapping. Responses from a linear reflector
(tissue) were obtained using a copper wire with a diameter of 50 um. Contrast agent responses were measured by
injecting a 1/2000 diluted solution of SonoVue or BR14 (Bracco Research, Geneva) microbubbles in a water tank.
The method was also evaluated using an open scanner with analog transmitters and a 128-element linear probe
centered at 3.5 MHz. A flow phantom containing a 4 mm diameter tube was used in which UCA was circulating.
Transmit parameters as used with the single element transducer were reproduced and RF scans were recorded.

Results

In order to compare to contrast scattering, the amplitude of each transmitted frequency component was chosen such
as the scattered power from tissue was the same for the 3 transmitted frequencies. Single element transducer
measurements using SonoVue showed a maximal response at 2.5 MHz, while it was 8 and 14 dB lower at 4 MHz
and 6 MHz respectively using a transmit pressure of 700 kPa. Similar trend was seen for BR14 microbubbles
where responses at 4 MHz and 6 MHz were respectively 9 dB and 11 dB below the response at 2.5 MHz. These
results were confirmed with the linear probe connected to the open scanner. SonoVue and BR14 responses were
the highest at 2.5 MHz. They decayed with 8 and 15 dB for SonoVue and 6.5 and 13 dB for BR14 at 4 MHz and 6
MHz respectively. Lower transmit pressures did not influence significantly the difference between the 3 frequency
responses for both UCAs.

Discussion and Concl

The results demonstrate that multi-frequency excitation scheme can be exploited further to discriminate between
the response of contrast agent from the tissue response.

P1-A-04

Fractional Fourier Transform with Pulse Inversion for Second Harmonic Pulse
Compression

Muhammad Arif', Steven Frecar; 'Ultrasound Group, School of Electronic and Electrical Engineering, University of
Leeds, Leeds, United Kingdom, 2 University of Leeds, Leeds, United Kingdom

Background, Motivation and Objective

In ultrasound harmonic imaging with coded excitation, harmonic matched filter (HMF) is used in the receiving side
to perform pulse compression to recover axial resolution. In the compressed waveform, the sidelobe levels grow
under overlap harmonic or mismatched condition. In this paper, fractional Fourier transform (FrFT) with pulse
inversion is proposed for the extraction and compression of the nonlinear second harmonic component.

Statement of Contribution/Methods

Linear FM chirp signals were used as an excitation. The pulse inversion method provides the extraction of second
harmonic component from the nonlinear received signals. The extracted second harmonic chirp component was
then compressed using the FrFT and HMF. The FrFT was computed with a transform angle o matched to the chirp
rate of the second harmonic component of the received signal (twice the chirp rate of the excitation signal). Scaling
was performed in the FrFT domain for direct comparison with the time domain HMF waveforms. The HMF was
made with a centre frequency and the bandwidth was double the excitation signal. The compression performance
of FrFT and HMF were assessed by three quality parameters namely: mainlobe width (MLW), peak sidelobe level
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(PSL) and integrated sidelobe level (ISL). Comparisons were also made with the harmonic mismatched filter
(HMMF) by applying additional tapering window on HMF.

Results

Experiments were conducted in order to validate the proposed method. A single element transducer and
hydrophone were mounted coaxially in a pitch-catch configuration in a water tank. Linear FM chirp signals having
a central frequency of 2.25 MHz, duration of 10 ps and a bandwidth of 1 MHz were used as an excitation signal.
The results indicate that FrFT and HMF with rectangular window (HMF-R) provide similar axial resolution but
HMF-R has 7.6 dB higher sidelobe levels. Similarly, compared to HMF and HMMF, FrFT provides improved axial
resolution with comparable sidelobe levels as visible in the enclosed figure.

Di ion and Concl

The combination of FrFT with pulse inversion, when used with chirp coded excitation, is shown to achieve pulse
compression similar to HMF with improved axial resolution and comparable sidelobe levels.
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P1-A-05

Phase-Dependent Dual-Frequency Contrast Imaging

Chih-Hao Cheng', Che-Chou Shen?, Chih-Kuang Yeh':' Department of Biomedical Engineering and Envir /
Sciences, National Tsing Hua University, Hsinchu, Taiwan, Department of Electrical Engineering, National Taiwan
University of Science and Technology, Taipei, Taiwan

Background, Motivation and Objective

Subharmonic imaging technique has been shown to provide high contrast-to-tissue ratio (CTR) at the cost of
relatively low signal intensity from microbubbles. In this study, we propose a method of dual-frequency excitation
to enhance the subharmonic component. It is also verified that the phase of dual-frequency excitation pulse can be
optimized for the efficiency of contrast detection.

Statement of Contribution/Methods

Dual-frequency pulse consists of two sinusoids (Fig. (a)), providing dynamic radiation force from the resultant
envelope to induce the nonlinear oscillation of microbubbles (Fig. (b)). Therefore, the bubble's spectral component
at the subharmonic frequency is not only from the subharmonic response to the single-frequency tone burst but also
from the high-order nonlinearity to the dual-frequency excitation. Consequently, the 3-MHz subharmonic of the
fundamental tone burst at 6 MHz (©2) can be elevated by transmitting an additional enhancing component at 9
MHz (©l). We further optimize the subharmonic generation by tuning the phase (¢) between fundamental and
enhancing component.

Results

The enhancing ability between different phase of dual-frequency excitation pulses (6MHz+9MHz) and traditional
subharmonic imaging (transmitting 6 MHz and receiving 3 MHz, T6R3) were demonstrated by imaging speckle
flow phantom containing the SonoVue microbubbles. Figure (c) shows that the CTR of dual-frequency insonation
changes periodically with the phase, leading to a difference up to 10 dB between the maximal and minimal CTR.
Under the same acoustic pressure, all the dual-frequency insonations with different phases have better CTRs than
T6R3 method does. Figure (d) and (e) are the B-mode images acquired by T6R3 and dual-frequency insonation
with 180-degree phase, respectively.
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Discussion and Conclusions

The results show that the phase optimization is an important factor in subharmonic imaging with dual-frequency
excitation. The echo produced from the envelope component seems to be specific for microbubbles, so the
proposed method has the potential in improving SNR and CTR of traditional subharmonic imaging.
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P1-A-06

Investigation of chirp coded excitation with dual-frequency transmit for
ultrasonic harmonic contrast detection

Che-Chou Shen', Yi-Yuan Chiu'; National Taiwan University of Science and Technology, Taiwan

Background, Motivation and Objective

Tissue background suppression is essential for harmonic detection of ultrasonic contrast microbubbles. To reduce
the tissue harmonic amplitude for improvement of contrast-to-tissue ratio (CTR), the method of third harmonic
(310) transmit phasing utilizes dual-frequency transmit at both fundamental (f0) and 3f0 frequencies to provide self
cancellation of tissue harmonic signal. Nevertheless, to avoid bubble destruction, the signal-to-noise ratio (SNR) in
harmonic imaging becomes limited due to the constraint on transmit pressure amplitude. This study focuses on the
design of dual-frequency chirp excitation to improve the SNR together with effective suppression of tissue
harmonic signal.

Statement of Contribution/Methods

In 3f0 transmit phasing, the frequency-sum component (i.e. f0+f0) and the frequency-difference component (i.e.
3f0-f0) must be temporally and spectrally matched for mutual cancellation between them. Nevertheless, with the
conventional chirp conversion of the transmit waveform, the resultant frequency-difference component is a single-
frequency sinusoid while the frequency-sum component remains a chirp signal. The mismatch between the
cancellation pair leads to marked harmonic residue in the tissue background and compromise the CTR
improvement. Therefore, instead, we proposed a chirp waveform suitable for the 3f0 transmit phasing, the
different-bandwidth (DB) chirp signal. With the DB chirp waveform, the frequency-difference component of tissue
harmonic signal also becomes a chirp signal similar to its frequency-sum counterpart.

Results

Results in Fig.(a) indicate that, as compared to the conventional chirp waveform, the combination of the DB chirp
waveform with the 3f0 transmit phasing can markedly suppress the tissue harmonic amplitude over the entire
second harmonic band for CTR improvement. The observation is also in agreement with the B-mode images in
Fig.(b). It is also illustrated that, when the Gaussian transmit is switched to the chirp transmit in 30 transmit
phasing, the DB chirp waveform can provide 6-dB improvement of SNR together with a CTR increase of 3 dB.

Discussion and Concl

This study verifies the efficacy of the DB chirp waveform in 3f0 transmit phasing for both SNR and CTR
improvements. The design of the DB chirp waveform is also applicable to other dual-frequency imaging techniques
which rely on the harmonic generation at the difference frequency.
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P1-A-07

Temperature dependent behaviour of ultrasound contrast agents

Helen Mulvana', Eleanor Stride?, Robert Eckersley': 'Imaging Sciences, Imperial College, London, United Kingdom,
’Mechanical Engineering, University College, London, United Kingdom

Background, Motivation and Objective

Accurate characterisation of ultrasound contrast agents (USCA) is of increasing importance as their use for
quantitative imaging and therapeutic application is explored. In the laboratory such investigations are frequently
undertaken in a water bath at room temperature. The effect of temperature on single bubbles has previously been
demonstrated [1]. However, the effect on the acoustic properties of bulk suspensions is not presented in the
literature.

Statement of Contribution/Methods

A bulk suspension (154 ul/l) of SonoVue (Bracco, Milan) held in a water bath within an acoustically transparent
vessel was investigated over a range of temperatures (20-45°C). In each case, the suspension was insonated using
a focussed transducer excited with a 2 cycle Gaussian pulse, centre frequency 4 MHz, with peak negative pressures
from 20 kPa to 280 kPa. The propagated signals were detected with a needle hydrophone placed in the far field on
the opposite side of the vessel to the transducer. These data were used to calculate the frequency dependent
attenuation of ultrasound in the USCA suspension. Field measurements conducted at each temperature prior to the
investigation were used to ensure instruments were accurately positioned to allow valid comparisons to be made.

Results

USCA characteristics were significantly affected by temperature over the range 20-45°C, resulting in a marked
alteration in the magnitude of signal attenuation and the frequency at which a maximum (f,) was observed. The
effect was greatest over the range 20 - 40°C, for example at an insonation pressure of 100 kPa, signal attenuation
increased from -1.5dB to -2.5 dB. Above 40°C signal attenuation decreased to values similar to those observed at
20°C.

The frequency spectra revealed a decrease in f, from >6 MHz at 20°C to approximately 1.6 MHz at 35°C,
suggesting that increased attenuation results from an increase in bubble diameter. Above 35°C, f, increased,
implying that bubbles increased to a critical diameter and were destroyed, resulting in a decrease in signal
attenuation. This effect was most clearly observed at 45°C.

Di ion and Concl

It has been shown that the acoustic characteristics of the USCA SonoVue are significantly influenced by
temperature.  The results suggest that measurements made at room temperature require careful interpretation
before conclusions can be drawn regarding contrast agent behaviour in vivo. It may further be speculated that
similar effects may be expected for other gas-filled microbubble contrast agents.

[1] "Oscillation of single microbubbles at room temperature versus body temperature", Vos H.J., Emmer, M., de
jong, N., 2008 IEEE Ultrasonics Symposium Proceedings.
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P1-A-08

Effect of Bubble Interaction on Contrast Agent Destruction Behaviour Under
Repeated Insonation

Monica Siepmann', Georg Schmitz'; 'Ruhr-Universitcit Bochum, Germany

Background, Motivation and Objective

The controllable destruction of ultrasound contrast agents plays an important role in quantitative molecular
imaging, perfusion estimation and drug delivery applications. In general, repeated insonation is required to destroy
all microbubbles (MB) present. To ensure complete destruction or quantify the bubbles present it is thus of interest
to determine the destruction rate over multiple pulses. The destruction behaviour of single microbubbles has been
studied intensively. However, it can be expected that MB destruction mechanisms will depend on MB
concentration due to MB interaction and different attenuation. While attenuation is expected to reduce destruction
rates for high concentrations, microbubble interaction may lead to the destruction of more bubbles in one shot.
Therefore, we investigate the dependency of the rate of destruction events on the concentration of hard shelled
MBs to analyze the influence of microbubble interaction.

Statement of Contribution/Methods

To ensure the repeated insonation of each bubble at the same position, microbubbles were embedded in gelatine.
Cyanoacrylate microbubbles (supplied by F. Kiessling, recipe given in [1]) were diluted in semi fluid gelatine
which was refrigerated until solid. Three phantoms with concentrations of 5%10°4, 51075 and 10"6 MB/ml were
imaged with a Vevo770 system with RMV704 scanhead (Visualsonics) in Power Doppler mode. Destruction
events of stationary bubbles can be visualized in Doppler images. This allows us to determine the number of
destruction events for every frame. In each of 20 different non-overlapping regions of each phantom 7 frames were
acquired. The number of destruction events was calculated from the total number of colored pixels around the
transducer’s focal zone. These were then normalized to the number of events in the first frame of each sequence.
Alternatively, an exponential e*™ and a power law decay function n"* were fitted to the averaged results for each
concentration, with n being the frame number starting from one.

Results

The power functions provide a better fit for all concentrations (mean squared error MSE < 2.5%¥107-4) than the
exponential decay (MSE < 107-3). The estimated exponents for the three concentrations are 0=3.10 for the highest,
2.32 for the medium and 1.65 for the lowest concentration. The exponents show that the relative decrease of
destruction events is slower for lower concentrations.

Di ion and Concl

High attenuation however would slow the destruction process. Thus the results indicate that bubble interaction
plays an important role and that for high concentrations destroyed MB seem to assist the destruction of
neighbouring bubbles. Also, the better fit for the power law also supports the importance of interaction: a fixed
percentage of destroyed microbubbles per frame would result in an exponential decay.

[1] M. Palmowski, et al., Mol Cancer Ther, vol. 7, p. 101, 2008.

P1-A-09

Improvement of the power response in contrast imaging with transmit frequency
optimization

Sébastien Ménigot', Anthony Novell', Ayache Bouakaz', Jean-Marc Girault': ! UMR Université Frangois Rabelais de
Tours, Inserm U930, CNRS ERL 3106, Tours, France, Metropolitan

Background, Motivation and Objective

The US contrast imaging domain is in effervescence. Currently the scientific community of this field seeks US
excitations which should make possible the optimization of the acoustic contrast. We tackled the problem in a
simple way by proposing an adaptive imaging technique which seeks the emitting frequency which maximizes the
acoustic contrast. The use of an adaptive technique is justified by the fact that

1) during the clinical examination, the insonified medium perfused by the microbubbles is a nonstationary medium
(the number of bubbles changes...),

2) the pressure level is unknown because of the diffraction and attenuation effects which vary from one patient to
another,
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3) the size and the distribution of the microbubbles of the contrast agent are not precisely known and can differ
from one sample to another.

To overcome these problems, that is to disregard these unknown factors it seemed more adequate judicious to
propose an US excitation whose frequency is selected in an adaptive way using the gradient’s technique.

Statement of Contribution/Methods

Simulations are carried out for encapsulated microbubbles of 2 microns by considering the modified Rayleigh-
Plesset equation for a 2.25MHz transmitted frequency and for various pressure levels (20 kPa up to 420kPa).

In vitro, experiments are carried out by using two transducers a transducers which were placed perpendicularly.
The signal was transmitted to a 2.25 MHz transducer. Responses of a 1/2000 water-diluted solution of Sonovue™
were measured by a 3.5 MHz transducer. Each experiment has been realized with three pressure nivels (127, 244
and 370 kPa).

Results
We show through simulations and through in vitro experiments that our adaptive imaging technique gives
1) in case of simulations a gain which can reach 9 dB compared to the traditional technique and

2) for in vitro experiments a gain which can reach 14 dB. There is a non negligible discrepancy between
simulations and experiments.

Di ion and Concl

By proposing a close loop system whose frequency adapt itself with the perfused media, throughout the
examination, the optimization system adapt itself to the remaining bubbles population thus allowing an increase of
the 30% examination duration. There is a non negligible discrepancy between simulations and experiments. These
differences are certainly due to the fact that our simulations do not take into account the transducers imperfections,
the attenuation, the diffraction and the propagation effects. However, these results are really encouraging and
suggest that we should continue with this way.

P1-A-10

Registration of Ultrasound Contrast Images for Perfusion Analysis

Radim Kolar', Radovan Jirik', Kim Nylund?, Odd Helge Gilja%; ' Department of Biomedical Engineering, Brno
University of Technology, Czech Republic, *Institute of Medicine, University of Bergen, Norway

Background, Motivation and Objective

Contrast enhanced ultrasound (CEUS) imaging in medical ultrasonography has recently been used not only for
better detection of tissue structure geometry, but also for assessment of the micro-vasculature and for perfusion
measurements in various tissues. These CEUS techniques provides two time sets of images — first and second
harmonic images after applying the bolus of ultrasound agent. For the perfusion analysis the image registration
needs to be performed to provide an identical region of interest (ROI) for each B-mode image. The main aim of
this study is the CEUS image registration for application in perfusion analysis.

Statement of Contribution/Methods

The registration approach of CEUS images is based on the utilization of the first harmonic images, where lower
brightness variation in time can be seen during contrast measurement in comparison to the second harmonic
images. The ROI-based normalized mutual information was employed as a registration criterion: C =
2.H(x,y)/(H(x)+ H(y)), where H(.) and H(x,y) states for marginal and joint entropy, respectively. This criterion has
been successfully used in many multimodal image registration frameworks. Only geometrical translation has been
used for image registration. The corresponding two shift parameters were obtained by searching through bounded
parametric space to ensure that the global minimum is found. The optimal shift was consequently used for
transformation of the second harmonic images.

Results

This approach has been applied to CEUS sequence of tumorous pancreatic tissue after application of bolus of
contrast agent (2.4 ml of SonoVueTM). Due to breathing, the movement of ROI causes high brightness variability
not connected to perfusion. These two perfusion curves are depicted on Fig. 1.

Di ion and Concl

The perfusion curves can serve as a method for evaluation of the image registration technique in CEUS sequences.
The probe or tissue movement appears as unpredictable variations in mean brightness, which is high without image
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registration (see the red perfusion curve) and may affect the estimation of perfusion parameters. The image
registration helps to decrease this influence (blue perfusion curve).
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P1-A-11

Effects of phase transition of lipid bilayer on dynamics of Bubble liposomes

Nobuki Kudo', Katsuji Sakaguchi', Ryo Suzuki®, Kazuo Maruyama®; 'Graduate School of Information Science and
Technology, Hokkaido University, Sapporo, Hokkaido, Japan, ’Department of Biopharmaceutics, School of
Pharmaceutical Science, Teikyo University, Sagamihara, Kanagawa, Japan

Background, Motivation and Objective

Bubble liposomes (BLs), gas-encapsulated liposomes of several hundreds of nanometers in diameter, enable
modification of the physical property of lipid bilayer shell and thus modification of bubble dynamics. In this study,
we investigated the effects of phase transition of a lipid bilayer on bubble dynamics.

Statement of Contribution/Methods

Four types of liposomes with different phase transition temperatures (BL55, DSPC (55°C):DSPE-PEG-OMe =
94:6; BL23, DMPC (23°C):DSPE-PEG-OMe=94:6; BL-3, POPC (-3°C):DSPE-PEG-OMe = 94:6; BL-22, DOPC
(-22°C):DSPE-PEG-OMe = 94:6) were synthesized. BLs were then produced by sonication of liposome
suspensions by 42-kHz CW ultrasound. Stability of bubbles under static pressure was evaluated by observation of
the turbidity of suspensions because turbidity is increased by bubble formation and decreased by their destruction.
Stability of bubbles under dynamic pressure was evaluated by measurement of pressure-dependent transmission of
wideband ultrasound pulse of 10 MHz in center frequency (K. Sakaguchi et al. IEEE Ultrasonics Symp. Proc.
2008: 1675-1678).

Results

Unless otherwise stated, experiments were carried out at room temperature (20°C). The turbidities of BL-3 and BL-
22 disappeared within 10 minutes after sonication, but turbidities of BL23 and BL55 were maintained for several
hours. BL23 was also used for measurement of pressure-dependent transmission below and above its phase
transition temperature. As shown in Fig. 1, (a) transmittance of ultrasound pulse decreased with increase in pulse
pressure at 20°C, but (b) transmittance increased with increase in pulse pressure at 28°C. These results show that
bubbles undergo stable oscillation of pressure-dependent amplitude under repetitive exposure to pulsed ultrasound
only below the transition temperature.

Di ion and Concl

Turbidity measurements shows that the lipid bilayer shell in liquid crystal phase cannot prevent encapsulated gas
from diffusion even in a static condition. Measurement of ultrasound transmittance shows that the lipid bilayer
shell in gel phase can restore the intact shell immediately after bubble expansion though the shell does not cover
the entire surface of the expanded bubble. The methods used in this study can provide important information on
design of contrast agent bubbles.
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Figure 1. Pressure-dependent transmission of BL23 suspensions.
P1-A-12

Survival of single microbubbles insonated in solution and in narrow tubes
Mairead Butler', Aris Dermitzakis, David Thomas', Stephen Pye?, Vassilis Sboros'; 'Medical Physics, University of

Edinburgh, United Kingdom, ’Medical Physics, University of Patras, Greece, *Medical Physics, NHS Lothian, United
Kingdom

Background, Motivation and Objective

To optimise the use of contrast agents clinically, it is necessary to have a thorough understanding of their
behaviour. To date, observations of microbubbles in tubes of large diameter, of the order of hundreds of microns,
assume the tube has no effect on the microbubble behaviour. We test this hypothesis comparing the acoustic
response of biSphere™ microbubbles in both free and 200um rigid tube environments.

Statement of Contribution/Methods

An experimental system utilising a Philips research scanner Sonos 5500, previously described, has been used for
the assessment of the acoustic response of microbubble contrast agent in solution. More recently a version of this
system which enabled the investigation of the acoustic response of single microbubbles in tubes from 200um to
12um diameter has been designed. BiSphere™ microbubbles were insonated with 7 identical consecutive pulses, at
Ims intervals, using a 6-cycle, 1.6MHz ultrasound pulse for peak negative acoustic pressures ranging 160-1000
kPa. The tubes used for the data described below were 200um cellulose tubes with a gravity feed inducing the
flow.

Results

For biSphere™, data for 800 single bubbles in tubes and 800 free single bubbles has been analysed by
decomposing the calibrated backscattered RF signal into fundamental and harmonic components. At acoustic
pressures below 300 kPa there was no significant difference in the acoustic response of the free and tubed
microbubbles.

With microbubble destruction assumed when the acoustic signal was below noise, 7% (112) of free microbubbles
and 33% (142) of tubed microbubbles were destroyed after 550kPa insonation. For 800kPa after 7 insonations, for
free microbubbles 66% (215) were destroyed and for tube 86% (236). The rate of destruction was faster in the tube
i.e. by the third pulse, 44% of tubed microbubble were destroyed compared with 16% of free. In addition, at
800kPa, the RMS backscattered pressure from surviving microbubbles separated into two clusters, both with higher
fundamental component than harmonic. The fundamental RMS backscatter from free microbubbles was generally
higher than from tubed microbubbles.

Discussion and Conclusions

Previously, microbubbles in 200um tubes have been observed to respond in the same way as free, unrestricted
microbubbles when in the centre of the tube. The microbubbles studied here are assumed to follow the fastest flow
through the centre of the vertical tube. For rigid shelled biSphere microbubbles, more destruction was observed in
tubed microbubbles than in free. The presence of the tube is not thought to have a significant effect on the incident
acoustic field. The behaviours of free microbubbles and microbubbles in 200pm tubes are not identical and this
should be addressed theoretically. Future work will collect data from a range of tube diameters to determine
microbubble behaviour at the range of vessel diameters encountered in vivo.
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P1-B. Contrast Agents Applications
Sala Orange
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Chair: Vassilis Sboros
Univ. of Edinburgh
P1-B-01

Strength of Attachment of a Targeted, In-house, Microbubble, Lipid-based
Ultrasound Contrast Agent

Adele Edgeworth', Jim Ross?, Tom Anderson', Mairead Butler', Norman McDicken', Carmel Moran'; ‘Medical
Physics, University of Edinburgh, Edinburgh, United Kingdom, °Tissue Injury and Repair Group, University of
Edinburgh, Edinburgh, United Kingdom

Background, Motivation and Objective

A targeted, in-house, lipid-based, high-frequency, microbubble ultrasound contrast agent (UCA) is currently under
development. The UCA will be targeted to vulnerable atherosclerotic plaques in the assessment of coronary heart
disease with intravascular ultrasound (IVUS). The agent has previously been shown to remain attached to an agar
surface via an avidin-biotin mechanism under wall shear stress (WSS) of up to 3.4Pa. The objective of this study
was to compare the strength of attachment of an electrostatic attachment mechanism to an avidin-biotin mechanism
under very high WSS.

Statement of Contribution/Methods

A flow chamber has been designed and calibrated to 50Pa WSS. In order to assess the electrostatic attachment
mechanism an agar strip was manufactured to fit within the flow chamber and coated in the biotinylated in-house
UCA. After 2 hours the agar strip was rinsed and placed within the flow chamber and the WSS was incrementally
increased to SOPa. IVUS images and radio frequency (RF) data of the attached microbubbles was collected from
two positions along the flow channel as the WSS was increased. The experiment was repeated with a streptavidin
coated agar strip to assess the strength of the avidin-biotin attachment mechanism. The agar was coated with
streptavidin and, after 24 hours, 1ml of biotinylated in-house UCA was placed on the streptavidin coated agar.
After 2 hours the agar was rinsed and placed in the flow chamber and the investigation repeated.

The RF data was analyzed to quantify the mean backscatter from the bubbles attached to the agar surface under the
two different attachment mechanisms.

Results

Under the electrostatic attachment mechanism initial backscatter from the attached bubbles was -23.21+1.43dB
compared to a mean backscatter from agar at -34.63+1.23dB. The mean backscatter from the attached bubbles
decreased rapidly and at 0.66Pa WSS the mean backscatter from the agar surface was -30.34+3.41dB. This
suggests that microbubbles are washed off the agar surface under increasing WSS. Beyond 0.66Pa WSS the mean
backscatter from the bubbles is indistinguishable from the plain agar surface. Under the avidin-biotin attachment
mechanism the initial mean backscatter was -22.57+3.71dB. Increasing WSS decreased the mean backscatter
values however, at 50Pa the mean backscatter was -33.41+3.97dB, which was still significantly higher than the
backscatter from plain agar, suggesting that microbubbles remain attached at 50Pa WSS.

Di ion and Concl

The in-house UCA has been shown to remain attached to agar via an avidin-biotin mechanism up to a WSS of
50Pa. In addition the UCA has been shown to rapidly detach from agar in the absence of an avidin-biotin bond. In
conclusion the UCA, under an avidin-biotin attachment mechanism, would be suitable for use in human coronary
arteries under an expected WSS of 3.5Pa and in addition is suitable for use in small animal studies where peak
WSS can reach 40Pa.
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P1-B-02

Evaluation of the binding force between a biotinylated microbubble and an
avidin-coated surface by ultrasound radiation

Toshihiko Sugiura', Klazina Kooiman', Marcia Emmer‘, Hendrik J. Vos', Nico de Jong"z, Annemieke van
Wamel': Biomedical Engineering, Erasmus MC, Rotterdam, Netherlands, *Interuniversity Cardiology Institute of the
Netherlands, Utrecht, Netherlands

Background, Motivation and Objective

Recently, targeted microbubbles are under investigation to be used for molecular imaging and drug delivery. For
such applications, the strength of adhesion between a bubble and a cell surface should be evaluated. This research
focuses on the evaluation of the binding force between lipid coated biotinylated microbubbles and a streptavidin-
coated surface, which mimics a cell surface. Controlled ultrasound radiation force is used for this evaluation by
detaching microbubbles bound to the surface.

Statement of Contribution/Methods

Lipid coated microbubbles (composition in mol %: DSPC 59.1; PEG-40 stearate 35.7; DSPE-PEG(2000) 4.1,
DSPE-PEG(2000)-biotin 0.8; TexasRed DHPE 0.3) with a C4F,, gas core were made by sonication [1]. The back
of an Opticell membrane was coated with the fluorescent streptavidin Oregon Green (5 pg/ml), followed by
washing, blocking and washing. Microbubbles were allowed to adhere to the coated membrane by flotation. After
washing, the Opticell was mounted in the set-up such that the bound microbubbles were on top of the membrane.
Microbubbles were insonified at 15 MHz. This frequency was higher than the resonant frequency of the
microbubbles (5 MHz), allowing to insonify microbubbles without causing large oscillations that can lead to
shrinkage or breakage. The experiment was performed at 37 °C. A linearized equation for radiation force was used
for calculating the strength of the radiation force for detaching microbubbles.

Results

Detachment of microbubbles with radius 1.23 pum from the surface was observed if the peak negative acoustic
pressure was 1.6 MPa. The radiation force required for detaching one microbubble in this experiment was ~50 nN.
The contact area of 1 microbubble with the streptavidin-coated surface can be estimated as 0.08 um?, assuming that
the contact area is defined as the area where the distance between the microbubble and the surface is less than 10
nm. According to [2] and taking our microbubble composition into consideration, the amount of biotin-streptavidin
bonds in this area is ~160. From these assumptions, the binding force per bond in our study can be evaluated as
~300 pN. This is comparable to the reported unbinding force of one bond, 257425 pN [3].

Discussion and Concl

Detachment of biotinylated microbubbles from a streptavidin-coated surface was successfully achieved by
transmitting ultrasound with a frequency higher than the resonant frequency. From calculating the radiation force,
the binding force was evaluated as ~50 nN/bubble or ~300 pN/bond. This method will be useful to assess binding
forces of newly developed targeted ultrasound contrast agents.

[1]Klibanov et al, Invest Radiol 39:187, 2004
[2]Takalkar et al, J Control Rel 96:473, 2004
[3]Moy et al, Science 266:257, 1994

P1-B-03

Molecular Imaging of Angiogenesis with BR55: a KDR-targeted Contrast Agent

Sibylle Pochon’, Philippe Bussat', Thierry Bettinger', Isabelle Tardy', Radhakrishna Pillai’, Nathalie Biolluz', Sylvie
Pagnod-Rossiaux', Michel Schneider' /Bracco Research SA, Geneva, Switzerland, *Bracco Research USA, Princeton,
NJ, USA

Background, Motivation and Objective

Targeted-microbubble-enhanced ultrasonography is emerging as a powerful and convenient modality for molecular
imaging. Various pathological conditions induce major changes in the pattern of receptors expressed by endothelial
cells. The growth of new blood vessels is a prerequisite of tumor development and among the specific molecular
markers of angiogenesis, the vascular endothelial growth factor receptor (VEGFR2) is recognized as a major
player. In this work, we evaluated BR55, a KDR-specific ultrasound contrast-agent for its capacity to specifically
recognize the human (KDR) and mouse (Flk-1) receptors.

162 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009

Statement of Contribution/Methods

BRS55 is a phospholipid-based contrast-agent functionalized with a heterodimeric peptide specific for VEGFR2
(KDR/FIk-1). In contrast with previously published studies using VEGFR2-targeted microbubbles, BRS5 doesn't
require an antibody for binding nor use a biotin/streptavidin coupling strategy. Experiments were performed to
demonstrate the binding capacities of BR55 microbubbles on recombinant proteins and on various cells expressing
VEGFR2. Competition experiments were designed to assess the specificity of the interaction using an excess of
either VEGF, the free KDR-binder or a VEGFR2-specific antibody. BR55 was then tested in rodent tumor models
to perform molecular imaging of VEGFR2 using non destructive, contrast-specific echography ten minutes after
microbubbles injection.

Results

Strong binding of BR55 microbubbles was observed on a coating of recombinant receptor as well as on cells
expressing VEGFR2. BR55 binding to endothelial cells was displaced by an excess of free ligand, VEGF or KDR-
specific antibody so demonstrating the specificity of the interaction. The capacity to recognize the mouse receptor
was confirmed using a mouse endothelial cell line. In vivo, BRSS microbubbles accumulated in the neovasculature
of tumors grown in rodents and this allowed the early detection of the lesion a few minutes after injection. Good
expression of VEGFR?2 in the tumoral endothelium was confirmed by immunohistochemistry staining.

Discussion and Concl

BRSS5, a KDR-targeted contrast agent, was shown to specifically recognize the marker of angiogenesis and to be
able to highlight malignant lesions by specific accumulation on the tumoral endothelium. The information provided
by molecular imaging combined with the assessment of tumor perfusion may also be of primary interest for
characterizing tumor phenotype and monitoring tumor response to therapy.

The use of targeted ultrasound contrast agents such as BR55 opens a new era in medical imaging. In addition to the
information provided by ultrasound blood pool agents such as SonoVue, targeted microbubbles will allow the
detection of disease-associated receptors in the vascular compartment, to follow their level of expression over time
or after drug therapy which may be useful for finding the optimal time window and dosing of drugs.

P1-B-04

Effect of pre-trapping of micro bubbles on mechanical damage enhancement in
bubble cavitation

Yoshiki Yamakoshi', Takashi Miwa', Yuji Takahashi', Hiroaki Inoguchi'; 'Faculty of Engineering, Gunma
University, Kiryu-shi, Gunma, Japan

Background, Motivation and Objective

Sonoporation, which makes small pores through cell membrane, is an effective method in order to increase efficacy
in drug/gene delivery system. However, neither precise mechanism of sonoporation nor optimum sequence of
insonation has been clarified. In this paper, effects of pre-trapping of micro bubbles to the target wall, which is
carried out by pumping ultrasonic wave before insonation using high intensity ultrasonic wave, is evaluated by N-
isopropylacrylamide (NIPA) gel flow phantom. Amount of trapped bubbles on the wall during pre-trapping and
density of micro hollows on the wall after insonation using high intensity ultrasonic wave are observed by
changing the modulation sequence of the pumping ultrasonic wave.

Statement of Contribution/Methods

Micro bubbles are trapped by pumping ultrasonic wave (pre-trapping of micro bubbles) followed by insonation
using burst ultrasonic wave (frequency: 2.5 MHz, sound pressure: 1.5 MPa) to cause bubble cavitation. An
ultrasonic wave contrast agent (Levovist) is adopted as micro bubbles. Flow channel with the diameter of 2 mm is
molded in NIPA gel. Sound speed of the gel is 1539 m/sec. and the density is 1.025 g/cm®, which are similar to
those of soft tissue. Since the gel is optically transparent, both pre-trapped bubbles and mechanical damage of the
wall are observed in-situ with microscope. 3-D image reconstruction is adopted to observe the entire wall.

Results

Figure shows an example of mechanical damage produced on the wall of NIPA gel flow channel. Fig.(a) is a result
when frequency of pumping ultrasonic wave is modulated (from 2.5 MHz to 1.75 MHz followed by quick return to
the start frequency). Fig.(b) is a result when frequency of pumping ultrasonic wave keeps constant (2.5 MHz).
Sound pressure is set to 50 kPa. Mean flow velocity is 0.6 mm/sec. A lot of micro hollows with the diameter of a
few micrometers are observed in two cases, however, density of the micro hollows in the frequency modulation
case is much larger than that of the fixed frequency case.
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Discussion and Conclusions

In-situ observation using NIPA gel flow phantom is an effective tool in evaluation of mechanical damage by
bubble cavitation. Using the method, It is observed that pre-trapping of micro bubbles to the target wall by
pumping ultrasonic wave enhances the production of micro hollows on the target wall after insonation of high
intensity ultrasonic wave.
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P1-B-05

Multimodality Contrast Agent: Synthesis and Applications of ®F.labelled
Microbubbles for MicroUS and MicroPET

Ai-Ho Liao', Shih-Yen Wu?, Hsin-Ell Wang?, Pai-Chi Li', 'National Taiwan University, Taiwan, *National Yang-Ming
University, Taiwan

Background, Motivation and Objective

Ultrasound contrast agent with albumin shell has been widely used for ultrasound contrast imaging and molecular
imaging. However, the biodistribution of such contrast agents remains undescribed. In this study, albumin-based
microbubbles (MBs) was labeled with '*F using N-succinimidyl-4-['*F] fluorobenzoate (['*F-SFB) and it can be
used for determing biodistribution by dynamic microPET. NG4TL4 sarcoma bearing mice were used in this study.

Statement of Contribution/Methods

The radiofluorination agent 'SF-SFB was prepared and dissolved in 50 pl dimethyl sulfoxide. The homemade
albumin-based MBs were produced by sonication of 10-mL solution containing 0.1M borate buffer, 6.6% human
serum albumin and perfluorocarbon (CsFy) gas. The '*F-SFB was added to the homemade MBs and reacted for 30
min at room temperature. The '*F-labeled MBs were centrifuged and the wash procedure was repeated three times
to assure the free 'SF-SFB was removed. MicroPET imaging was performed in tumor bearing mice. Data
acquisition was started immediately after intravenous injection of 26.4 u Ci (contained 3.3x10° MBs) '*F-labeled
MBs or "*F-SFB.

Results

Contrast enhanced ultrasound imaging with the albumin shelled MBs in hepatocellular carcinoma (HCC) bearing
mice was performed. For microPET imaging, 'SF labeled MBs were cleared from the blood circulation and
accumulated mainly in the liver (42% injected dose [ID]/g + 6.9) and lung (20.8% ID/g + 4.6) at 50 minutes.
However, '*F-SFB was cleared through kidneys (13.9% ID/g + 5.6 at 50 minutes) directly. At 50 minutes, the
accumulation of "*F-SFB in liver was only 3.3% ID/g+ 0.9.

Discussion and Conclusions

MicroUS/microPET multimodality contrast agent demonstrates enhanced contrast of the liver in both microUS and
microPET, and it can be used to assess biodistribution of ultrasound contrast agent.
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P1-B-06

Targeting microbubbles with Shiga-Toxin B-subunit

Olivier Couture"?, Estelle Dransart’, Ludger Johannes®, Mathias Fink', Mickael Tanter"*: Institut Langevin - Ondes et
Images, ESPCI ParisTech, Paris, France, ?Fondation Pierre-Gilles de Gennes, France, *Institut Curie, France,
‘INSERM, France

Background, Motivation and Objective

The targeting moiety (B-subunit) of the Shiga toxin (STxB) is a very potent ligand for the glycolipid Gb3, which is
expressed in ovarian, colorectal and breast carcinomas. It is also present on endothelial cells of tumor
neovascularization. STxB binds with high apparent affinity to the plasma membrane of Gb3 expressing cells, and is
efficiently internalized. Moreover, STxB has low immunogenicity. This study demonstrates the use of STxB for
targeting microbubbles onto cancerous cells.

Statement of Contribution/Methods

Alexa488-tagged and biotinylated STxB was incubated at saturating concentrations with avidin-functionalized
microbubbles (Bracco Research). After washing, the presence of the ligand on the microbubbles was shown by
FACS analysis. Colorectal carcinoma HT29 cells were grown in Opticell culture plates. STxB-functionalized
microbubbles and biotinylated controls were incubated with the cells for 30 minutes. After 3 washes, the culture
plates were observed by fluorescence microscopy. The plates were then installed in a water-bath under a 8 MHz
128-element transducer array. Six B-mode images, exploiting fundamental and disruption contrast mechanisms,
were obtained on each plates by moving the array.

Results

FACS analysis demonstrated that STxB was stably associated with the microbubbles. It also showed that STxB-
functionalized microbubbles adhered favorably to the Gb3 expressing cells, as compared to cells in which Gb3
expression was inhibited. Efficient labeling was detected on Gb3 expressing cells by fluorescence microscopy,
while only a weak unspecific labeling was observed on the Gb3-negative control cells. Conventional
ultrasonography of the culture plates showed a 14 dB difference in average backscatter intensity of the surface of
Gb3 expressing cells, compared to Gb3-negative cells. The difference was 11 dB for the images exploiting the
disruption of microbubbles as a contrast mechanism. An intensity difference of 5 dB was also observed between
cells that were incubated with STxB-functionalized-microbubbles, as compared to unspecific microbubbles.

Di ion and Concl

These in vitro experiments showed that STxB-functionalized microbubbles bind specifically to cells expressing the
Gb3 glycolipid. This specific targeting of microbubbles to tumor cells is detectable by ultrasound imaging. The
targeting moieties of toxins are a new group of ligands for microbubbles and have several advantages compared to
antibodies and small peptides. In vivo experiments on Gb3-expressing tumors are currently being initiated.
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P1-B-07

Dual-mode imaging of acute cardiac ischemia and reperfusion using contrast
echocardiography and fluorescence imaging

Matthew Kay"?, Luther Swift?, Vesna Zderic'; 'Department of Electrical and Computer Engineering, George
Washington University, Washington, DC, USA, *Department of Pharmacology and Physiology, George Washington
University, Washington, DC, USA

Background, Motivation and Objective

Changes in cardiac function that occur immediately after a coronary occlusion are important for understanding
mechanisms of lethal arrhythmias. Our objective is to study such changes during acute local ischemia and
reperfusion by combining contrast echocardiography and fluorescence imaging of NADH. While echocardiography
studies have provided a wealth of information regarding the time course of reduced contractile function and
structural remodeling of infracted tissue, echocardiography has not often been used to study sudden effects of acute
ischemia and reperfusion. Furthermore, the combination of NADH imaging with echocardiography provides
synchronized assessment of metabolism and contraction, two fundamentally linked processes.

Statement of Contribution/Methods

Excised Langendorff-perfused rat hearts (n=4) were used to study sudden changes in myocardial function caused
by the interruption of local coronary flow. An HPLC pump delivered a precise level of flow to the microcannula,
placed in a coronary artery (LAD). Three flow conditions were studied: normal flow, no-flow (local ischemia), and
low-flow reperfusion (LFRP). The right atrium was removed to slow heart rate. Hearts were submerged in a
chamber of Tyrodes solution that had a front glass window for fluorescence imaging and a rear latex window for
echocardiography. Changes in metabolism were recorded by imaging the epicardial fluorescence of NADH
(fNADH) using a CCD camera system. Contrast echocardiography (linear probe, 13-6MHz, and contrast agent
Definity® diluted 20:1) was used to identify transmural ischemic borders and measure changes in wall thickness.
Frame-by-frame changes in wall thickness for ischemic and normoxic tissue were measured using custom image
processing software.

Results

Transmural borders of flow around the ischemic zone (IZ) were clearly revealed after adding the contrast agent to
the coronary perfusate. This dramatically improved analysis of IZ function. When flow to the LAD was stopped, 1Z
wall thickness reduced 20% and IZ wall thickness changes during contraction (ie, contraction amplitude) reduced
70%. The shape of the IZ was clearly revealed by fNADH, which increased 40% during ischemia. Metabolic
heterogeneity was measured as the average spatial gradient of fNADH, which increased 150% during ischemia.
When LAD flow was resumed at 10% of control (0.2 mL/min, LFRP) IZ wall thickness increased 35% (from
ischemia) and contraction amplitude reduced 30%. The latter was attributed to arrhythmias caused by LFRP.
During LFRP, fNADH did not increase from ischemia but its gradient increased 90%, indicating increased
metabolic heterogeneity during LFRP.

Di ion and Concl

Contrast ultrasound and fNADH imaging of excised contracting hearts provide high-contrast images for measuring
heterogeneities of flow, contractile function, and metabolism caused by acute changes in coronary flow.

P1-B-08

Parametric Imaging of Dynamic Vascular Patterns of Focal Liver Lesions in
Contrast-Enhanced Ultrasound

Nicolas Rognin', Laurent Mercier', Peter Frinking', Marcel Arditi', Anass Anayez, Geneviéve Perrenoudz, Jean-Yves
Meuwlyz:’Bmcco Research SA, Geneva, Switzerland, ° University Hospital, Lausanne, Switzerland

Background, Motivation and Objective
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Statement of Contribution/Methods

Results

Discussion and Conclusions

P1-B-09

Preliminary investigations of post-excitation signals indicating inertial cavitation
for microbubbles against a vessel-like wall

Matlueu Santin', Josquin Foiret', Sylvain Haupert', Sara Jafari', Daniel King’, William O'Brien?, Lori Bridal';
"Université Pierre et Marie Curie, Laboratoire d'Imagerie Pammetrtque UMR 7623, Paris, Frame Department of
Electrical and Computer Engineering, University of Illinois, Bioacoustics Research Laboratory, Urbana, IL, USA

Background, Motivation and Objective

It is well recognized that this microbubbles flowing in small capillaries present reduced acoustic response. It has
also been demonstrated that signals detected with passive cavitation detection from isolated microbubbles after
insonification (post-excitation signals) are linked to acoustic destruction with inertial cavitation.

Statement of Contribution/Methods

This study investigates the post-excitation response from microbubbles in a vessel-like tube with controlled flow.
When flow is stopped, microbubbles rise toward the surface and rest against the cellulose wall. At rapid flow,
bubbles should be carried through the central region of the tube by the rapid flow and not come into contact with
the cellulose tube.

The passive cavitation detector used in this work consisted of a 2.25MHz transmitter and a 5.0 or 13.0 MHz
receiver confocally aligned on a cellulose tube (inner diameter 180 pm). Insonification was performed with 2.25
MHz, 5-cycle pulse for all experiments. The insonified zone of the capillary tube was observed through a
microscope. Flow rates and pulse repetition rates were such that microbubbles in the insonified volume were
renewed between measurements.

Results

In a first set of experiments, microbubbles (BR14, Bracco Research Inc.) were isolated visually and positioned
within the acoustic field. The acoustic response (13 MHz receiver) of microbubbles so positioned, insonified with
0.4 to 1.8 MPa peak negative pressure did not present post-excitation signals even when destruction was
confirmed by microscopic imaging (N = 5).

Peak-to-peak voltage (5 MHz receiver) was then measured with insonification at a peak rarefactional pressure of
0.6 MPa of solutions of BR14 and Definity microbubbles with flow rate varying from 5 to 400 mm/s (N >= 100
measurements at each flow rate). Peak-to-peak voltage presented a relatively constant maximum value from
microbubbles at flow rates above 100 mm/s. The response decreased rapidly with decreasing flow rate by as much
as 19 dB for Definity and 9 dB below for BR14 (Lowest values observed at 5 mm/s).
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Finally, signals acquired from single microbubbles in highly diluted solutions of Definity and BR14 were acquired
with the 13.0 MHz receiver (insonification at 0.6 MPa peak negative pressure, flow rate varied from 5 to 200
mm/s; N >= 10 microbubble response at each flow rate). Each signal was examined visually for detection of post-
excitation signals. The percentage of signals observed with post-excitation emissions increased as a function of
flow rate.

Discussion and Conclusions

Under low-flow or no-flow conditions in the capillary tube not only was the peak-to-peak amplitude of the contrast
microbubble response reduced but a smaller percentage of events presented post-excitation signals. The fact that,
post-excitation signals were observed more often when microbubbles were freely flowing but less under low or no-
flow conditions may indicate that inertial cavitation is reduced in slowly flowing capillary networks.

P1-B-10

Delta projection imaging of tumor vasculature by contrast-enhanced ultrasound

Chandra Sehgal', Theodore Cary?, Peter Arger®, Susan Schultz?, Andrew Wood. * 'Radiology, University Of
Pennsylvania, Philadelphia, PA, USA, *University of Pennsylvania, USA

Background, Motivation and Objective

As vascular targeting has evolved into a viable technique for cancer therapy, there is a growing need to assess
changes in tumor vascularity quantitatively in response to treatment. In this study we propose an image processing
technique, delta-projection imaging, performed on contrast-enhanced grayscale images to visualize and assay
tumor vascularity.

Statement of Contribution/Methods

In contrast-enhanced imaging, an image sequence is acquired as a function of time during the transit of contrast
agent through a fixed plane. The corresponding delta projection image sequence is constructed by computing the
running maximum at each pixel location of the difference between the pixels’ values over time and their baseline
values at the start time.

Significant pixel changes are coded in color and superimposed on the baseline image so that the sequence of delta-
projection images can be played back in real time, showing the evolution of blood vessels as they are enhanced by
the incoming contrast agent. For each image in the series of projection images, the extent of vascularity (ratio of
the perfused area to the tumor area) can be determined by taking the percent ratio of colored pixels enhanced by
contrast agent to the total number of pixels in the tumor cross-section.

Twenty-five mice with implanted subcutaneous K1735 melanomas were imaged with delta-projection imaging to
evaluate the evolution of tumor vascularity during enhancement. The same mice were also imaged with contrast-
enhanced power Doppler imaging. The extent of vascularity for each tumor was determined quantitatively from
delta-projection images and compared using linear regression analysis with the extent of vascularity determined
from the contrast-enhanced power Doppler images.

Results

Delta-projection allowed dynamic visualization of individual blood vessels as they filled in real time. Initially, the
larger blood vessels (>250 um in diameter) with a faster flow rate were revealed, and then the smaller diameter
vessels (estimated from the images to be < 250 um diameter), presumably with slower flow rate, became visible.
As the contrast filled more blood vessels, the density of the vessel network in the images increased, and the
aggregate of blood vessels appeared as regions of perfusion. The area of the tumor perfused by the contrast agent
increased with time and then leveled off after the maximum perfusion was achieved. The vascularity measurements
correlated linearly with power Doppler measurements (slope = 0.95, R*2 = 0.88).

Discussion and Conclusions

Delta-projection provides dynamic visualization of tumor network blood vessels and allows qualitative and
quantitative assessment of the tumor area perfused by the contrast agent.
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P1-B-11

Effect of Anesthesia Carrier Gas on Imaging Lifetime of Ultrasound Microbubble
Contrast Agents in Rats

Lee Mullin', Ryan Gessner', Paul A. Dayton'; “Joint Department of Biomedical Engineering, University of North
Carolina at Chapel Hill and North Carolina State University, USA

Background, Motivation and Objective

Ultrasound microbubble contrast agents (CAs) are currently implemented in many imaging studies to provide
enhanced resolution of a vascular network and act as vehicles for therapeutic applications. However, the circulation
lifetime of CAs is relatively short, limiting the time window for imaging or therapeutic application. Improvements
are being made on the composition of the bubble to increase lifetime, but little research has been done on the in-
vivo environment of the CA.

The purpose of this study was to examine the relationship between anesthesia carrier gas and microbubble CA
lifetime in rats. It was hypothesized that using medical air as the carrier gas would increase the in-vivo CA lifetime
compared to using pure oxygen.

Statement of Contribution/Methods

Four female Sprague-Dawley rats (Harlan; Indianapolis, IN) were imaged in this study. Animals were anesthetized
with an isoflurane gas mixture and CAs were administered through a tail vein catheter. Perfluorocarbon lipid
shelled CAs were prepared similar to a previously described method. After a bolus injection of CAs, images of the
kidney were obtained using a Visualsonics - Vevo 770 system (Toronto ON) with a 25 MHz transducer. Video data
collection started prior to injection of CAs, and continued for at least 10 minutes. A region of interest (ROI) within
the kidney was selected offline and the mean pixel intensity within this ROI was calculated.

Multiple imaging sequences were obtained of each animal. Each sequence included the collection of two runs of
data, each beginning with an injection of CAs. After the completion of the first imaging sequence, the anesthesia
carrier gas was changed, and the animal was given ten minutes to acclimate to the new carrier gas.

Results

A statistically significant relationship (p<0.05) was observed between inhaled anesthesia carrier gas type and
injected microbubble CA lifetimes in all animals. Medical air as the carrier gas was shown to improve the in-vivo
lifetime of CAs from an average of 3 = 1.1 minutes with oxygen to an average of 10 + 3.8 minutes.

Di ion and Concl

Increasing the circulation lifetime of microbubble CAs would improve the efficacy of current contrast imaging
techniques in both diagnostic and therapeutic applications. Changing the anesthesia carrier gas demonstrates a
simple yet effective means of prolonging CA circulation time in the rat model.

Average CA Lifetime by Snimal
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P1-B-12

Fluorocarbon Droplets as Next Generation Contrast Agents - Their Behavior
under 1-3 MHz Ultrasound

Rei Asami', Takashi Azuma', Kenichi Kawabata':' Central Research Laboratory, Hitachi, Ltd., Kokubunji, Tokyo,
Japan

Background, Motivation and Objective

Microbubbles are the most widely used contrast agent for ultrasound and recent study expands its application
beyond mere diagnostics such as high-intensity focused ultrasound (HIFU) therapy sensitizer. Despite their high
echogenisity, microbubbles face one major shortcoming that their use is strictly limited to blood vessels. We
propose tissue permeable contrast agent called phase change nano-droplets (PCND), nano-sized fluorocarbon
droplets that can vaporize into microbubbles upon application of ultrasound pulses. Previously we have explored
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PCND application such as molecular imaging and HIFU enhancer. While promising results are obtained in those
studies, much of droplets” basic behavior is still to be discovered. In this paper, relationship between droplets
thermal stability and ultrasound sensitivity is studied in order to discover contributing mechanism of phase
changing phenomena at lower frequencies used for therapy.

Statement of Contribution/Methods

PCND is prepared as follows. Perfluorocarbon is mixed with phospholipids and emulsified at high pressure (20
MPa), resulting in 200 nm droplets. Their thermal stability is measured by acoustic monitoring of bubble
generation as temperature is raised quasi-statically.  Polyacrylamide gel prepared with PCND is placed in
degassed water bath at 37 °C and phase change pulse is applied at frequency of 1.1, 2.2 and 3.4 MHz. Phase
change was monitored acoustically on B-mode image and with a focused hydrophone.

Results

In this series of experiments, higher boiling point perfluorohexane (PFC6) is mixed with perfluoropentane (PFCS)
to control physical property of droplets. Indeed, it was found that increase in PFC6 concentration resulted in
increase in overall thermal stability of PCND. This confirms our previous study that thermally stabilized droplets
exhibits higher phase change threshold. In the case of 1-3 MHz, PFC6 also affects ultrasound sensitivity of
droplets, as droplets’ phase change threshold of PFC5 and 6 mixture is above that of PFCS alone and below that of
PFC6 alone. Interestingly, only in cases of 1.1 and 2.2 MHz the proportion of PFC6 added to PFC5/6 mixture does
not influence phase change threshold. It is also noted that at any perfluorocarbon contents, phase change threshold
is lower at lower frequency.

Di ion and Concl

These results suggest that at lower frequencies, ultrasound sensitivity is less affected by degree of thermal stability
grated by PFC6, which implies that different mechanisms may dominate phase change phenomena at different
frequency range. In case of lower frequency range studied in this paper, cavitational effect could be the dominant
factor as ultrasound intensity threshold decreases as frequency lowers.

Part of this work was supported by the New Energy and Industrial Technology Development Organization, Japan.
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P1-C. Therapeutic Applications
Sala Orange

Monday,September 21, 2009, 10:00 am - 11:30 am

Chair: Cheri Deng
Univ. of Michigan
P1-C-01

Design and evaluations of a phased ultrasound array for transesophageal
cardiac ablation

Nadine Smith', Jacob Werner, Eun-Joo Park®, Devina Jaiswal®, Author Hattel®, David Francischelli®: Graduate
Program in Acoustics, The Pennsylvania State University, University Park, PA, USA, 2Animal Resource Program and
Department of Dairy and Animal Science, The Pennsylvania State University, University Park, PA, USA,
*Bioengineering, The Pennsylvania State University, University Park, PA, USA, *Bioengineering, The Pennsylvania
State University, University park, PA, USA, *Veterinary and Biomedical Science, The Pennsylvania State University,
University Park, PA, USA, SCardiac Surgery Technologies, Medtronic, Inc, Minneapolis, MN, USA

Background, Motivation and Objective

As one effective treatment, cardiac ablation shows a high rate of success in treating paroxysmal atrial fibrillation.
A prevailing modality for this treatment is catheter ablation using radiofrequency. However, there is measurable
morbidity and significant costs and time associated with this invasive procedure. To address these issues, a
transesophageal ultrasound applicator for noninvasive cardiac ablation has been developed and evaluated in this
research. Since the esophagus is close to the posterior of the left atrium, its position makes it attractive for the
incision-less surgery of the selected area of the heart using ultrasound. The purpose of this research is to create
electrically isolating lesions in myocardial tissue by effectively delivering ultrasound energy without moving the
array.

Statement of Contribution/Methods

Based on multiple factors from the simulation results of transducer arrays, current transesophageal medical
devices, and throat anatomy, a focused ultrasound transducer that can be inserted into the esophagus has been
designed. In this research, a two-dimensional sparse phased array with flat tapered elements as a transesophageal
ultrasound applicator was fabricated and evaluated in in vivo experiments. With this array, noninvasive cardiac
ablation was performed on five pigs. The array was operated at 1.6 MHz for 8 ~ 15 minutes to create single or
multiple lesions on atrial and ventricular myocardium.

Results

From the comparison of the exposimetry measurements of the probe to the simulation of the ultrasound field, the
experimental and theoretical values were matched at their peak values. The conversion efficiency of the array from
electrical power to acoustic power, calculated from the results of exposimetry, was 41%. After ultrasound
exposure, multiple lesions were created in the left ventricle and the left atrium. The average size of lesions were
5.1 +£2.1 mm in width and 7.8 + 2.5 mm in length.

Di ion and Concl

Based on the experimental results, it was demonstrated that the array can focus and steer the beam inside the tissue.
Also, the array can deliver sufficient power to the focal point to produce ablation while not damaging nearby tissue
outside the target area. The results demonstrate a potential application of the ultrasound applicator to
transesophageal cardiac surgery in atrial fibrillation treatment.
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Figure 1. (A) Photograph of the constructed transesophageal ultrasound probe. The
magnetic resonance-compatible probe head housing is 19 mm in diameter. (B) The
cross-section of lesion on the myocardium on the left atrium. The size of lesion was 2.8
+ 0.3 mm in diameter and 2.4 £ 0.2 mm in length.

P1-C-02

Ultrasonic analysis of precision-engineered acoustically active lipospheres
produced by microfluidics
Kanaka Hettiarachchi', Steven Feingold’, Abraham P. Lee!, Paul A. Dayton’:'Biomedical Engincering,

University of California, Irvine, USA, 2Joint Dept. of Biomedical Engineering, University of North Carolina-
North Carolina State University, Chapel Hill, NC, USA

Background, Motivation and Objective

The development of a “magic bullet” that could carry a therapeutic dose of drug to a target organ or tumor with
high specificity is the ideal goal of targeted drug delivery. Acoustically active drug carriers must possess a layer
with drug-carrying capacity, similar to a liposome, yet at the same time, they must have a core with significantly
different density and compressibility than the surrounding media — such as a gas. Factors such as consistent
response to acoustic pulses and consistent loading per particle are important characteristics for reliable delivery.
Here, we utilize microfluidic technology to precision engineer acoustically-active drug delivery vehicles.
Microfluidic multi-layer flow focusing enables production of acoustically active lipospheres (AALs) with nearly
identical diameter. We perform ultrasonic interrogation of these multi-layer vehicles as they are produced to
determine their acoustic activity and diameter consistency.

Statement of Contribution/Methods

Gas-filled dual-layer lipospheres were produced in microfluidic flow-focusing channels molded out of
polydimethylsiloxane (PDMS). A central stream of nitrogen gas was focused by two (lipid and oil) double-sided
liquid sheath flows through a narrow 15 micron orifice. After production, lipospheres were pumped down an
acoustically-transparent 200 micron cellulose tube. Vehicles were excited with a 1 cycle, 2.25 MHz acoustic pulse
at approximately 200 kPa using a spherically focused ultrasound transducer energized with an arbitrary waveform
generator and amplifier. Echo signatures for each AAL were received using a second 2.25 MHz transducer,
amplified by 40dB and then recorded using a 14-bit, 100 MHz digitizer through a LabView interface. Offline
processing in Matlab was used to calculate the average correlation between echoes.

Results

AALs could be formulated to carry doxyrubicin in the oil layer, which was released with heating. The acoustic
response AALs produced by multi-layer microfluidic flow focusing was measured as they were pumped at
individual-particle concentration through a 200 micron acoustically-translucent tube. Average correlation from
particle to particle was measured to be approximately 0.97, indicating that the echo signatures were nearly
identical. This is in contrast to previous measurements of commercially-available polydisperse contrast agents,
which exhibit echo correlations on the order of 0.7.

Discussion and Conclusions

Acoustic response from lipospheres was measured to be on the same order of magnitude as responses from thin-
wall lipid shelled contrast agents, indicating the oil layer did not produce notable damping effects on the acoustic
scattering. We hypothesize that based on nearly identical echo signatures, that it will be easier to optimize
ultrasound radiation-force mediated concentration and acoustically-mediated drug-release to affect all AALs
similarly.
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P1-C-03

In vivo Sonothrombolysis of ear marginal vein and retinal vein of rabbits

Dong-Guk Pacng', Ruimin Chen?, Naoki Matsuoka®, Walid Abdallah®, Amani Fawzi’, Qifa Zhou?, Mark Humayunl,
K. Kirk Shung?; 'Ocean System Engineering, Jeju National University, Jeju, Jeju, Korea, Republic of, *Biomedical
Engineering, University of Southern California, USA, *Doheny Eye Institute, University of Southern California, USA

Background, Motivation and Objective

Ultrasound (US) is known to enhance thrombolysis when it is used in combination with microbubbles and
thrombolytic agents. However, the mechanisms of sonothrombolyis are not yet fully known. Most studies of US-
enhanced thrombolysis have been performed with a thrombolytic drug, but the drug may also result in severe
bleeding. In this research, US was applied only with microbubbles excluding any thrombolytic drug to investigate
the sonothrombolysis in rabbit vessels in vivo.

Statement of Contribution/Methods

A Sonitron 2000 system (Artison Corp., Inola , OK, USA) was used to generate US for clot dissolution in rabbit
vessels in vivo. The system was set to a frequency of 1 MHz, 7 W/cm2 of intensity, and 30 % of duty cycle. US
insonated an occlusion site for 10 minutes after 0.3~0.6 cc of Artison microbubbles with concentration of 13*108
bubble/ml and mean diameter of 2.4 ¥im was injected through the other ear vein. US insonation with the injection
of microbubbles was repeated 3 times. Marginal ear vein or retinal vein was occluded by laser or thrombin in 5
rabbits. Blood flow speeds in occlusion site and up- and down-stream were measured using a 40 MHz ultrasonic
Doppler system with a needle transducer and Fluorescein Angiography (FA) was done before and after US
application in order to confirm the opening of occlusion. All procedures related to animals were carried out in
accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research and with the Institutional Animal Care and Use Committee of University of
Southern California.

Results

The marginal veins of 4 rabbits occluded by either laser or thrombin were opened by US insonation with
microbubbles. The Doppler speed was found to recover at the occlusion site after US insonation and FA confirmed
the opening of occlusion. One occluded retinal vein showed irregular blood flow visualized by a microscope during
US insonation, but the opening of the occlusion was inconclusive.

Discussion and Concl

Sonothrombolysis of rabbit veins was studied in vivo with only microbubbles but no thrombolytic drug. Occlusion
sites induced by both laser and thrombin were opened in ear marginal vein after US insonation. These results
demonstrate US may be a promising approach for treating central retinal vein occlusion in the eye which is severe
disease and may cause blindness.

P1-C-04

Computational model of phased array for an image guided pediatric cardiac
treatment

Nadine Smith', Ryan Mosse', Eun-Joo Park?, Richard J. Meyer Jr. *; /Graduate Program in Acoustics, The
Pennsylvania State University, University Park, PA, USA, *Bioengineering, The Pennsylvania State University,

University Park, PA, USA, *Materials Science and Engineering, The Pennsylvania State University, University Park,
PA, USA

Background, Motivation and Objective

Congenital heart diseases are a leading cause of death and chronic illness in infants and children. Although most
congenital heart diseases can be palliated or corrected by cardiac surgery or percutaneous therapeutic cardiac
catheterization, these invasive procedures are associated with low mortality but significant morbidities. For a
noninvasive, safe and effective alternative strategy, this research is to design and evaluate an image guided
noninvasive focused ultrasound system for the treatment of patent ductus arteriosis and atrial septal defects.

Statement of Contribution/Methods

Based on the metrics of a atrial septal defect as well as the metrics of isolated patent ductus arteriosis in
consecutive human neonates, a first iteration of an array design has been performed. A random-sparse array
configuration was used to reduce side-lobes and grating lobs (Fig la). To avoid the scattering and reflecting
effects of ribs, the transducer is configured to fit in the gaps between the ribs. Using an average gap separation of
Smm and rib spacing of 7.5 mm, three separate random sparse arrays, 4.5mm in width, are separated by 3mm. The
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three arrays are phased as if they are part of one large rectangular array. Each array contains 45 elements (3x15),
with every third element active (45 total). The transducer will be driven at 1.2 MHz. At this ultrasonic frequency a
small enough focal area can be created to avoid high intensities beyond the treatment area.

Results

The computational results of the linear intensity field has an input focal point at a depth of 25mm and axial beam
steer of 5Smm in the positive y-direction (Fig 1b). The artifacts around the focal area are caused by the relatively
large gap between the arrays and beam steering. However, their intensities are much lower than the focal area.

Di ion and Concl

The ductus arteriosis has an average length of 3.9 mm. By steering the focal area of ultrasound, the entire ductus
arteriosis can be treated without moving the ultrasound system. A higher frequency would yield a smaller focal
area allowing for higher precision, but the transmission loss to the focal area would increase, requiring more power
at the transducer face to deliver the same intensity to the focal region. Based on the computations, the phased array
will be constructed and fully evaluated for an image guided noninvasive treatment of patent ductus arteriosis and
atrial septal defects.

(a) (b)
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P1-C-05

Continuous VS Pulse Ultrasound Therapy on the Flexibility of Short Hamstring
Muscles

azadeh shadmehr', hasan nadimi astaneh'; ‘tehran university of medical sciences, tehran, Iran

Background, Motivation and Objective

Ultrasound has been a widely used and well-accepted physical therapy modality for the management of
musculoskeletal conditions. However, there is a lack of scientific evidence on its effectiveness. We studied the
effect of two different modes of ultrasound (continuous vs pulse) in reducing the shortening of hamstrings.

Statement of Contribution/Methods

Thirty non-impaired men aged 20 to 30 years (mean 23.84 years) were included in this study. They were randomly
divided into two groups. Group 1 was composed of 15 subjects who underwent 10 sessions of continuous
ultrasound ( 2W/cm2 , IMHz, 5 min) and group 2 was composed of 15 subjects who underwent 10 sessions of
pulsed ultrasound (200 microsecond burst of IMHz sine waves repeated at 1 KHz, 0.5W/cm2 , 5 min). Ultrasound
applied over their short hamstrings. Hamstring flexibility was evaluated by passive knee extension test at the base
line and following interventions.

Results

Both methods of treatment were capable of significantly improving the flexibility of hamstring muscles (P<0.01).
The hamstring flexibility were significantly improved in the continuous ultrasound group compared to pulsed
ultrasound group ( P<0.001).

Discussion and Conclusions

It seems that heating effects of continuous ultrasound may be more effective than non-thermal properties of pulsed
ultrasound for increasing the flexibility of shorted hamstring.
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P1-C-06

Comparative study of the effects of respiratory motion on in-vivo HIFU
treatments in the liver

David Melodelima', William N'Djin', Naomi Miller?, Jeffray Bamber?, Jean-Yves Chapelon'; ' Unit 556 - Therapeutic
Applications of Ultrasound, INSERM, Lyon, France, *Physics Department, Royal Marsden NHS trust and Institute of
Cancer Research, Sutton, United Kingdom

Background, Motivation and Objective

Current development of HIFU strategies for the treatment of localized abdominal tumors are limited by organ
motion during respiration. In preliminary studies, a numerical model simulated the effects of in-vivo movements
on HIFU treatments in the liver. It was shown that a HIFU treatment performed during respiration with
juxtaposition of millimetrics lesions is modified in shape and homogeneity. Here, we report recent results from a
comparative study which evaluated in simulation and in in-vivo experiments, the interest of using, during
respiratory, a toroidal-shaped HIFU device developed for the treatment of Liver Metastases from Colorectal
Cancer.

Statement of Contribution/Methods

These experiments were performed during an open procedure, on 9 pigs divided into 3 groups. On the first group, a
spherical HIFU transducer was used to juxtapose 49 millimetrics lesions in the liver during respiration. The second
group was treated during respiration with a 3 MHz toroidal-shaped HIFU transducer. The last group (control) was
treated during apnea. For each animal, sequences of ultrasound images were acquired in the liver. Then, a
combined method of modeling based on ultrasound speckle tracking and BHTE equation resolution, was used to
quantify liver motion and to simulate HIFU treatments during breathing.

Results

Liver motions were mainly encountered in the cranial-caudal direction with a frequency comparable to the
respiratory frequency (f = 0.2 Hz). Magnitude of the motion was 8.2-10.0 mm. Results of the modeling were well
fitted to the observations made on in-vivo gross samples. In vivo lesions created with the spherical device were
stretched by 64% and then were split in the tissues. The toroidal-shaped HIFU strategy allowed the generation of
homogeneous lesions (12% stretching).

Discussion and Conclusions

These results provide a preliminary validation of the method for modeling liver motion effects. This method was
used to demonstrate the effectiveness of a new HIFU device which shows promise for HIFU therapy during
respiration.

P1-C-07

Enhancing Effects Of Microbubble Contrast Agent On High-Intensity Focused
Ultrasound Ablation In Goat Liver In Vivo

Faqi Li'; 'Institute of Ultrasound Engineering in Medicine, Departmente of Biomedical Engeering, Chongqing
Medical University, China, People's Republic of

Background, Motivation and Objective

To investigate the enhancing biological effect of different dosages of microbubble contrast agent on High-Intensity
Focused Ultrasound (HIFU) ablation in goat livers in vivo.

Statement of Contribution/Methods

Twenty goats were divided into 4 groups randomly. Animals in group 1, 2 and 3 were bolus-injected with
0.01ml/kg/dot, 0.03ml/kg/dot and 0.05ml/kg/dot of SonoVue (Bracco SpA, Milan, Italy) intravenously respectively
before HIFU exposure; and those in group 4 were not given injections as control. The livers were ablated using
HIFU performed in the manner of a single dot using a clinical device. The frequency of HIFU was 0.8MHz; the
intensity of HIFU was 19000W/cm2.The distance from skin to the target liver tissue was 30mm. The exposure time
was set at 15S for all animals. All animals were euthanized 7 days after HIFU, and volumes of coagulated necrosis
were measured. Pathological examinations were performed to determine whether there were residual intact tissues
within the exposure regions.
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Results

Coagulated volumes in group 1, 2, 3 were larger than those in group 4, with significant difference (p<0.05). The
coagulated volumes increased gradually from group 1 to group 3, with significant difference (p<0.05). Pathological
examinations confirmed that there were no residual unaffected tissues within the exposed volume. Two remarkable
changes occurred in one goat in group 3 seven days after HIFU: The surrounding adjacent tissues outside the
reactive zone were necrotized, and the overlying liver tissues were destroyed.

Disc i and Concl

These findings showed that the enhancing effect of microbubble contrast agent in HIFU ablation was related with
the dosage of the microbubble contrast agent SonoVue. The higher the dosage, the larger the volume destroyed in
the target tissue. However, when exceeding a certain dosage level, SonoVue would give a negative impact on
HIFU ablation, which awaits further study in future. (This work were funded by the National Natural Science
Foundation of China (30830040) and the Natural Science Fundation Project of CSTC (CSTC2006BA5020).
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P1-D. Beamforming Systems and Hardware
Sala Orange

Monday,September 21, 2009, 10:00 am - 11:30 am

Chair: Jian-yu Lu
Univ. of Toledo
P1-D-01

A High-Frequency Beamformer Design based on Variable PMN-PT SAW delays

Rob Adamson', Zahra Torbatian', Manohar Bance®, Jeremy Brown'; /Biomedical Engineering, Dalhousie University,
Halifax, Nova Scotia, Canada, *Surgery, Dalhousie University, Halifax, Nova Scotia, Canada

Background, Motivation and Objective

High-frequency beamformers require extremely accurate, dynamically changing timing delays to be applied to the
individual elements in a receiving array. The large number of digital channels, high sampling resolution, and speed
of signal processing are the primary reasons that high-frequency ultrasound beamformers are extremely expensive
and not readily available. We have designed a high-frequency analog beamformer that can generate the necessary
delays using carefully controlled surface acoustic wave (SAW) devices based on PMN-PT single crystal substrates.
This greatly reduces the number of required electronic components and could allow high-frequency beamformers
to be produced for a fraction of the cost.

Statement of Contribution/Methods

SAW delays are based on piezoelectric substrates and consist of two sets of inter-digital surface electrodes at
opposite ends of the substrate. Ultrasonic surface waves are sent and received between these sets of electrodes with
a delay time proportional to the distance between them. By fabricating a second set of plate electrodes on the top
and bottom of the substrate in between the SAW electrodes, the physical length and speed of sound between the
two sets of electrodes or “delay time” can be changed by applying an electric field. Figure 1 shows the general
arrangement of the variable SAW delay beamformer.

Results

PMN-PT is an ideal candidate for a SAW delay since it is broadband with a high electromechanical coupling
factor. It is also ideal for a ‘variable’ SAW delay due to the large d31 coefficient and the inherent decrease in
elasticity with strain (i.e. speed of sound delay and strain delay are additive). We have designed a variable PMN-
PT SAW beamformer for a SOMHz linear array, which requires a maximum delay range of +/-40 ns. By taking into
consideration the change in delay due to the path length and change in velocity, a practical design for the substrate
dimensions (30 mm long, 150 um thick) and plate voltage (+/-140V) was developed. Laser Doppler measurements
have also been performed on prototype devices in order to verify that we are able to achieve our desired delay
range with a reasonable voltage.

Discussion and Concl

This beamformer design has the potential to reduce the number of A/D channels (i.e. cost/complexity) to just one,
by accurately controlling the receiving delays in a high-frequency array. Good agreement was found with theory.
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P1-D-02

A Digital Scan Conversion Algorithm Using Fourier Transform

Dong-Ki Ahn', Mok-Kun Jeong', Sung-Jae Kwon', Moo-Ho Bae?; Daejin University, Korea, Republic of, *Hallym
University, Korea, Republic of

Background, Motivation and Objective

In clinical ultrasound scanners, the echo data from phased or convex arrays are acquired in the polar coordinates
but need to be displayed in the Cartesian coordinates. This requires a coordinate conversion process. In this paper,
the performance of spatial and frequency domain scan conversion algorithms is compared. We show that the
frequency domain method produces B-scan images comparable to the bilinear method.

Statement of Contribution/Methods

Even if the echo data obtained in the polar coordinates are mapped onto the Cartesian coordinates through digital
scan conversion, the spatial frequency spectra of the polar coordinate data and the Cartesian coordinate data should
be essentially the same except for the relevant Fourier transform expressions. Therefore, it is possible to obtain
digital scan converted image by taking the spatial Fourier transform of the polar coordinate data in the polar
coordinate variables and sampling the resulting spectrum at Cartesian grid points followed by inverse Fourier
transform. This method is advantageous in that various signal processing techniques can be employed in the
frequency domain to improve image quality.

Results

We used many different image patterns to test the performance of the scan conversion methods. It was found that
the bilinear method produced the best image quality with a minimum of computations. However, the Fourier
transform method with Kaiser filtering also yielded comparable results albeit at the expense of more computation
time.

Di ion and Concl
Considering that some synthetic aperture focusing or high frame rate imaging methods that reconstruct B-mode
images in the frequency domain require the use of Fourier transform, scan conversion based on the Fourier
transform method lends itself to image reconstruction and scan conversion. With further improvement of
computation speed and image quality, the Fourier transform method with Kaiser filtering can be employed in
digital scan converters.

P1-D-03

Co-array Optimization of CMUT Arrays for Forward-Looking IVUS

Coskun Tekes', Mustafa Karaman', F. Levent chcnckinz; sik University, Istanbul, Turkey, ’Mechanical
Engineering, Georgia Institute of Technology, Atlanta, USA

Background, Motivation and Objective

The ring annular array structure is a preferred configuration for implementing Forward-Looking IVUS (FL-IVUS)
catheters as it allows for volumetric imaging as well as use of a guidewire at the center. In order to avoid grating
lobes in radiation pattern and to have wide viewing angle, the FL-IVUS transducer array elements need to be small
in both radial and lateral dimensions. CMUT technology is promising for these arrays especially with the flexibility
of locating array elements on the circular donut area efficiently, and optimizing each transducer element
independently for transmit or receive operation. To take advantage of this flexibility, in this study, we introduce a
new co-array sampling strategy that improves imaging performance while keeping the number of firings at a level
suitable for real-time imaging.

Statement of Contribution/Methods

We introduce a new co-array sampling strategy based on the idea of adjusting the element density of the co-array
rings in radial direction to suppress side lobes. In non-uniform sampling of the co-array with a given number of
firings, the inter-element distances are adjusted both in radial and angular direction from inner ring to outer ring to
fit a given apodization function. Use of the closest elements in obtaining a reduced set of Tx-Rx firing pairs
requires spatial quantization of element locations which results in undesired beam patterns. To handle this, we
perform inverse mapping of the co-array elements back to Tx and Rx elements within a donut-shaped region
between the guide wire and the catheter boundary.
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Results

To test the imaging performance, we performed numerical simulations of the co-array with non-uniform sampling
fitting to the raised-cosine apodization. The simulated array has 64 transmit and 48 receive elements. In the
simulations, we used single element responses experimentally obtained on dual-ring CMUT FL-IVUS arrays which
were fabricated and tested previously. We performed non-steered 2-D PSFs on -6 plane and obtain averaged 1-D
PSF over g-axis. For a test case of 350 firings simulation results show nearly 10-dB improvement in maximum
near side lobe levels when compared with the uniformly sampled co-array.

Di ion and Concl

The simulation results shows that side lobe level can be reduced/controlled by using non-uniform co-array
sampling which realizes aperture apodization by adjusting the sample density. This approach does use uniform
weighting of all Tx and Rx elements in beamforming, and hence does not cause any SNR loss for apodization. Our
experimental response based simulations demonstrate the viability of the dual-ring CMUT arrays with the co-array
optimization for real-time FL-IVUS imaging.

P1-D-04

PC-Based Modular Digital Ultrasound Imaging System
Yasser Kadah'?, Mawia Hassan?, Amr Hendy’; ' Nile University, Egypt, *Cairo University, Egypt, *IBE Tech, Egypt

Background, Motivation and Objective

With the availability of high-end integrated analog front-ends, distinction between different digital ultrasound
systems is determined almost exclusively by their software component. Efficient digital ultrasound systems rely on
embedded digital signal processing on FPGA with data conversion from oversampled 1-bit delta-sigma ADC to
minimize the number of lines going into the FPGA. However, using LVDS interface protocol allows a serial output
with drivers on FPGA to recover the parallel data. This alleviates the need for designing the sampling and the
signal recovery filters while maintaining an optimal performance at significantly lower power consumption.
Moreover, PC-based implementations for sophisticated medical imaging technologies have emerged where
powerful multi-core computational ability replace expensive embedded systems. The objective of this work is to
develop a modular low-cost PC-based digital ultrasound imaging system that has almost all of its processing done
on the PC side.

Statement of Contribution/Methods

The goal is to move almost all know-how related software components into the PC. The block diagram for a 32-
channel module is shown in Fig. 1 where the data are collected and interfaced to the PC via a PCI-express bus
through a Virtex-5 FPGA (Xilinx, Inc.). The use of several of these modules is possible through the use of multiple
lanes of this interface bus.

Results

PCl-express interface bandwidth did not allow real-time raw data transfer. Hence, a small embedded software part
was added that uses a combination of Hilbert transformation FIR filter and a decimation block to lower the data
rate based on probe bandwidth characteristics. Once the data were in the PC memory, reconstruction of final image
was done using spatially variant filtration of the received line data implemented using look-up table. This allows
the utilization of the parallel programming offered by the quad-core processor used in the system. Real-time
reconstruction frame rates were achievable on the preliminary version of this system.

Discussion and Concl

A technique that expands the utility of current high-performance PCs to replace the high-cost embedded processing
in digital ultrasound systems is introduced. The new system has the potential to lower the cost and speed up the
development, thus offering new opportunities for more cost-effective systems.
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P1-D-05

Using GPUs for beamforming acceleration in SAFT imaging
David Romero', Oscar Martinez', Carlos J. Martin', Ricardo T. Higutiz, Alberto Octavio®; 'Inst. Automatica Industrial

(C.S.1.C.), Arganda del Rey, Madrid, Spain, ?Universidade Estadual Paulista - Campus 1lha Solteira, Ilha Solteira, Sao
Paulo, Brazil, *Inst. Acustica (C.S.1.C.), Madrid, Madrid, Spain

Background, Motivation and Objective

The use of synthetic aperture techniques to reduce the number of electronic channels in array imaging systems has
been a topic profusely studied in several application areas, such as radar, sonar or ultrasonic imaging. These
techniques are based on the sequential activation of subapertures of array elements in emission and in reception,
and the postprocessing of all the received signals to compose the image. Then the system can be divided into two
stages: an excitation and acquisition stage, where the signals received by each element or group of elements are
stored; and the beamforming stage, where the signals are processed to compose the final image. The beamforming
algorithm usually includes different functions such as focusing in emission and in reception, band-pass filtering,
spatial filtering, envelope detection, etc. The complexity of the algorithms, the high number of signals and of
image points, justify that the processing stage can result too slow when a typical PC-based system is used.

The evolution of graphics processors over the past few years has driven the development of General Purpose
computing on Graphics Processing Units (GPGPU). Nowadays GPUs are fully programmable and have a high
level of parallelism which provides a great power of computing for parallel and computationally intensive
applications with a good relation between price and computing capacity.

Statement of Contribution/Methods

One of the characteristics of the imaging process is the high degree of parallelism, as it needs applying a set of
processing algorithms to a great amount of digitized signals, and for a dense grid of spatial points. The goal of this
work is exploring GPU parallelism in order to reduce processing time during the beamforming process.

Results

In the example we use a SAFT system based on a 128-elements array, with two channels in reception and one
channel in emission (2R-SAFT), while the beamforming stage has been implemented in GPU (NVIDIA cuda
enable processor). For instance, we have computed the image of 300*300 points, applying the beamforming
algorithm to 255 signals, and the frame rate has increased from 0.5 images/s, using CPU facilities, to more than 50
images/s, using GPUs parallelism.

Di ion and Concl

One of the main advantages of shifting the beamforming process from CPU to GPU is the reduction of the
computational time and therefore the increment of the frame rate in image reconstruction. GPUs parallelization
constitutes an excellent method of accelerating the imaging formation at very low cost and complexity.
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P1-D-06

Design of a Micro-beamformer for a 2D Piezoelectric Ultrasound Transducer

S. Blaak', Z. Yu?, G.C.M. Meijer?, C.T. Lancée', J.G. Bosch', N. de Jong" ! ErasmusMC, Rotterdam, Netherlands,
2Delft University of Technology, Delft, Netherlands

Background, Motivation and Objective

Our research project is to design a transesophageal probe using a matrix ultrasonic transducer for 3D
echocardiography. To obtain images with sufficient resolution, several thousand elements are required. Therefore,
it is necessary to include electronics close to the transducer and use smart signal processing for data reduction.

Statement of Contribution/Methods

Our matrix transducer consists of ~2000 elements with a pitch of 200pm. The elements are arranged in groups and
pre-steering is applied within a group, by delaying the elements relative to each other. This reduces the number of
signal lines from ~2000 to ~200. To simplify the required electronics, all the groups have the same delay
configuration. For a correct design, delay steps and the maximum delay are of importance. Furthermore, the delay
should be programmable for each direction. Simulations in Field II [1, 2] are performed to investigate the effect of
grouping and pre-steering on the received field. The delay and sum operations are realized by an integrated circuit.

Results

Fig.1 shows the received pressure field with and without pre-steering. Without pre-steering all elements within one
group have the same delay. For pre-steering, the simulations show a decreased grating lobe level relative to the
main lobe and an increase of the main lobe by ~5dB. Simulations on the maximum acceptable grating lobe level,-
20dB below the main lobe, resulted in a delay step size of 40ns. An analog delay line is designed using sample-
and-hold structure and digital control circuit, which can provide programmable delays from 40ns to 280ns, with a
step size of 40ns. The distribution of the delay time among the elements in a group is calculated and an optimized
delay line topology is used to keep a low system complexity.

Discussion and Concl

The pre-steering approach for the micro-beamformer of a 2D matrix transducer is an effective method to reduce the
channel count, while maintaining a usable receive field.

[1] J.A. Jensen: Field: A Program for Simulating Ultrasound Systems, 10th Nordic-Baltic Conference on
Biomedical Imaging Published in Medical & Biological Engineering & Computing, pp. 351-353, Vol. 34, Supp. 1,
Part 1, 1996.

[2] J.A. Jensen and N. B. Svendsen: Calculation of pressure fields from arbitrarily shaped, apodized, and excited
ultrasound transducers, IEEE Trans. Ultrason., Ferroelec., Freq. Contr., 39, pp. 262-267, 1992.

Fig. 1 The received pressure ficld (dB) for a matrix with focus at d0mrm,
15 elevation and 25° azirmuth without (top) and with pre-steering (bottom).
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P1-D-07

Real-time specific beamforming applied to motion trajectory estimation in
ultrasound imaging

Guillaume Zahnd', Adrian Basarab', Hervé Liebgott!, Olivier Basset', Philippe Delachartre'; { CREATIS-LRMN,
Lyon, France

Background, Motivation and Objective

Elasticity imaging is often based on strain computation of image pairs to discriminate tissue stiffness. Two
innovations are proposed here:

- A real-time beamforming strategy, instead of the current post-processing, to acquire RF2D signals presenting
lateral oscillations and providing phase images to estimate subpixel motion vector.

- A multi-frame phase-based trajectory estimation method to analyze free-hand compression/decompression cycles
in elastography aiming to consider Lagrangian deformations.

Statement of Contribution/Methods

Firstly, the real-time beamforming strategy was implemented on the RP500 Ultrasonix scanner to generate real-
time RF2D images and phase images dedicated to motion vector estimation. The phase images are thereby
generated from two single-orthant analytic signals.

Secondly, a Lagrangian-based novel multi-frame motion estimation method was introduced and applied to a local
region of the image. The first step is a spatio-temporal prediction based on the p previous estimations, assuming a
constant velocity of the ROL Then the residual displacement is estimated with a specific analytical estimator based
on phase image differences. In order to overcome the speckle decorrelation between the ROI and the reference
frame along the sequence, an evolution scheme of the reference frame, based on a similarity criterion (NCC), was
also introduced.

Results

A real-time RF2D image acquisition and the corresponding phase images were processed on a breast phantom
(acquisition depth: Scm, frame rate: 80 fps).

Then the trajectory estimation method was performed on an experimental phase image sequence of a reference
(ground truth) displacement: a compression/decompression cycle was applied to the phantom. The ROI (6.3x0.3
mm?) was tracked along a sequence of 100 frames (p = 5 frames and NCC = 0.75). The maximum displacement
amplitude was 70 pixels. The reference frame was updated 8 times. The figure shows that the trajectory vector
estimation is very accurate, providing very low errors (not larger than 0.05 pixels) in both axial and lateral
directions.

Di ion and Concl

This paper deals with multi-frame phase-based motion estimation using specific RF2D images acquired in real-
time. In elastography, trajectory estimation opens a new perspective to control the free-hand compression and to
discriminate tissue stiffness.
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P1-D-08

A New ASIC Architecture for Ultrasonic Synthetic Aperture Imaging System

Moo-Ho Bae', Jeong-Ho Ham?, Ra-Young Yoon?, Han-Woo Lee?, Mok-Kun Jeong®; ' Hallym University, Korea,
Republic of, *Medison co. LTD, Korea, Republic of, *Daejin University, Korea, Republic of

Background, Motivation and Objective

Previously we reported "A new architectural design of Full aperture, Full frame-rate synthetic aperture
Beamforming ASIC" in 2007 IEEE Ultrasonics Symposium. This architecture is appropriate for full aperture
system. However, for low cost system - limited by material cost so that number of Rx channel is smaller than
number of probe element - it is not quite optimum. The reason is, for example, as follows: If a single ASIC covers
8 channels and 8 scanline(SC)s and we want to build a system with 16 channels and 128 SCs, then 16 ASIC chips
are needed to meet SC requirement. Total number of input channel of these ASIC chips is 128, however, only 16 of
these inputs are used and others are just wasted.

We will propose new ASIC architecture, which will have not only a very little overhead to embody conventional
full aperture, full frame-rate system but also a very efficient way to embody low-cost system with a small channel
number.

Statement of Contribution/Methods

Basic concept of newly proposed method is that one scanline accumulator(SC-ACC) handles multiple SC data
sequentially. This concept requires trade-off between number of increased SC and decreased number of Tx
synthesis accumulation. An example of this method is as follows: Assume that single chip has 8 SC-ACC, and two
chips are used to cover 32 SCs. Location of the SC-ACC 0 in Chip 0 synthesizes SC 0 in 0'th~15'th Tx interval,
and synthesizes SC 16 in 1st~16'th Tx interval. And SC-ACC 1 in Chip 0 synthesizes SC 1 in 1st~16'th Tx interval,
and synthesizes SC 17 in 17'th~32'th Tx interval.

However, this basic concept has serious problem if we want to apply this concept to previously proposed
architecture. In that architecture, the chip area of focusing delay and apodization data generation block can be
drastically reduced by assigning adjacent SCs to a chip and by limiting the ratio between SC spacing and probe
element spacing to integer. But, in the above example, at 16'th Tx, SC-ACC 0 synthesizes SC 16, while SC-ACC 1
synthesizes SC 1.

A new architecture to solve this problem is proposed. After every pre-defined number of transmission, partially
accumulated SC data in SC-ACC is read, moved to adjacent SC-ACC and accumulated at the same time. All SC
data in the SC-ACC are moved to adjacent SC-ACC simultaneously. This movement of data is done between chips
also. This movement allows that each chip always handles adjacent SC data.

Results

Proposed new architecture makes it possible that SC-ACC with limited number can handle much larger number of
SC by moving partially accumulated SC data without significant overhead.

However, there's a trade-off between number of SC and Tx synthesis accumulation count.

Di ion and Concl

This architecture can provide the best performance for full aperture high end system, in addition, can reduce
material cost for low-cost system with small channel number. Currently, a new beamformer ASIC based on the
proposed architecture is being designed using 0.13um process.
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P1-E-01
Hematocrit Evaluation Based on Ultrasonic Estimations of Shear Rate and
Viscosity in Blood Flow
Naotaka Nitta', Hiroshi Masuda?; ‘Institute for Human Science and Biomedical Engineering, National Institute of
Advanced Industrial Science and Technology (AIST), Tsukuba, Ibaraki, Japan, °UNEX Corporation, Nagoya, Aichi,
Japan

Background, Motivation and Objective

Blood viscosity is expected as an index for detecting the blood abnormality such as thrombosis because the
viscosity is highly correlated with hematocrit (HCT) and increases due to local aggregation of erythrocyte.
However, since the whole blood is the non-Newtonian fluid, apparent viscosity also varies according to the
magnitude of shear rate. On the other hand, the shear rate-viscosity (SV) curve is uniquely formed by the HCT. In
this study, the HCT is evaluated noninvasively based on the ultrasonic estimation of SV curve, as part of blood
characterization.

Statement of Contribution/Methods

At the beginning of this method, the 2-D velocity vector distribution including the lateral (x-axis) and beam-axis
(y-axis) velocity components in the blood flow is estimated by using the ultrasonic Doppler measurement and the
incompressible condition. After dividing the velocity vector distribution into several ROIs, the viscosity coefficient
() is obtained by using a previously-proposed method based on Navier-Stokes equations (Nitta, 2005), in each
ROI. At the same time, the shear rate (e) is also obtained by differentiating the velocity vector distribution. The
above processing results in the viscosity distribution (p(x,y)) and the shear rate distribution (e(x,y)), and then the
SV curve (e, p) is obtained by consolidating ROIs. Here, the consolidated ROIs can reflect the non-Newtonian
property of whole blood. Therefore, the SV curve exhibits higher value for lower shear rate and lower value for
higher shear rate. In HCT evaluation, the SV curve model is prepared as a mathematical function of HCT. By
searching the HCT that minimize the residual error between the estimated SV curve and that model, the most likely
HCT is determined.

Results

After investigating the accuracy of this method, in vivo measurements for the brachial artery of healthy men
subjects were conducted. RF signals (10 MHz) for Doppler measurement were acquired on the longitudinal cross
section of the artery , by using an ultrasonic diagnosis equipment (UNEX, EF18G). Based on the above-mentioned
method, the shear rate e(x,y) was estimated in the 78 to 264 s™ range and the viscosity p(x,y) was estimated in the
2.9 to 9.2 mPas range, at the time phase of maximum velocity. On the other hand, SV curve model for HCT
evaluation was defined as y=ae® based on the literature data (Brooks, 1970), where o and P are the functions of
only HCT. As the result of HCT evaluation, the HCT of the subjects were estimated as 46.3+1.8 % (n=3), and the
repeatability was high.

Di ion and Concl

In the above result, although the HCT value was estimated directly, if the SV curve template of healthy subject is
adopted, the residual error between the estimated SV curve and the template also becomes an useful index for
diagnosing the blood abnormality. In future work, feasibility study in clinical use will be conducted by increasing
the number of cases.
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P1-E-03

A High-Precision Gravity Intravenous Infusion Rate Meter Using CMUT Arrays

Mengli Wang', Jingkuang Chen':/ Electrical and Computer Engineering, University of new mexico, Albuquerque, NM,
Us4

Background, Motivation and Objective

Gravity intravenous infusion (IV) administration set is widely used with its advantages of affordability, easy
operation and portability. Despite of its popularity, the current IV administration sets suffer from inadequate
accuracy in measuring the infusion rate. This inadequacy results in a relatively poor dose control.

Many of the commercial IV administration meters monitor the average flow rate by counting the number of drips
in given time. Since this indirect method requires continuous counting of dripping, it is difficult to get an accurate
and continuous infusion rate when a total or partial blockage of the needle happens. Especially, when the patient is
moving around with an IV pole, infusion rate is almost impossible to monitor. A tool, which can monitor the
infusion rate with a high accuracy, is badly needed.

Statement of Contribution/Methods

We have developed a high-precision miniature infusion rate meter by measuring both the flow velocity and the
tube diameter simultaneously in real time using two face-to-face capacitive micromachined ultrasonic transducer
(CMUT) arrays as shown in Fig.A. This CMUT flow meter is designed for clipping on the flow tube as a portable
device. The meter consists of a rubber chamber coated with Vaseline, and a clamp used for securing the IV tube.
Insider the chamber, there are two parallel 5.0 MHz CMUT linear arrays used for ultrasound transmission and
reception. The flow tube diameter D was measured through the time flight echo delays between near and far wall
reflections. The infusion velocity v, was detected using the pulse ultrasound Doppler by comparing the
demodulated echo ultrasound with the incident ultrasound. Combining the measurement of tube diameter and the
fluid’s velocity, the volumetric flow rate can be accurately calculated.

Results

Eight different commercial PVC IV tubes were tested in this IV administration system. The tube diameter was
measured from time flight of the ultrasound pulse echo as shown in Fig.B with a resolution of 0.lmm. A 0.05
ml/min flow rate resolution was achieved with the combinational measurement of tube diameter and the flow
velocity.

Discussion and Concl

A CMUT infusion rate meter was developed and preliminary drug dispense rate experiments were conducted. This
tool is useful for closed-loop infusion rate control for a high precision drug dispense system.

Fig. A Schematic of a CMUT Intravencous Infusion Rate Moter
Path AB is used to measure the tube diameter using pulse-echo timae differences
Path AC is used to measura the flow velocity using ultrasound Dopplar shift
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P1-E-04

Qualitative Validation Study of Fast Spectral Estimators Using In-vivo Data

Kristoffer L. Hansen', Fredrik Gran®, MadsM Pedersen’, Iben K. Holfort®, Jorgen A. Jensen®, MlchaelB Nielsen"
!Department of Radiology, Rigshospi Copenh , Denmark, >GN Resound, Ballerup, Denmark, *Department of
Electrical Engineering, Technical Umvervztv a/Denmark Lyngby, Denmark

Background, Motivation and Objective

The conventional spectral Doppler method in medical ultrasound is the Welch’s method (WM). WM requires a
long observation window (OW) of up to 256 emissions per estimate to achieve sufficient spectral resolution and
contrast. Two adaptive filterbank methods have been suggested to reduce the OW: Blood spectral Power Capon
(BPC) and Blood Amplitude and Phase EStimation (BAPES) method. A preliminary in-vivo study with a single
observer indicated that BPC and BAPES performed better than WM. In this paper the in-vivo performances of
BPC, BAPES and WM were evaluated by nine observers and the results treated statistically.

Statement of Contribution/Methods

Ten volunteers were scanned over the carotid artery using the experimental ultrasound scanner RASMUS and a B-
K Medical 7 MHz linear array transducer. Four approaches (WM with a Hanning window (W.HAN), WM with a
boxcar window (W.BOX), BPC and BAPES) and seven OWs (128, 64, 32, 16, 8, 4 and 2) were combined. Thus,
from each data set, 28 spectrograms were produced. All the 280 spectrograms were presented in randomised order
to nine radiologists blinded to method and OW for visual evaluation: useful or not useful. Tests for multiple
comparisons were performed along with kappa statistics for intra- and inter-observer variability.

Results

At OW 128 and 64, BAPES, BPC and W.HAN performed equally well (p>0.05) while W.BOX scored less
((p<0.05). At OW 32, BAPES and BPC performed better than W.HAN and W.BOX (p<0.0001). BAPES was
significantly superior to BPC at OW 16 (p=0.0002) and 8 ((p<0.0001). BPC at OW 32 performed as well at BPC at
OW 128 (p=0.29) and BAPES at OW 16 performed as well as BAPES at OW 128 (»p=0.55). W.HAN and W.BOX
at OW 16 and 8 failed as all four methods at OW 4 and 2. The intra-observer variability for three radiologists
evaluating the same 280 spectrograms with >14 days apart showed good agreement (86%, «=0.72). Inter-observer
variability showed moderate agreement (78%, k=0.57).

Discussion and Conclusions

The adaptive methods were scored useful for shorter OWs than WM and the results indicated that OW can be
reduced to 32 using BPC and to 16 using BAPES without reducing the usefulness of the spectrogram. The inter-
observer agreement was moderate indicating some variation and base-line differences in judgments among the
radiologists. The intra-observer agreement was good. BPC and BAPES can potentially bring improvements to
spectral velocity estimation: as an increase of the temporal resolution of the spectrogram or as an increase of the
frame rate for the interleaved B-mode image.

P1-E-05

Adaptive Clutter Rejection for Ultrasound Color Doppler Imaging of Lower
Extremity Blood Flow: Preliminary Results

Sangwon Kim', Jaesok Yu?, Tai-Kyong Song?, Yang Mo Yoo®; Interdisciplinary Program in Biofusion Technology,
Sogang Univ., Seoul, Korea, Republic of, *Dept. of Electronic Engineering, Sogang Univ., Seoul, Korea, Republic of,
*Dept. of Electronic Engineering & Interdisciplinary Program in Biofusion Technology, Sogang Univ., Seoul, Korea,
Republic of

Background, Motivation and Objective

Deep venous thrombosis (DVT) is a common lower extremity vascular disease. For the assessment of patients with
suspected DVT, noninvasive compression ultrasound based on B-mode is a primary procedure. However, it would
be technically difficult to achieve compression ultrasound of the entire proximal deep vein system for patients with
tense and swollen extremities. Thus, color Doppler imaging capable of visualizing lower extremity blood flow
would be an alternative approach. However, excess flash artifacts from tissue motions are introduced during DVT
scanning due to low pulse repetition frequency (PRF) and transducer movement.

Statement of Contribution/Methods

In this paper, the adaptive clutter rejection (ACR) method, in which an optimum filter is dynamically selected at
each location based on clutter power and instantaneous velocities, is applied to effectively remove flash artifacts
during lower extremity scanning. To evaluate the ACR method, the 80 frames of complex baseband data were
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acquired from an ultrasound machine (HiVision 5500, Hitachi Medical Systems America, Twinsburg, OH, USA)
by moving a 9-MHz linear array probe distally along the popliteal vein of a volunteer. The ACR method was
compared with the conventional static clutter rejection (CON) and down-mixing (DM) methods in terms of flow-
signal-to-clutter ratio (SCR).

Results

Figure 1 shows the color Doppler images with velocity estimates obtained from a subject by applying the CON,
DM and ACR methods before applying scan conversion and thresholding to clearly visualize residual clutter
(greenish colors). The dynamically-selected clutter filter in the ACR is also shown in Fig. 1. Compared to CON
and DM, the ACR method shows higher clutter suppression since the higher order clutter filters are selected in the
regions with accelerated tissue motions. The measured flow SCR after clutter rejection is also consistent with
visual assessment (i.e., 16.0+-7.1 dB vs. 7.5+-10.6 dB and 4.6+-12.7 dB for ACR, DM and CON, respectively).

Discussion and Concl

In this paper, we presented the adaptive clutter rejection method to effectively suppress flash artifacts introduced
during lower extremity vascular scanning. From a preliminary in vivo experiment, the proposed method shows a
statistically significant improvement in clutter rejection compared to the static clutter rejection methods.
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High frame rate quantitative Doppler imaging over a wide field of view

Ron Daigle‘, Lauren Pﬂugrath', John Flynn‘, Ken Linkhart!, Peter Kaczkowski'?:'Verasonics Inc., Redmond,
WA, USA, *Applied Physics Lab, University of Washington, Seattle, WA, USA

Background, Motivation and Objective

Color flow (CF) Doppler imaging is useful to locate flow in a region of interest (ROI), but quantitative estimates of
flow (e.g., spectral Doppler) essential to clinical diagnosis require substantially longer transmit-receive ensembles.
Conventional medical ultrasound systems use a focused transmit beam to probe along a line in the ROI, and can
thus produce a time series of quantitative Doppler information at one or more points along that line. Comparison
of flow data from points on different scanlines usually results in unacceptably low frame rates, thus requiring use
of data collected over different heart cycles, and often with different system settings.

The Verasonics ultrasound system architecture provides great flexibility in event sequence programming and data
processing, enabling straightforward implementation and evaluation of new ultrasound modalities. Here, the
objective is to use unfocused transmit beams to collect and process very high frame rate data for both CF imaging
and quantitative flow estimation over a wide ROI. We seek to demonstrate that clinical metrics (e.g., spectral
parameters, velocity ratios) can be simultaneously provided for several arbitrary points anywhere in the ROL In
addition, Vector Doppler processing can be used to provide automatic angle correction for the CF display, and
completely new parametric displays of flow can be produced in post-processing.

Statement of Contribution/Methods

A 128 transmit / 64 receive channel Verasonics system with an L7-4 linear array was used to image and record
element-level RF data from the carotid artery of a volunteer, using interleaved Doppler and echo transmit-receive
sequences. Flat-focus transmit beams at several different angles were used in continuous acquisition with a PRF
between 8 and 12 kHz.
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Results

A subset of the acquired frames was processed in real-time to illustrate several new Doppler imaging modes,
including CF with simultaneous spectral displays at several arbitrary locations, and Vector Doppler imaging of
flow direction and velocity magnitude within the ROI. Several seconds of recorded data were post-processed in a
real-time playback mode for different spectral locations, and displayed in a slow-motion mode using all acquired
frames. New types of parametric flow images were generated for each cardiac cycle, including angle-corrected
peak velocities, and velocity ratio images for a given reference flow location or given reference time. Finally, novel
cineloop movies of selected spectral Doppler parameters (peak and mean velocity, power, bandwidth) were
produced to visualize dynamic flow over several cardiac cycles.

Di ion and Conclusi

The flexibility of the Verasonics ultrasound architecture permits implementation of new modes of Doppler imaging
that take advantage of the high frame rates made possible by broad beam transmission. Further study of newly
developed parametric flow imaging methods must be performed to evaluate their diagnostic potential.

P1-E-07

Reducing Color Flow Artifacts caused by Parallel Beamforming

Torbjern Hergum', Tore Griiner Bjastad', Lasse Lovstakken', Kjell Kristoffersen?, Hans Torp'; 'Norwegian
University of Science and Technology, Trondheim, Norway, >GE Vingmed Ultrasound, Horten, Norway

Background, Motivation and Objective

In color flow imaging (CFI), the inherent trade-off between frame rate and image quality may often lead to suboptimal images for
medical diagnosis. This is especially the case in real-time 3D imaging, where stitching of data from several cardiac cycles based on
ECG triggering is currently needed. In order to help overcome this problem, parallel receive beamforming is used. We have found that
a difference in curvature of transmit and receive beams gives a bias in the Doppler velocity estimates which varies significantly within
one group of parallel beams. This causes a discontinuity in the velocity estimates between groups of beams from different transmit
events. Color flow also suffers from the parallel beam artifacts found in B-mode imaging. The net result of these artifacts shows up as
vertical lines in the images, and a high number of parallel receive beams is therefore not used without substantial spatial smoothing. A
method to correct for parallel beam artifacts named synthetic transmit beams (STB) was previously introduced, based on coherent
interpolation between overlapping receive beams from neighboring transmit events. The method effectively generates synthetic
transmit beams that are aligned with the received beams within a group of parallel beams. The method has previously been shown to
work well for B-mode images. However, phase cancellation may occur due to an additional time lag between neighboring beams for
Doppler packet acquisition.

Statement of Contribution/Methods

In this work a revision of the STB approach is presented that is applicable for CFI, correcting for all of these artifacts. As an
alternative to coherent STB, an option is to use STB interpolation incoherently on the autocorrelation function. Since the
autocorrelation function varies slower than the phase of the IQ data this allows for a combination of beams from significantly different
times, for instance across interleaving groups or across scan planes in a 3D scan.

Results

Through simulations and in vivo recordings results showed 1) that coherent STB may still work in vascular imaging when beam
interleaved acquisition is used, reducing the time between neighboring beams significantly, and 2) incoherent STB on the
autocorrelation function proved to perform equally well in restoring the correlation phase angle estimates, and further also showed
good results for larger time gaps such as between interleave regions. We used a GE Vingmed E9 with a M12L probe and 8 parallel
beams to record images of the carotid artery. The Doppler bias was reduced from 17.2 = 7.9 % (mean = std) for regular parallel beam
acquisition to 3.0 £ 3.3 % for coherent STB and 2.1 + 2.5 for incoherent STB on the auto-correlation function.

Discussion and Conclusions

With STB used in color flow imaging we can maintain a high frame rate with parallel beam acquisition without compromising image
quality.

P1-E-08

New Clutter Rejection Method using Time-domain Averaging for Ultrasound
Color Doppler Imaging

JaeJin Lee', Jeong Cho', Yang Mo Yoo?, Tai-kyong Song':/ Electronic engineering, Sogang University, Seoul, Korea,
Republic of, *Sogang University, Seoul, Korea, Republic of

Background, Motivation and Objective

In ultrasound color Doppler imaging, effective rejection of clutter is important to improve the sensitivity in
visualizing the blood flow. To adequately remove clutter, high pass filters, such as initialized infinite impulse
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response (IIR), are utilized. In this paper, we present a new clutter rejection method which can provide comparable
clutter rejection to projection-initialized IIR(PI-IIR) filtering while significantly reducing hardware complexity.

Statement of Contribution/Methods

In the proposed clutter rejection method based on time-domain averaging (TDA, clutter is first estimated, and then
it is subtracted from receive Doppler signal. Specifically, the weighted Ist-order approximation is applied to three
adjacent ensembles for modeling clutter in Doppler signal. To evaluate the proposed method, simulation and in
vivo experiments were conducted. In simulations, the flow frequency in Doppler signal was adjusted from -0.45
pulse repetition frequency (PRF) to 0.45 PRF while the clutter frequency was fixed at 0.05 PRF. The in vivo data
were captured from the liver of a volunteer using an ultrasound machine (HiVision 5500, Hitachi Medical Systems
America, Twinsburg, OH, USA).

Results

Figure 1(a) shows the simulation results where the estimated flow frequency is plotted against the input flow
frequency for the conventional high-pass filtering and proposed time-domain averaging methods. As shown in Fig.
1(a), the proposed TDA method shows similar results as the 3rd-order PI-IIR filter. From the liver in vivo data,
under visual assessment, we obtained the comparable results as shown in Figs. 1(b) and 1(c). To evaluate hardware
complexity, the proposed TDA method was implemented on a FPGA (Virtex 4, Xilinx, San Jose, CA, USA). It was
found that the TDA requires 31,930 gates compared to 203,998 gates from the projection-initialized IIR filter.

Di ion and Concl

In this paper, the new efficient clutter rejection method was proposed where time-domain averaging is used. From
simulation and in vivo experiments, the proposed method shows comparable results to a conventional high-pass
clutter filtering method while significantly reducing hardware complexity (i.e., 85%). This result indicates that the
proposed TDA method would be more useful for a hand-held ultrasound machine where the reduction in hardware
complexity is critical in miniaturization.

05 PRF

Figure 1.
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P1-F-01

Performance of the Transverse Oscillation Method using Beamformed Data from
a Commercial Scanner

Michael Johannes Pihl', Svetoslay Ivanov Nikolovz, Per Haugaardz, Martin Christian Hcmmscn"z, Jorgen Arendt
Jensen':! Center for Fast Ultrasound Imaging, Department of Electrical Engineering, Technical University of Denmark,
Kgs. Lyngby, Denmark, >BK Medical ApS, Herlev, Denmark

Background, Motivation and Objective

Blood velocity estimates using conventional color flow mapping (CFM) or Doppler techniques are angle
dependent. One of the proposed techniques to overcome this limitation is the Transverse Oscillation (TO) method,
which also estimates the lateral velocity components. Beamformed (BF) data is acquired using a commercial
scanner as opposed to the previously reported results obtained with the experimental scanner RASMUS, and
compared to those.

Statement of Contribution/Methods

The TO method is based on creating a double oscillating field by using special apodization profiles (APs) in
receive (RCV). Two lines with a lateral displacement of A,/4, and a center line (for traditional axial estimation) are
BF simultaneously in RCV. After echo canceling, a special phase shift estimator is used to estimate the lateral and
axial velocity components. The TO AP is kept constant, leading to an increasing A, over depth. First stage BF data
is acquired using a BK Medical (Herlev, Denmark) 2202 ProFocus scanner, a BK8812 transducer, and a BK
UA2227 research interface connected to a standard PC through a DALSA (Waterloo, ON, Canada) X64-CL
Express camera link. Only minor changes to the conventional CFM setup, hereunder adjusting the APs and delay
profiles in RCV, are necessary to obtain the required data. The method is evaluated on a circulating flow rig with »
= 5.7 mm, a blood mimicking fluid, a Cole-Parmer (Vernon Hills, IL) 75211-60 centrifugal pump, and a Danfoss
(Senderborg, Denmark) MAG 3000 magnetic volume flow meter. The performance is investigated by calculating
the mean relative standard deviation, o,, and mean relative bias, B,, of the velocity components.

Results

To increase the robustness of the TO method, the estimator averages over a number of samples. With N = 20
profiles, the lowest o, (14%) and B, . (14%) are obtained when averaging over two times the pulse length for a
specific setup: CFM f; = 3.75 MHz, f,,s = 1.30 kHz, vy = 0.215 m/s, flow angle = 75°, focus at 15 mm, 16 shots per
estimate, 6 cycles per pulse, and 6.6 mm between apodization peaks corresponding to A, = 1.9 mm at center of
vessel (at 16.2 mm). For this setup, o, , decreases {23, 17, 14, 8.2, and 7.0}% as the number of shots per estimate
increases {4, 8, 16, 32, and 64}. Moving the transmit focus to 20 or 25 mm, increasing the center frequency, or
lowering the number of transmit cycles reduces 6; . At 90° 6, \, is 11% and the bias 38%.

Di ion and Concl

The present performance is comparable with the results from the experimental scanner and the simulations, and
obtained with only few changes to the conventional CFM setup. This illustrates the feasibility of implementing the
TO method on a commercial platform for real-time estimation.
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P1-F-02

A simulation setup to optimize particle flow velocimetry

Hang Gao', Florence Kremer', Hon Fai Choi', Jens-Uwe Voigt!, Piet Claus', Jan D'hooge':Katholicke
Universiteit Leuven, Belgium

Background, Motivation and Objective

Particle Flow Velocimetry (PFV) has been introduced as a new ultrasound methodology to measure two-
dimensional intraventricular flow patterns. It can potentially provide important new information on cardiac
hemodynamics and function but how to optimize the method (frame rate; line density; contrast concentration; etc.)
is still not clear.

As for any new ultrasound methodology, the further optimization and development of data acquisition and
processing for PFV requires flexible and easy generation of ultrasound data under controlled conditions while
having the ground truth flow field available. The aim of this study was therefore to build such a simulation
environment by combining computational fluid dynamics (CFD) and ultrasound simulations.

Statement of Contribution/Methods

A 3D model of the left ventricular (LV) geometry was generated and meshed (Gambit 2.4, ANSYS) in order to be
used as input to commercially available CFD software (Fluent 6.3, ANSYS). An analytic description of a typical
ventricular inflow velocity profile (showing an early and atrial filling phase) was used as a boundary condition at
the inlet of the LV model and the dynamic flow field was simulated. Point scatterers were subsequently put at
random positions within the model and their positions were updated over time based on the simulated flow field.
From this dynamic scatterer field, ultrasound data could subsequently be obtained using a convolution-based model
previously introduced by our lab (COLE).

In order to test the simulation setup, RF signals from both a PW Doppler acquisition in the inlet portion of the
model (fT=3.2MHz; fS=50MHz; PRF=8kHz) and a 2D color Doppler image sequence (fT=2.5MHz; 120 lines; 90
degrees opening angle, 4kHz PRF) were simulated. From the former data set, the spectrogram was estimated and
compared to the velocity measurement from Fluent. The latter data set was used to estimate the velocity vector
field and qualitatively compared with the ground truth flow field.

Results

For the PW Doppler spectrogram, the normalized RMSE of the estimated velocities relative to the CFD reference
was 10.94%. Moreover, good agreement was found between CFD and color Doppler measurement as show in Fig.
1 for a time point in diastasis.

Di ion and Concl

A simulation setup was constructed and shown to work correctly. This setup will be useful for optimizing PFV in
echocardiography.

W
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P1-F-03

Resolving the lateral blood flow velocity component using change in correlation
length of speckle due to scan direction and speed

Tiantian Xul, Greg Bashford" [Biulogical Systems Engineering, University of Nebraska-Lincoln, Lincoln, Nebraska,
UsA4

Background, Motivation and Objective

The linear array scan direction has a significant effect on the speckle from moving scatterers in the lateral direction
(Fig. 1). Namely, the lateral speckle size is increased as the velocity of the blood approaches the "velocity" of the
scanner. The scanner velocity is the rate and direction individual A-lines are collected to form an image. The
situation is analogous to camera movement during image capture, causing variable "stretch" of the subject. We
hypothesize the lateral correlation length of speckle is related to the difference between fluid velocity and scanner
velocity.

Statement of Contribution/Methods

A blood flow phantom and 6 MHz transducer of an ultrasound machine was used to test a theoretically derived
relationship between the scanner velocity, fluid velocity, and speckle size (relative "stretch"). The scanner was
equipped with an interface allowing data capture immediately after beamformation. Two scanner velocities were
used (64.8 and 37.4 cmy/s). B-mode images of the phantom with varying velocities (10 to 40 cm/s) were collected.
The lateral autocovariance of speckle data corresponding to flow was used to measure speckle size.

Results

Fig. 2 shows the actual versus theoretical stretch factor/velocity measurements, showing good agreement with
theory. For the scan velocities of 64.8 cm/s and 37.4 cm/s, the average estimation error is 1.74+1.48 cm/s and
0.65+0.45 cm/s respectively. In both cases the average error is only a few percent of the theoretical values.

Di ion and Concl

Lateral speckle size changes with scanner velocity, providing a method of lateral blood flow velocity measurement.
For the two scanner velocities used in our experiments, results were in good agreement with theory. The method
potentially enables an estimate of lateral blood velocity in only one frame of data.

Reciprocal of Stretch Factor vs Blood Flow Velocity

T
Eos
= 5
! 2
2. 3
: z
E =
£ g
3 ! g
% . £oz \
B
Lateral (mm) % 10 20 30 40 50 60
Fig. 1. Lateral speckle size change with scan direction. Top, . . Blood flow Velocity (em/s)
flow against direction of scan. Bottom, flow with direction of Fig. 2. Comparing theoretical (solid lines) and experimental
scan, Note increased lateral speckle size (increased lateral results, Red, scan speed of 64.8 cm/s; Blue; scan speed of 37.4
correlation length) when flow is in direction of scan. cm/s, Errorbars show +/- 1 SD.
P1-F-04

A Least-Squares Vector Flow Estimator for Synthetic Aperture Imaging

Ivan K. H. Tsang', Billy Y. S. Yiu', Alfred C. H. Yu':'Medical Engineering Program, The University of Hong Kong,
Pokfulam, Hong Kong

Background, Motivation and Objective

In synthetic aperture (SA) imaging, it is challenging to perform velocity estimation consistently using low-
resolution images (LRIs) because their coarse point spread function would lead to Doppler spectral broadening. In
this work, we aim to address such a challenge by developing a least-squares (LS) vector flow estimator that
minimizes its mean-squared error based on frequency estimates obtained from multiple LRI-Doppler ensembles.
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Statement of Contribution/Methods

Our proposed flow estimator is intended to work with the SA data corresponding to a group of point sources. It
essentially involves a two-stage estimation process. First, for each point source, we obtain LRI-Doppler ensembles
and use them to compute a frequency estimate (via the lag-one autocorrelator) for every image pixel. Subsequently,
by exploiting the fact that each point source deviates in beam-flow angle, we estimate flow vectors through
creating a set of Doppler equations with two unknowns (i.e. axial and lateral velocities) from the frequency
estimates and solving this equation set as an over-determined LS problem. As a performance analysis, Field II
simulations were performed for a scenario with a Smm-diameter steady flow tube angled at 45° (center velocity:
2.5cm/s). For these simulations, a 5.5MHz linear array with 128 elements was used; pre-beamform data were
acquired for 97 virtual point sources (0.3mm spacing), and 8 two-cycle pulses were fired through each point source
(PRF: S5kHz). Prior to LS estimation with the acquired data, we applied a mean-subtraction filter to each LRI-
Doppler ensemble to suppress clutter arising from the tube wall (20dB more echogenic than blood). To facilitate
comparison, we also performed estimation using conventional color Doppler.

Results

The figure shows a vector flow map and the cross-sectional flow profile (mean over 30 trials) obtained from a LS
estimator involving LRI-Doppler estimates from point sources covering a 20° angle span. These vector flow
estimates resembled the tube’s flow profile, and their magnitudes are close to those found using conventional color
Doppler with 45° as the nominal angle. In general, we found that the LS estimator’s efficacy improved when it
covered an angle span >20°.

Di ion and Concl

The LS estimator showed potential in obtaining vector flow estimates from LRIs, thereby offering another way of
performing SA vector flow imaging.
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P1-F-05

Characterization of 3-D flow structures in the stenosed carotid bifurcation with
plaque ulceration

Emily Wong', Jaques Milner', David Steinman®, Tamie Poepping’, David Holdsworth'; 'Robarts Research Institute,
Canada, *University of Toronto, Canada, *University of Western Ontario, Canada

Background, Motivation and Objective

Carotid plaque ulceration is a strong independent predictor of ischemic stroke. It has been shown recently that
carotid plaque ulcerations can produce significant elevations in distal flow fluctuations, as characterized by the
spectral parameter turbulence intensity (TI), based on velocity measurements from Doppler ultrasound (DUS).
However, the nature of the flow fluctuations is not yet understood. Computational fluid dynamics (CFD) can
predict the local time-varying 3-D flow field in vascular geometries, allowing for the investigation of the
underlying flow patterns and the associated effect of Doppler settings.

Statement of Contribution/Methods

We performed CFD analyses on a stenosed carotid bifurcation geometry, with and without the presence of
ulceration. CFD analysis of each model was performed with a spatial finite element discretization of over 150,000
quadratic tetrahedral elements and a temporal discretization of 4800 timesteps per cardiac cycle, to adequately
resolve the flow field and pulsatile flow, respectively. Pulsatile flow simulations were iterated for 15 cardiac
cycles to allow for cycle-to-cycle analysis of at least ten cycles.
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Results

Similar to our DUS results, higher levels of TI were observed in the post-stenotic region of the ulcerated CFD
model than in the non-ulcerated. The extent and magnitude of TI were comparable to DUS experimental results,
after modeling for sample volume effects and applying a high pass filter. Regions of maximum TI were located
off-center with respect to the longitudinal plane in the distal internal carotid artery bulb, producing an effect of
sample volume size and location on TI. The presence of coherent structures may indicate why TI is lower when
calculated from consecutive cardiac cycles. Although off-centre fluctuations occurred in both models - due to
complex interactions of the oscillatory high-velocity jet with the recirculation zones - they were exacerbated in the
ulcerated model due to enhanced out-of-plane recirculation and helical flow. Particle tracking results indicate that
out-of-plane recirculation is induced by the deflection of flow exiting from the ulcer upon reentry into the high-
velocity stenotic jet.

Di ion and Concl

Knowledge of the underlying 3-D flow structures may help to understand the effect of Doppler settings for the
assessment of TI in the distal carotid artery.

Simulated particle tracks (a) non-ulcerated and (b) ulcerated models

P1-F-06

The ultrasound brain helmet for 3D transcranial doppler imaging

Brooks Lindsey', Nikolas Ivancevich', Edward Light', Stephen Smith" 'Biomedical Engineering, Duke University,
Durham, NC, USA

Background, Motivation and Objective

Considering the high global prevalence of neurovascular disease and the time-sensitive nature of its treatment, our
goal is to provide emergency medical personnel with a rapid, low-cost diagnostic tool capable of producing real-
time images of cerebral arterial flow. We previously described the first real time 3D scans of the
cerebrovasculature (Fig. 1) as well as 3D aberration correction of the human skull using speckle targets.

Statement of Contribution/Methods

After modifying hardware and software, our 3D scanner (VMI) simultaneously acquires two 2.5 MHz, 63° x 63°
volumes, with 3D color flow, from opposing temporal acoustic windows. A typical 3D rendering of a blood vessel
within a skull phantom simultaneously scanned from both transducers is shown in Fig. 2. We now seek to enhance
image SNR by limiting transducer cable losses; a standard 2.5 m probe cable was replaced with 0.4 m MicroFlat
ribbon cable. PiezoCad simulations predict SNR gains of 16.4 dB.

Results

Water tank experiments showed an improvement in summed RF signal of 14 dB in the shortened cable probe
relative to the control.

Finally, we used one 3D transducer as a far-field correction beacon for the second 3D transducer positioned at
opposing temporal windows. Each matrix array transducer corrected its counterpart’s 100 ns RMS electronic
aberrator yielding an increase in target brightness of 34% using this two-way pitch-catch phase correction.
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Discussion and Conclusions

We will develop new custom transducers on short flexible circuits which interface directly with the scanner front
end, thus realizing the increased SNR while maintaining our ability to position the transducers for imaging of the
cerebral arterial circle and pitch-catch phase aberration correction.

N
\
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P1-G-01

QRS detection and cardiac cycle separation without ECG

Svein Arne Aase', Sten Roar Snare', Ole Christian Mijelstad', Havard Dalen', Fredrik Orderud®, Hans
Torp";' Circulation and Medical Imaging, NTNU, Trondheim, Norway, °GE Vingmed Ultrasound, Oslo, Norway

Background, Motivation and Objective

Automatic detection of the QRS complex on ECG is used on most cardiac ultrasound scanners to separate recorded
ultrasound data into cardiac cycles for continuous playback and storage. On small hand-held scanners it is
unpractical to connect ECG cables. We aim to do automatic cardiac cycle separation and detect the start-point of a
cardiac cycle corresponding to QRS on ECG using only B-mode ultrasound data.

Statement of Contribution/Methods

A deformable non uniform rational B-spline (NURB) curve is fitted to apical 2D B-mode data using an extended
Kalman filter framework. The state vector of the filter is modeled as a combination of model pose parameters and
positions of control points. The model is updated using a combination of edge detection and speckle tracking
measurements. The resulting displacement of the atrioventricular (AV) plane of the left ventricle is extracted from
the model.

The displacement curve is then processed by a rule-based curve analysis algorithm determining whether the curve
has the shape of a typical AV plane displacement curve. If it does, the first time point of maximum distance from
the apex/probe is detected. This event occurs close to the QRS complex of ECG. A section of the displacement
curve before and after this maximum is extracted and compared to the rest of the curve by a sum of absolute
differentiated differences (SADD) algorithm. The minimum of the SADD function then represents the time point at
which the shape of the displacement curve repeats itself, the cycle length.

The parameters and rules of the algorithm were trained using a data set of 36 apical B-mode images with 3 cardiac
cycles and ECG. Testing the algorithm against ECG cycle start and cycle length was done on a separate data set of
45 apical images with 3 cardiac cycles. Mean frame rate was 54 fps. Both data sets were pre-selected from a large
normal material (HUNT3) to exclude non-standard views and images with poor image quality (35% of original
images manually excluded). Images were recorded using an M3S probe on a GE Vivid 7. To emulate a real-time
situation, several test cases with different start point during the first cardiac cycle were run for each recording.

Results

Totally, 1215 test cases were run. In 136 cases (11%), the curve shape was not accepted by the curve analysis rules.
In remaining cases (89%), mean + SD difference of cycle start against corresponding QRS trig point was -18 + 164
ms. Cycle length detection was only tried in these 1079 cases. In 71 cases, the resulting cycle lengths were
automatically discarded by additional curve analysis rules. Thus, the cycle length was detected in 1008 cases (83%
of total). Mean + SD difference against corresponding cycle lengths by ECG was 11 + 75 ms. Mean running time
of one test case in Matlab was 114 ms.

Discussion and Concl

Automatic detection of cardiac cycle lengths and time points near QRS of ECG is feasible based on B-mode only.
However, accuracy should be improved.
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P1-G-02

Performance optimization of block matching in 3D echocardiography

Gabriel Kiss', Espen Nielsen?, Fredrik Orderud?, Hans Torp* 'Medical Imaging Laboratory, Norwegian University of
Science and Technology, Trondheim, Norway, >Comp Science Department, Norwegian University of Science and
Technology, Trondheim, Norway, *Department of Circulation and Medical Imaging, Norwegian University of Science
and Technology, Trondheim, Norway

Background, Motivation and Objective

Speckle tracking in 2D ultrasound (US) has already become a useful tool for assessing left ventricular function.
The introduction of real time 3D US, allows for deformation tracking in three dimensions, without the limitations
of 2D methods. Given an initial rectangular mesh, speckle tracking can be performed by block-matching. The
displacement of a material point is found as the displacement of a region of interest around the point in the source
frame that results in the best match within a target frame. The process is repeated for all the points in the mesh.

The aim of the study was to optimize the performance of 3D block matching by using a Single Instruction Multiple
Data (SIMD) model, a technique employed to achieve data level parallelism.

Statement of Contribution/Methods

Two implementations of SIMD have been tested, in order to compute the minimum value of the sum of absolute
differences (SAD). The first is based on Streaming SIMD Extensions (SSE), a SIMD model developed initially by
Intel and which is nowadays integrated in both Intel and AMD processors. The second uses CUDA, a SIMD
architecture proposed by NVIDIA, which is available on several graphics cards.

Results

The proposed implementations were compared against a non-optimized version of SAD on both a Dell Latitude
830 laptop: NVIDIA Quadro NVS 135M, Intel Core2 Duo T7500, 2GB RAM and on a high-end graphics system:
NVIDIA GeForce GTX 285, Intel Core i7 920 Quad Core Processor, 3GB RAM. The synthetic data employed has
a volume of interest (VOI) of 13x13x5 voxels and a search volume (SV) of 25x25x7 voxels. The initial rectangular
mesh consists of 600 points. The figure shows average computation times (over 100 runs).

Di ion and Concl

With the use of SIMD architecture, the overall processing time is significantly reduced (up to 7x for SSE and up to
49x for CUDA), thus making 3D speckle tracking feasible in a clinical setting. Other matching criteria (e.g. sum of
squared differences, normalized cross correlation) can be implemented efficiently (especially on the GPU) thus
further improving the accuracy of the block matching process.
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Bandwidth Doppler Tissue Imaging (BDTI) in the Myocardium

Norman McDicken', Michael Bennett', Carmel Moran', Audrey White!, Tom Anderson'; ‘Medical Physics,
University of Edinburgh, United Kingdom

Background, Motivation and Objective

Heart wall comprises three muscle layers which move relative to each other in three dimensions. With ultrasound
there are two approaches to studying myocardial motion namely Doppler Tissue Imaging (DTI) and Tracking of B-
mode echoes. DTI produces images of one velocity component along the beam and Tracking is established in 2D.
There is need for angle-independent real-time imaging in 3D. The potential of Doppler bandwidth is reported.
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Statement of Contribution/Methods

Doppler techniques can measure speed of blood flow using the bandwidth of the velocity spectrum. They exhibit
some insensitivity to ultrasound beam/flow angle. They appear to be sensitive to velocity gradients in the sample
volume. Tissue measurements are less likely to be affected by velocity gradients. The research presented
investigates Bandwidth Doppler Tissue Imaging (BDTI) in tissue mimicking material phantoms (TMM), humans
and mice from the points of view of signal quality, angle dependence and temporal resolution.

Results

A linear relationship between spectral bandwidth and TMM speed was measured up to 50 cm/s with Philips Sonos
5500 and Visualsonics Vevo 770 scanners. Angle-independent bandwidth for TMM viewed from 60° to 90° in 2D
has been observed, a range of angles problematic for DTI. The Figure demonstrates placement of the sample
volume at a selected location in the mouse ventricular septum and extraction of bandwidth. Measurement of
bandwidth is also possible at locations where it is difficult to image with B-mode such as the apex of the human
heart.

Discussion and Conclusions

Doppler techniques provide good S/N signals from the myocardium allowing accurate measurement of tissue
speed. Angle-independent results in 2D appear to confirm theory. Spherical sample volumes have been proposed
for angle-independent measurement in 3D (1). A more versatile test phantom has been designed to permit study
over the full 0° to 90° in 3D as encountered in cardiology. The temporal resolution of BDTI is around 5 to 10ms as
required for timing cardiac events. Increasing the number of sample volumes should make possible a clinical
imaging tool.

(1)Yeung K-W. IEEE Trans Ultrasons Ferroelect Freq Contrl 1998; 45: 574-580.

HIvIBUALBSOMICS

P1-G-04

An in-vivo study on the difference between principal and cardiac strains

Daniel Barbosa', Piet Claus', Hon Fai Choi', Krasimira Hristova', Dirk Loeckx', Jan D'hooge‘:’K. U. Leuven,
Belgium

Background, Motivation and Objective

: Regional myocardial deformation is an important parameter for the assessment of regional myocardial function.
As such, ultrasound methods have been proposed to estimate myocardial strain non-invasively in one, two or —
more recently — in three dimensions. Although strain is most often reported in a cardiac coordinate system (radial,
longitudinal, circumferential), its calculation implies that these directions are known. As this typically requires
(manual) segmentation of the myocardium, authors sometimes report on the principal strains instead as they can
simply be obtained through diagonalization of the strain tensor. The assumption made is that the normal cardiac
strain components are close to the principal strains but this has not explicitly been tested.

The aim of this study was therefore to quantify the difference in strain values obtained in both the principal and
cardiac coordinate systems and to define the average position of both coordinate system with respect to each other
in an in-vivo setting.

Statement of Contribution/Methods

Volumetric ultrasound data was recorded in 10 healthy volunteers at a frame rate of 27.4+3.4Hz at 2.5MHz using a
GE Vivid7 dimensions (GE Vingmed, Horten, Norway). Three-dimensional motion and deformation between
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subsequent image volumes was estimated using a B-spline transformation based elastic registration method
previously introduced (splineMIRIT). All data sets were manually contoured at end-diastole (using custom
software — SPEQLE3D) from which the R,L,C axes could be unique defined for all LV segments. Subsequently,
this contour was automatically tracked trough the complete cardiac cycle based on the 3D estimated motion field.
As such, the (Cartesian) strain tensor was known in all myocardial points from which both the RLC-strains and the
principal strains could be derived. Moreover, the angle between the principal axes and the closest RLC axis was
calculated.

Results

The cardiac peak strains, at end-systole (ES), were 49.6+ 22.0 %, 10.8+ 1.6% and 11.2+ 1.6%, for the RLC
orientations, while the peak principal strains were 55.8423.2%, -14.6+1.1% and -13.1+1.8% for the respective
closest principal axis P1, P2 and P3. The average difference between the cardiac axis peak strain and the closest
principal axis peak strain, was -5.7 1.3 %, 3.7£1.1% and 1.9+1.0 % for the radial, longitudinal and
circumferential directions. The angles between the between the principal axes and the closest RLC axis were
20.343.1°, 28.5+1.28° and 26.842.0°, for P1, P2 and P3.

Di ion and Concl

As expected, the absolute values of the peak systolic principal strains were larger than the corresponding strains in
the RLC system. However, in these normal hearts, the difference showed to be relative small. The angle between
both coordinate systems is similarly small. The use of principal strains instead of cardiac strains seems to be
acceptable and could thus help in automating strain estimation.

P1-G-05

A High Performance Spatio-Temporal Displacement Smoothing Method for
Myocardial Strain Imaging

Shuhui Bu', Tsuyoshi Shiina', Makoto Yamakawa?;  Graduate School of Medicine, Kyoto University, Kyoto, Japan,
’Advanced Biomedical Engineering Research Unit, Kyoto University, Kyoto, Japan

Background, Motivation and Objective

Accurately assessing local myocardial strain is important for diagnosing ischemic heart diseases because decreased
myocardial motion often appears in the early stage. The abnormal contraction motion can be visualized by
myocardial strain images, but the strain calculation is very sensitive to noise. In our previous research, we proposed
an adaptive dynamic grid-interpolation (ADGI) method for overcoming the limitation of the trade-off between
spatial resolution and accuracy in traditional moving-average filters. Here, we extend the proposed method with the
ability to process two or more frames' data for improving the SNR of myocardial strain imaging.

Statement of Contribution/Methods

Multi-frame RF data are acquired and stored for processing. The displacement vectors for each sampling point are
calculated by a weighted phase-gradient method combined with an autocorrelation method. In the spatial domain,
the ADGI method is used for fitting the displacement data by applying virtual springs attached at each mesh node
in radial and circumferential directions. The virtual springs’ pseudo-elasticity parameters, which are decided by a
displacement error function, control the revision. Revising displacements are introduced, and a global error
evaluation function is defined. Minimizing the function yields optimally revised displacements, and revised
displacements are calculated by combining detected and revised displacements at each mesh node. In the temporal
domain, the displacements are tracked and smoothed by a Kalman filter.

Results

The performance of this method was evaluated by numerically simulating the short-axis imaging of a 3-D
myocardial model. A deformable model is used to simulate the strain distribution in the myocardium. The
maximum radial strain is set to 15% in a normal wall and 5% in an infarcted wall. The total number of scanned
frames is 30. Echo signals were generated by considering the parameters of a typical ultrasonic scanner with a
center frequency of 3.75MHz. The signal-to-noise ratio is set to 10 to 30dB. The optimized pseudo-elasticity
parameters that control smoothing are set in the range of 20 to 2800 in the radial direction and 20 to 800 in the
shear direction.

For example, in a model with the infarcted region located around 1 to 3 o’clock, the RMS error is decreased from
60.27% to 33.50% without degrading spatial resolution compared to that generated by using median and moving
averaging filters, even for a low SNR (20dB).
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Discussion and Conclusions

The smoothing can be automatically adjusted based on the noise level in the spatial domain and further smoothed
by a Kalman filter in the temporal domain. We can therefore see from the results that the strain generated by our
proposed method is more accurate and robust and that the spatial resolution is retained. Therefore, the abnormal
myocardial contraction region can be clearly identified.

P1-G-06

Sources and Characterization of Clutter in Cardiac B-mode Images
Muyinatu Lediju', Brett Byram', Gregg Trahey' ! Biomedical Engineering, Duke University, Durham, NC, USA

Background, Motivation and Objective

In echocardiography, clutter is one of the most problematic image artifacts, often obscuring ventricular borders and
introducing stationary noise in blood flow measurements. Clutter in transthoracic cardiac images is widely
understood to originate from reverberations in the chest wall and off-axis echoes from structures such as the
ribcage, lungs, and the heart itself. The objective of this work is to investigate the sources of clutter in cardiac
images and their relative contributions.

Statement of Contribution/Methods

Raw echo data from real-time 3D cardiac images of the left ventricle (short-axis view) were acquired at a
volumetric frame rate of 1 kHz, utilizing a Siemens Medical Systems SC2000 cardiac scanner with a matrix array.
Three-dimensional speckle tracking was applied to the images to determine the motion characteristics of clutter
and adjacent myocardium. The relationships among 3D displacement patterns through the cardiac cycle from
several regions in the myocardium and within the ventricles were correlated and assessed for similarity using
correlation analysis. In addition, principal component analysis (PCA) was applied to regions of the raw echo data
to identify principal components with the most variability throughout the cardiac cycle. The resulting eigenvectors
were used to isolate various motion patterns in selected regions of the cardiac data.

Results

When clutter adjacent to the myocardial wall was tracked, the clutter and adjacent myocardium had similar
displacements. For example, during systolic contraction, axial displacements of the proximal myocardium and
adjacent clutter region in the ventricle differed by approximately 5 um, while that of the distal myocardium and
adjacent clutter region differed by approximately 10 pm. However, when clutter farther from the myocardial wall
was tracked, displacements were temporally and spatially complex and did not correlate well with any portion of
the myocardium. The chest wall region was relatively stationary throughout the cardiac cycle. PCA of the cardiac
data revealed a stationary component in the proximal myocardium, as well as in the chest wall region. Principal
components with cyclic motion were also seen in the proximal myocardium. Principal components with cyclic
motion were dominant in the clutter regions adjacent to the proximal and distal myocardium and in the distal
myocardium.

Di ion and Concl

Similar displacements and cyclic principal components in regions of the ventricle and adjacent myocardium
suggest that clutter in the ventricle arises from adjacent cardiac tissue. The stationary principal component
observed in the proximal myocardium is most likely associated with stationary clutter. These results support the
hypothesis that echoes from stationary structures, such as the ribcage and chest wall, are contributors to stationary
clutter noise, while the myocardium is a dominant source of nonstationary clutter.

P1-G-07

Anisotropy in Three-Dimensional Propagation of Electric Excitation in Human
Heart

Hiroshi Kanai': ' Electronic Engineering, Tohoku University, Sendai, Miyagi, Japan

Background, Motivation and Objective

We have previously found that pulsive vibration occurs just after electrical stimulation of the extracted papillary
muscle of a rat [Acoust Sci & Tech 2003; 24:17]. Based on the fact, by applying a novel ultrasound-based method
to human hearts, we were able to successfully measure the proximate response of the myocardium to electrical
excitation [UMB in press], and its propagation was visualized in 3D space [IEEE US Sympo 2008]. In the present
study, we show that the anisotropy in 3D propagation of electric excitation in human heart can be detected.
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Statement of Contribution/Methods

By controlling a stepping motor with reference to the electrocardiogram (ECG), the ultrasound probe on the chest
wall was rotated intermittingly by 7.2 degrees in each relaxation period during several successive heartbeats, and
the RF reflective wave was acquired on each of several 2D planes obtained by slicing the left ventricle (LV). The
number of directions of transmission in each plane was restricted to 16 to maintain a high frame rate (500 Hz), and
thus minute velocity could be measured as waveforms. At all of about 10,000 points in the heart wall, the velocity
waveforms toward the ultrasonic probe on each fan-shaped plane were simultaneously obtained, and their
instantaneous phases of 40-Hz components were color-coded. By adjusting the times {Tg} of the R-wave of the
ECG in the several heartbeats, the instantaneous 3D distribution of the phase was reconstructed at every 2 ms,
precisely revealing the propagation of the velocity waves in the LV, where the accuracy in the adjustment of the
times {Tgr} was 0.2 ms. This novel method was applied to three healthy subjects.

Results

For healthy subjects, the results were obtained consecutively from 50 ms prior to the time of the Q-wave of the
ECG. The changes in LV states were different among the subjects. For typical case, (a) a velocity component
(myocardial response to the action potential) was generated at the apical side of the anterior wall, which was close
to the root of the musculus papillaris posterior, and propagated counterclockwise to the whole LV at a speed of 0.7
m/s. However, the apparent propagation speed along the LV longitudinal axis was about 0.4 m/s. (b) From the
radiation time of the first heart sound, another component (shear wave) was generated at the apical side of the IVS
and propagated upward to the base side along the IVS at a speed of 0.6 m/s. (c) Finally, the first component
became dominant again in the whole LV except at the root of the papillary muscle. This final time was close to the
S-wave of the ECG and then the substantial contraction started.

Di ion and Concl

The subtle dynamic response of the myocardium to the arrival of the electrical stimulation demonstrated by the
novel echocardiography developed in the present study with a high temporal resolution shows great potential for
noninvasive assessment of myocardial tissue damage due to heart failure and desynchronization due to fibrillation.

P1-G-08

An Adaptive Estimator for Ultrasonic Myocardial Strain Imaging

Lingyun Huang', Congxian Jia>, Sheng-Wen Huang', Chi Hyung Seo', Matthew O'Donnell’; ' Bioengineering,
University of Washington, Seattle, WA, USA, *Biomedical Engineering, University of Michigan, USA

Background, Motivation and Objective

In in-vivo myocardial strain imaging, decorrelation-induced peak hopping during peak systole greatly reduces both
the accuracy and precision of estimated strains during this critical cardiac period. To improve performance at the
large interframe strains encountered in systole, we have developed an algorithm combining a multi-scale Viterbi
search with phase rotated correlation coefficient filtering.

Statement of Contribution/Methods

Data were acquired from a paced rabbit heart in a Langendorff preparation using a linear probe (SMHz central
frequency, 40 MHz sampling frequency and 0.3mm pitch, Sonix RP, Ultrasonix, BC, Canada). Real RF signals
were transformed to analytical signals, and cross-correlation was performed with kernels extending one speckle
spot. Integer displacements along a scan line were estimated by Viterbi processing directly on correlation
coefficients along the same scan line over 6 iterations. For each iteration, the Viterbi kernel was extended from one
speckle spot to six (6) by one spot per step. Estimated integer displacements of the nearest neighbor were assigned
to kernels not retrieved in iterations 2 to 6. Subpixel displacements were further estimated and refined using a
phase rotated correlation coefficient filter with phase zero-crossing detection. The optimal displacement of a
specific kernel was selected from one of the six estimates having minimum summed squared difference with
neighboring kernels’ displacements. The procedure was repeated across all scan lines to acquire a displacement
image. The strain was further estimated using least squares fitting with a 2 mm window in both axial and lateral
directions. Areas of frequent peak hopping were used to quantify improvements in strain estimates.

Results

The proposed algorithm successfully reduced peak hopping artifacts and improved strain SNR. Peak hopping in
estimated strain was reduced by 86.1% for the regions highlighted in the figure. Remaining peak hopping artifacts
correspond to regions with less than 0.5 correlation coefficient magnitude and are marked low-confidence regions
for further processing.
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Discussion and Conclusions

Multi-scale Viterbi search maximizes continuity in displacement estimation and improves the SNR of strain
estimates. It is shown that this processing is most appropriate for myocardial applications with large interframe
strains.
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P1-G-09

Increased Left Ventricular Twist - Short-Term Effect of Doxorubicin
Cardiotoxicity

Noa Bachner', Yossi Tsadok', Dan Adam'; Biomedical Engineering, Technion, Haifa, Israel

Background, Motivation and Objective

Doxorubicin is a commonly used chemotherapeutic agent, but it may cause cardiomyopathy that often deteriorates
to heart failure. Thus, its clinical usefulness is limited by dose dependant cardiac damage. Early detection of the
remodeling process caused by doxorubicin cardiotoxicity is thus critical, before nonreversible processes occur. The
aim of this study was to detect by ultrasound Doxorubicin-related cardiomyopathy at its early stages, before it is
expressed in global echocardiographic parameters. To do so, a new layer-specific 2D Strain imaging analysis
software was used, as a more sensitive measure of cardiac function than the standard global echocardiographic
parameters.

Statement of Contribution/Methods

10 rats were used in this study. Doxorubicin was administered intraperitoneally 5 times a week at a dose of 1
mg/kg/d over four weeks, in 8 Wistar rats. 2 Wistar rats were used as controls, in which equivalent volume of
Saline was administered intraperitoneally. Each week of treatment the rats were anesthetized, shaved and scanned
by a VIVIDi ultrasound system, at 3 short-axes levels. The apical short-axis scans were analyzed by a high
resolution 2D Strain program, based on speckle tracking, which enables segmental and layer-specific assessment of
myocardial function.

Results

Out of 8 Doxorubicin treated rats only 4 survived the full treatment. In these 4 Doxorubicin treated rats there was a
significant increase of the peak endocardial rotation (P= 0.006), at the apical short axis level, after 4-5 weeks of
treatment (25.1 +3.7 deg), versus the value of rotation at baseline and of the controls (8.0+2.8 deg). Ejection
fraction remained within the range of the normal values (78.5 £3.5%). A month after termination of the treatment,
the peak rotation values returned back to normal (8.4 £6.8 deg). Two rats that were treated by Saline maintained
normal values of rotation, versus their baseline values, during the whole experiment.

Discussion and Conclusions

Increasing the spatial resolution of 2D speckle tracking imaging allows layer-specific assessment of myocardial
function, which may be useful in detecting cardiomyopathy at its early stages. Here it allowed measuring localized
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changes - peak endocardial rotation values were tripled versus baseline values, while ejection fraction maintained
normal values. Thus, layer-specific strain imaging may serve as a clinical tool for detecting cardiomyopathy at its
early stages.

P1-G-10

Frame Rate Dependence of Myocardial Elastography Estimates Using a
Physiologic 3D Biventricular Finite-Element Model of the Heart with Preliminary
In Vivo Validation

Wei-Ning Lee', Katherine M. Parker?, Jianwen Luo', Jeffrey W. Holmes, Elisa E. Konofagou”; Biomedical

Engineering, Columbia University, New York, NY, USA, *Biomedical Engineering, University of Virginia,
Charlottesville, VA, USA, jRau’iology, Columbia University, New York, NY, USA

Background, Motivation and Objective

The performance of Myocardial Elastography (ME), a 2D/3D radio-frequency (RF)-based transmural strain
imaging technique, has been assessed in a theoretical framework (Lee et al, TUFFC 2007), in vivo graded
myocardial ischemia animal experiments (Lee et al, IEEE IUS 2008), and a clinical setting against MRI tagging in
normal and pathological cases (Lee et al, UMB 2008). In this study, the effect of the frame rate on the ME strain
estimates throughout the entire cardiac cycle was investigated using a physiologic, 3D biventricular finite-element
(FE) model.

Statement of Contribution/Methods

A 3D canine biventricular FE model (Continuity 6.3®, http://cmrg.ucsd.edu/) coupled to lumped parameter
systems models of the systemic and pulmonic circulation in both normal (Control) and ischemic (left-anterior
descending, LAD) cases was employed. Hemodynamics and biomechanics were in agreement with experimental
measures, where end-diastolic and end-systolic pressures were respectively 13 mmHg and 84 mmHg in the normal
case and 18 mmHg and 76 mmHg in the ischemic case. A time step of 1 ms was utilized to simulate the
biventricular deformation for the entire cardiac cycle. A 3D linear convolution model was then used to simulate RF
echocardiograms at a frame rate of 1000 fps. Variable frame rates, starting from 50 fps to 1000 fps, were achieved
by progressively decimating the number of RF frames in the estimation procedure of 2D transmural displacements
and angle-independent strains using the Myocardial Elastography technique, encompassing RF cross-correlation
(3.0 mm window size; 80% overlap), least-squares strain estimator (lateral kernel: 6.7 mm; axial kernel: 3.4 mm)
and coordinate transformation.

Results

At peak systole, the correlation coefficient increased exponentially with the frame rate (0.64 at 50 fps vs. 0.98 at
1000 fps) in both normal and ischemic cases. On the other hand, the elastographic signal-to-noise ratio (SNRe)
initially increased and then decreased with the frame rate; reaching a peak of 6.10 and 8.50 at 200 fps and 500 fps
for the lateral and axial SNRe's, respectively.

Discussion and Conclusions

Based on the physiologic 3D finite-element model, this study showed that for good quality axial strain estimates, a
two-fold higher frame rate than for the lateral strain (500 fps vs. 200 fps) was required. As a result, this finding
indicated the lateral strain to be estimated at lower frame rates and the axial strain at higher frame rates. The
implementation of cardiac-phase-varying frame rate may further improve the strain estimation. Preliminary in vivo
validation of this frame-rate effect on the strain estimation will also be shown.

P1-G-11

Tracking the Endocardial Border in Artifact-Prone 3D Images

K'Y Esther Leung" Mikhail Danilouchkine', Marijn van Stralen', Antonius F W van der Steen', Nico de Jong', Johan
G Bosch':'Erasmus MC, Netherlands

Background, Motivation and Objective

Analysis of echocardiograms, whether visual or quantitative, has traditionally been complicated by ultrasound
artifacts such as reverberations and shadowing. Here, a novel method is presented to recognize artifacts which
obscure the cardiac wall, to improve the tracking of the left ventricular (LV) borders in three-dimensional (3D)
images.
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Statement of Contribution/Methods

Previously, we have developed a prior knowledge driven, optical-flow (OF) based method for tracking the 3D
cardiac wall [1]. Knowledge of the cardiac motion was incorporated using a statistical model, to guide the OF
solution. This method was suitable for estimating the global cardiac motion. In this study, we aim at improving the
local accuracy of this method, by applying a data-driven OF refinement [2] selectively in regions where the
myocardium is clearly visible. To distinguish between visible and artifact-obscured myocardium, the expectation-
maximization algorithm is applied in a stationary and cardiac motion frame-of-reference. This algorithm assigns
probabilities to the image voxels as corresponding with a stationary (artifact) and moving (cardiac) component.
From these probabilities, weights are derived reflecting the visibility of the LV wall; these are then integrated with
the tracking scheme. This weighed method is compared with unweighed tracking, i.e. the refinement is applied
everywhere, regardless of visibility.

Results

Evaluation on 35 3D clinical-quality images reveals better tracking results using this weighed tracking scheme.
Point-to-surface errors decrease from 1.49+0.52 to 1.19+0.47mm (p<<0.01). Also, smaller volume (3.9£8.0 vs.
1.4+6.7ml) and ejection fraction (4.8+5.5 vs. 0.9+4.8%) errors are found. These results compare favorably with
those in the literature.

Discussion and Concl

The new method allows more accurate tracking, by distinguishing visible from artifact-obscured myocardium.
Since in vivo images often contain ultrasound artifacts, we anticipate that this method will aid in the analysis of
echocardiograms in the clinical setting.

[1] KYE Leung et al., "Tracking Left Ventricular Borders in 3D Echocardiographic Sequences using Motion-
Guided Optical Flow," Proc SPIE Med Imaging 2009, 7259, 72590W

[2] BD Lucas and T Kanade, "An Iterative Image Registration Technique with an Application to Stereo Vision,"
Proc DARPA Image Underst Workshop 1981, 121-30

manual —— unweighed weighed weights

Detection of LV border (end-systole, two-chamber cross-section);
arrow shows low weights for shadowed area.
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P1-H. Quantitative Elasticity Methods
Sala Orange

Monday,September 21, 2009, 10:00 am - 11:30 am

Chair: Stephen McAleavey
Univ. of Rochester
P1-H-01

Fibroscan® in hepatology: a clinically-validated tool using vibration-controlled transient
elastography

Laurent Sandrin', Celine Fournier!, Sebastian Mueller’, Veronique Miette':' Echosens, Paris, France, *University of
Heidelberg, Germany

Background, Motivation and Objective

Chronic liver diseases result in the accumulation of fibrosis inside the liver parenchyma which may eventually lead
to cirrhosis. Cirrhotic liver is known to be stiffer than normal liver. Liver biopsy used to be the only gold standard
for the assessment of liver fibrosis. At present, vibration-controlled transient elastography (VCTE) is more and
more used for the staging of liver fibrosis. In this paper, the characteristics and performances of vibration-
controlled transient elastography (VCTE) for the staging of liver fibrosis are presented.

Statement of Contribution/Methods

VCTE (Fibroscan; Echosens, Paris, France) is used in clinical practice to quantify liver stiffness non-invasively
and rapidly. Liver stiffness is compared to fibrosis stage obtained using liver biopsy. In VCTE, a 50 Hz and 2 mm
peak-to-peak amplitude controlled-vibration is applied at the surface of the skin and results in the propagation of an
elastic shear wave through the liver. Shear wave propagation is imaged with an ultrasound transducer (2.5 MHz to
5.0 MHz) used in ultrafast pulse-echo acquisition. In a first approximation, the velocity of the shear waves is
directly related to liver stiffness. Diagnostic performances are evaluated using the area under the receiver operating
curve statistical approach by comparison with fibrosis staging using liver biopsy published in literature databases
[1]. Effect of venous pressure [2] was studied in landrace pigs by clamping the caval vein and measuring the
relationship between the hydrostatic pressure in the caval vein and liver stiffness as a function of time.

Results

Strong correlation between liver biopsy fibrosis stage and liver stiffness are reported. AUROC for the diagnosis of
significant fibrosis and cirrhosis are 0.84 and 0.94, respectively. Clamping of the caval vein for 5 minutes
increased liver stiffness from 3.1 kPa to 27.8 kPa.

Di ion and Concl

Diagnosis accuracy of liver stiffness measured by VCTE is very good for significant fibrosis and excellent for
cirrhosis in a large number of liver diseases: hepatitis B and/or C, HIV, co-infection, alcoholism, etc. However
liver stiffness is influenced by other hepatic conditions such as venous pressure and acute hepatitis [3] that tend to
increase stiffness values as biological tissues exhibit strongly nonlinear stress-strain relationships. As a conclusion,
liver stiffness is a key physical parameter for the whole liver function.

[1] Friedrich-Rust, et al. Perfomance of Transient Elastography for the Staging of Liver Fibrosis: A Meta-Analysis,
Gastroenetrology, 134,960-974 (2008).

[2] Millonig, et al. Venous pressure increases liver stiffness (Fibroscan®) independent of
liver fibrosis, EASL meeting, Copenhagen (2009).

[3] Arena, et al. Acute Viral Hepatitis Increases Liver Stiffness Values Measured by Transient Elastography,
Hepatology, 380-384 (2008).
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P1-H-02

Validation of Ultrasound-based Transient Elastography by means of Dynamic
Mechanical Analysis: Application to In vivo / In vitro Porcine Liver
Jennifer 0udryl, Nicolas Périchon’, Simon Chatelin’, Pierre Allemann’, Luc Soler”, Rémy Willinger), Laurent

Sandrin'; 'Research & Development, Echosens, Paris, France, 2 University of Strasbourg, IMFS - CNRS, Strasbourg,
France, *Institut de Recherche contre les Cancers de I’ Appareil Digestif, Strasbourg, France

Background, Motivation and Objective

It is well known in clinical medicine that palpation is an effective diagnostic tool for characterizing tissues
mechanical properties. This accounts for the motivation of investigators for developing quantitative elastography
techniques for noninvasively evaluating the viscoelastic properties of tissues. Comparison of a new clinical
measurement technique with an established one is often needed to see whether they agree sufficiently. Dynamic
Mechanical Analysis (DMA) is often considered as the reference method to characterize quantitatively mechanical
properties of materials. However, DMA is an invasive technique and only in vitro mechanical properties can be
estimated. In this study, a comparison between Transient Elastography (TE) and Dynamic Mechanical analysis
techniques is performed on in vivo / in vitro porcine liver.

Statement of Contribution/Methods

The elastic property of porcine liver, given by the shear modulus G, was measured by both TE and DMA. Shear
modulus measurements were realized on in vivo and in vitro liver to compare the TE and DMA methods and to
study the influence of testing conditions (time, death of the animal) on the liver viscoelastic properties.

Results

Tests were performed on the liver of 5 female pigs. Each organ has been tested successively in vivo by TE, in vitro
by TE and at least in vitro by DMA. In vitro results show that elastic properties obtained by TE and DMA are in
agreement. At 50 Hz, the mean liver shear modulus measured by TE was about 2.0 + 0.5 kPa in vivo and 1.2 + 0.4
kPa in vitro. Furthermore, results show that the liver is homogeneous, isotropic and more elastic than viscous.
Finally, it is shown in this study that viscoelastic properties obtained by TE and DMA change significantly with
post mortem time.

Di ion and Concl

The preliminary results obtained in this study are promising. In addition to the measurement of in vivo liver tissue
mechanical properties, this study demonstrates the efficiency of the TE-based method to determine in vivo liver
properties. In addition to the validation of the in vitro use of the TE experimental device, this study shows a
significant decrease of the liver tissue elasticity obtained by TE between in vivo and in vitro configurations. This
study has also confirmed the post-mortem time dependence of the liver tissue.

Future work will extend this study to a more significant numbers of animals. Besides, TE does not measure the
viscosity independently. Measuring the viscous property of a material in TE is of a great interest. However, this
study has quantitatively demonstrated the validity of the elastic assumption in TE in a first approximation.
Furthermore, this work shows that TE could be the new “gold standard” method for quantitatively assessing in vivo
tissue elastic properties.

P1-H-03

In vivo assessment of fibrosis in murine liver using transient microelastography:

A feasibility study

Cécile Bastard', Matteo Bosisio®, Meriem YorgovB, Hélene Gi]gcnkrasz, Laurent Sandrin®; {UMRS INSERM U930 /
CNRS ERL3106 / Université de Tours, Tours, France, *Laboratoire d’Imagerie Paramétrique, CNRS UMR7623 /
Université de Paris VI, Paris, France, *Institut Cochin, UMRS INSERM U567 / CNRS UMRS8104 / Université de Paris
V, Paris, France, *Research and Development Department, Echosens, Paris, France

Background, Motivation and Objective

Recently, transient elastography has been successfully applied to assess fibrosis in the liver of human patients with
chronic viral hepatitis C [1]. In small animal experimentation, investigations on antifibrogenic substances often
involve large cohorts of animals and require massive euthanasia for lack of non-invasive technique for monitoring
the progression of the pathology. In this study, the potential of transient microelastography (TME) as a non-
invasive technique to assess fibrosis stage in murine liver in vivo was investigated.
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Statement of Contribution/Methods

Nine mice of the same genetical background (cluster of differentiation 1) with different ages (12 +- 6 months) were
divided into three equal groups: Three untreated mice, three control mice, who received biweekly injections of sole
excipient (paraffin oil), and finally experimental fibrosis mice that were obtained by intraperitoneal biweekly
injections of tetrachloride (CCly) diluted in paraffin oil. After seven weeks (14 injections), the mice were measured
using TME (10 MHz ultrasound transducer, 300 Hz low frequency vibration). Two weeks and four injections later,
the mice were sacrificed and blood samples were collected for alanine transaminase (ALT) testing. The liver
tissues were harvested, then fixed in 4% neutral-buffered formalin and embedded in paraffin for further
histological analyses. After picrosirius red staining, the samples were stained with haematoxylin and eosin for light
microscopy quantitative evaluation of the fibrosis content.

Results

The results of elastographic measurements show that the Young’s modulus is higher for experimental fibrosis mice
(E = 18.4 +- 3.5 kPa) than for untreated mice (E = 6.8 +- 2.2 kPa) and control mice (E = 3.6 +- 1.2 kPa). A
correlation performed between the picrosirius red staining extent and the Young’s modulus gives a Spearman’s
coefficient equal to 0.88 (P-value <0.01).

Di ion and Concl

The values of elasticity obtained from the control mice are close to those reported in literature [2,3]. However,
elastographic measurements and histology results taken from these experiments are not directly comparable since
the mice received four additional injections between the TME measurement and the sacrifice. Nevertheless the
results suggest that transient elastography permits a clear detection of fibrosis at an early stage of seventh-week
injection of CCly. TME could be a valuable non-invasive tool to assess the evolution and the treatment response of
fibrosis in murine models in vivo without proceeding to euthanasia.

[1] Sandrin et al., Ultrasound in Medicine & Biology, 29, 1705-1713 (2003).
[2] Yin et al., Magnetic Resonance in Medicine, 58, 346-353 (2007).
[3] Salameh et al., Journal of Magnetic Resonance Imaging, 26, 956-962 (2007).

P1-H-04

Liver fibrosis staging using SuperSonic Shear Imaging technique: a clinical
feasability study on 150 patients.

eric bavu', jean-luc gennisson', Bruno-Félix Osmanski’, jeremy bercoff’, Mathias fink', vincent mallet’, Philippe
Sogni3, anais vallct-pichard", bertrand nalpasJ, mickacl tanter', stanislas polB; ! Institut Langevin - Laboratoire Ondes et
Acoustique, France, ZSupersonic Imagine, France, 3Hapital Cochin, France

Background, Motivation and Objective

Fibrosis staging can be assessed by a rough estimation of the liver stiffness averaged along an ultrasonic A-line.
Providing a complete 2D map of liver stiffness would thus be of great clinical interest for the diagnosis of hepatic
fibrosis and help prevent upcoming cirrhosis. However, such measurement requires both a quantitative value of
shear elasticity and a great precision to discriminate between different fibrosis levels. Beyond the scope of non-
invasive fibrosis quantification, it is also envisioned that quantitative elasticity imaging of liver will have potential
interest for liver cancer diagnosis. In this work, the Supersonic Shear Imaging technique (SSI) is proposed to map
the in vivo viscoelastic parameters of liver on patients with hepatitis C and derive a mean elasticity of liver tissues.
The results are compared to biological tests (Fib4, Apri, Forns) and Fibroscan® measurements.

Statement of Contribution/Methods

The SSI technique is based on the radiation force induced by a conventional ultrasonic probe to generate a planar
shear wave deep into tissues. The shear wave propagation throughout the medium is caught in real time thanks to
an ultrafast ultrasound scanner (up to 5000 frames/s). Using modified sequences and post-processing, this
technique is implemented on curved arrays in order to get a larger field of view of liver tissues. A study on 150
HCV patients with different fibrosis stages F has been conducted in order to investigate the accuracy of the
technique (F in [0; 4]). Quantitative maps of liver elasticity are produced for each volunteer with a linear and a
curved array.

Results

B-mode images of 120x75 mm? and corresponding elasticity maps are obtained using a 2.5 MHz curved ultrasonic
probe with a good reproducibility and accuracy. The shear wave phase velocity dispersion is also calculated. This
study shows a good correlation between the values obtained by SSI and the fibrosis levels diagnosed by biological
tests (p-index < 10-8) and allows a good differentiation of fibrosis level F (Youden's index Y> 0.9 for F>3 and Y>
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0.8 for F>2). Results are also compared (1> > 0.92) to the Fibroscan® elasticity measurement by fitting the velocity
dispersion curves obtained by SSI at 50 Hz.

Di ion and Concl

This real-time elasticity mapping using an ultrasonic curved probe offers better signal to noise ratio than linear
arrays and a larger area in the patient's liver (13.3 = 2.8 cm? estimation area). This gives more confidence on the
accuracy of the diagnosis of the fibrosis stage. Furthermore, the elasticity parameters obtained with SSI give access
to the shear wave group velocity and the phase velocity. As a consequence, the SSI assessment of liver stiffness
could potentially give more information on the viscoelasticity properties of the liver.

P1-H-05

Quantitative Elasticity Measurements Reveal Intratumoral Changes in Response
to Antiangiogenic Therapy — Preliminary Results

Kenneth Hoyt', Jason Warram', Karri Folks', Amanee Salaam'; ' University of Alabama at Birmingham, USA

Background, Motivation and Objective

Vascular endothelial growth factor (VEGF) driven tumor neovasculature is known to be hyperpermeable, which in
turn raises tumor interstitial fluid pressure and compromises delivery of chemotherapeutic agents. Bevacizumab is
an antibody to VEGF and has emerged as a promising treatment option for the management of breast cancer and
other tumors. Such anti-angiogenic therapies inhibit the VEGF signaling pathway leading to increased intratumoral
necrosis. Additionally, therapy allows normalization of the existing tumor vasculature network and reduction of
tumor interstitial pressure, thereby, allowing improved delivery of chemotherapeutic drugs. The objective of this
study was to measure changes in both tumor interstitial pressure and elasticity in response to bevacizumab therapy.

Statement of Contribution/Methods

Forty nude athymic mice were implanted with 1e6 2LMP breast cancer cells in left and right inguinal regions of
the mammary fat pad (20 controls and 20 in therapy group). All mice were imaged daily using a bioluminescence
imaging system (IVIS system, Xenogen Inc.) to detect firefly luciferase expression and monitor tumor growth.
Three wks post cell implantation, the therapy mice group received a 0.1 mg i.p. injection of bevacizumab
(Genentech, South San Francisco, CA). Using a custom waterbath setup, ultrasound imaging of four mice per
group was performed at days 0.1, 1, and 3 with a Siemens S2000 system (Mountain View, CA) equipped with a
4V1 transducer. Repeated (N = 5) intratumoral elasticity measurements (i.e., shear wave speed) at a fixed depth of
3 cm were acquired using the Virtual Touch feature. Subsequently, tumor interstitial pressures were measured
using a commercial needle-based system (Stryker, Kalamazoo, MI) prior to mouse sacrifice. Caliper measurements
of all tumors were performed prior to experimentation.

Results

For each mouse, the tumor best defined by grayscale ultrasound, was selected for further analysis. All
measurements were summarized as a percent difference between the therapy and control group for a given day.
Regarding tumor volume and interstitial pressure, measurements from the therapy group were consistently lower.
Conversely, elasticity measurements were found to be higher in the therapy group as compared to the control.
Specifically, the difference in elasticity measurements was 1.8%, 7.3%, and 44.8% at days 0.1, 1, and 3,
respectively.

Discussion and Conclusions

This study measured changes in both tumor interstitial pressure and elasticity in response to bevacizumab therapy.
It is hypothesized that a lower interstitial pressure in the therapy group is attributed to vasculature normalization
whereas the increase in tumor elasticity is due increased concentrations of extracellular matrix (collagen) in
response to dispersed cellularity and necrosis.

P1-H-06

Shear viscosity measurement using vibration-controlled transient elastography

Cécile Bastard', Jean-Pierre Remenieras', Laurent Sandrin’; 'UMRS INSERM U930/ CNRS ERL3106 / Université de
Tours, Tours, France, *Research and Development Department, Echosens, Paris, France

Background, Motivation and Objective

The viscoelastic properties of a biological tissue are correlated with its microstructure and tissue impairment is
likely to modify both elasticity and viscosity. Vibration-controlled transient elastography (VCTE) has been
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successfully applied to quantify stiffness in the liver of human patients with chronic viral hepatitis C [1]. However,
this technique is based on the measurement of the shear wave group velocity and does not take advantage of the
shear wave dispersion in the frequency domain which is related to the viscosity of the medium. Recently, several
groups have reported the use of elastography based techniques (SDUV [2], MRE [3]) to measure soft tissue shear
viscosity. In this work, we propose to measure shear viscosity using VCTE.

Statement of Contribution/Methods

As the aim of this study was not to propose an accurate modeling of biological tissues, the rheological model used
to describe the viscoelastic behavior of tissues was a simple Voigt model. Experimentally, the central frequency of
the excitation used in vibration-controlled transient elastography can be precisely tuned but the frequency content
is wide-band and allows the investigation of the shear wave dispersion in the frequency domain (20-150 Hz). The
displacements induced in a homogeneous viscoelastic soft medium by a transient excitation were simulated using a
Green’s function approach [4]. After taking into account the source geometrical diffraction, the displacement field
was studied in the Fourier domain. The phase velocity as a function of frequency, the shear wave attenuation as a
function of frequency and the evolution of the centroid as a function of depth were then computed.

Results

Simulations performed for shear wave velocities in the range of 1.0 to 5.0 m/s and shear viscosities in the range of
0.5 to 5.0 Pa.s show that using these three techniques, it is possible to recover the viscoelastic parameters injected
in the simulation. The influence of the near field term is investigated and does not appear to be negligible.

Discussion and Conclusions

This work demonstrates the theoretical feasibility of shear viscosity measurement using VCTE. Contrary to other
techniques which measure the viscoelastic properties on an axis perpendicular to the excitation direction, the near
field coupling term has to be compensated in order to avoid bias on the viscosity estimation.

[1] Sandrin et al., Ultrasound in Medicine & Biology, 29, 1705-1713 (2003).

[2] Chen et al., IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control, 56, 55-62 (2009).

[3] Asbach et al., Magnetic Resonance in Medicine, 60, 373-379 (2008).

[4] Bercoff et al., IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control, 51, 1523-1536 (2004).

P1-H-07

Combined Vibro-acoustography (VA) Imaging and Shearwave Dispersion
Ultrasonic Vibrometry (SDUV) for Measuring Prostate Viscoelastic Properties: An
In Vitro Feasibility Study

Farid G. Mitri', M.W. Urban', S. Chen', J.F. Greenleaf', M. Fatemi'; ' Physiology and Biomedical Engineering, Mayo
Clinic, USA

Background, Motivation and Objective

Improved methods for prostate guided-biopsy are required to effectively guide needle biopsy to the suspected site.
In addition, tissue stiffness measurement would help identifying a suspected site to perform biopsy because
stiffness has been shown to correlate with pathology. Shearwave Ultrasound Vibrometry (SDUV) provided
evidence of adequate tissue characterization in vivo. For prostate applications, SDUV technique should be guided
by an imaging modality leading to a better biopsy sampling and reduction of the sampling error. Here, we
introduce a combined system of Vibro-acoustography (VA) and SDUV to perform “virtual biopsy” at a specific
location, in which measurement of prostate shear elasticity and viscosity are obtained.

Statement of Contribution/Methods

VA uses two intersecting ultrasound beams with slightly different frequencies to produce a dynamic radiation force
at the difference frequency. An acoustic emission field is thus produced which is detected by a hydrophone and
used to form an image of the prostate. Then, a location of interest is selected and the transducer temporarily
switches to SDUV mode to measure prostate elasticity and viscosity at the specified location. The SDUV uses
repeated tone-bursts to capture a shear wave (SW) generated at the focus. SW propagating outwards from the
vibration center is detected by a transducer operating in pulse-echo mode at two locations along the propagation
path. Its propagation speed is estimated by tracking its phase change over the distance it had propagated. Its phase
velocity is characterized at 8 frequencies to assess the dispersion of its wave velocity. The resulting SW velocity
dispersion curve is fit with a Voigt model to solve for its elasticity and viscosity.
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Results

An excised human prostate was fixed in formaldehyde for 1h and then embedded in a gel. The gel was placed in a
water tank and scanned by VA at 50 kHz. A prostatic region was selected from the VA image in which propagation
of a SW was performed at 9 locations corresponding to 8 measurements, 1 mm apart, at 50 Hz and its higher
harmonics (100-400 Hz). The phase of the SW at 50-400 Hz was estimated from these vibration-time records by a
Kalman filter. The SW phase changes linearly with propagation distance for all the frequencies (50-400 Hz). The
fit with the Voigt model of the measured SW speeds gives a mean and standard deviation values for both elastic
modulus 5.195+/-0.65 kPa and viscosity 2.53+/-0.26 Pa.s. Elasticity obtained with in vivo magnetic resonance
elastography in the central and peripheral prostatic portion were 2.2 +/- 0.3 kPa and 3.3 +/- 0.5 kPa, respectively.
The SDUV results showed higher elasticity values than found with MRE possibly because it was an excised
prostate with no blood perfusion and slightly fixed with formaldehyde.

Di ion and Concl

This study shows the feasibility & provides substantial motivation for combining VA to guide SDUV shear elastic
modulus and viscosity measurements for "virtual biopsy" of the prostate

P1-H-08

Measurement of Elastic Property of Breast Tissue for Elasticity Imaging
Takeshi Matsumura', Takeshi Umemoto?, Yoko Fujihara‘, Ei Ueno?, Tsuyoshi Shiina®, Tsuyoshi

Mitake':/ Ultrasound Systems Division, Hitachi Medical Corporation, Japan, *Department of Breast Surgery, Tsukuba
Medical Center Hospital, Japan, >Graduate School of Medicine, Kyoto University, Japan

Background, Motivation and Objective

It is necessary to investigate detailed elastic property of human tissue as a foundation for developing objective and
quantitative elasticity imaging (elastography). Since soft tissue has significant non-linear elasticity which causes
the change of stiffness depending on compression magnitude, Young's modulus of tissue was conventionally
described as E(g) with reference to strain & [1]. However, Young's modulus of tissue E(c) with indicator of stress ¢
is more useful to study the contrast with elastography because our static-based elastography [2] visualizes the
differences of tissue strain that is obtained under relatively-uniform stress field. Thus, we try to build a tissue
elasticity database that is discriminated by stress range in order to discuss future elastography for differential
diagnosis.

Statement of Contribution/Methods

As samples, Smm slices including lesion and its surrounding breast tissues are obtained after surgical resection.
Our measurement system consists of materials testing machine (INSTRON 3342) and 10N load cell with ¢3 [mm]
cylindrical indenter. Young's modulus is analyzed using the measured stress-strain curve up to the stress of 1.2
[kPa] (estimated maximum stress at practical breast exam).

Results
Measured Young's moduli of tissues are shown in Table 1.

Di ion and Concl
(1) Fat and gland showed similar stress-strain curves with much larger non-linearity than diseased tissues.

(2) IDC (invasive ductal carcinoma) and mucinous carcinoma exhibited significantly larger Young's moduli than
normal tissues (fat or gland), the elasticity of IDC varied over a wide range, though.

(3) Although DCIS (ductal carcinoma in situ) revealed larger stiffness than normal tissues under a slight stress, the
magnitude relation between them changed around the stress of 1 [kPa]. In fact, it is sometimes observed that DCIS
cannot be easily detected (i.e. false negative) at excessive breast compression in clinical exam on elastography, the
background of which seems to be confirmed by the above result.

In addition, we will describe in this paper our approach to quantitative elastography which is being studied with a
view toward the consistency with the stiffness of resected tissues.

[1]T. A. Krouskop, et al. Ultrasonic Imaging 20(1998) 260-74

[2]T. Matsumura, et al. Proc. of IEEE Ultrasonics Symp. (2004) 1484-1487
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Table 1: Young’s modulus of breast tissue { mean  standard deviation [kPa] )

stress 7 [kPa)
Harelog sl WPe | angies 00-02 | 0204 | 0406 | 0608 | ovslo | 1012
normal fat 28 0.7+0.2 24+0.6 5213 g3t22 123+37 1711456
normal gland 22 0.8%0.2 23%0.4 51£13 g3f20 120+£29 157440
DCIS 3 30%18 45+1.2 70x1.4 9g3+17 125+22 153+36
mucinous carcinoma 2 9.2+17 117207 13.0+04 14.9+£1.0 167214 | 18.9+23
jInje: 17 118487 | 137476 | 166478 | 197235 | m3zss | 273495

P1-H-09

Ultrasound-based tool for vibration-controlled transient elastography real-time
assistance: automatic liver localization and skin capsule distance measurement.

Stéphane Audiére', Yassine Mofid?, Maurice Charbit', Elsa Angelini', Véronique Miette?, Laurent Sandrin®; 'ENST,
CNRS LTCI, UMR 5141, PARIS, France, *Research and Developement departement, Echosens, PARIS, France

Background, Motivation and Objective

Vibration-controlled transient elastography (VCTE) based Fibroscan® device (Echosens, Paris, France) is used to
assess non-invasively liver stiffness which is correlated to hepatic fibrosis.

Three probes can be used with the Fibroscan®: an S probe for children, an M probe for adults, and a new XL probe
for obese patients. The probe is chosen according to the skin-capsule distance (SCD): for example, the XL probe is
used for SDC > 25mm.

Today, Fibroscan® operators should pass training to conduct successful examinations. The liver is localized
visually via TM and A-scan modes and the SDC is measured manually with an ultrasound scanner. Furthermore,
use of an ultrasound scanner is recommended to localize easily the liver in obese patients and find the optimal
measurement window.

To facilitate the examination and to get rid of the ultrasound scanner assistance, we propose to integrate new
indicators in the device for an automatic liver localization and SCD measurement.

In this study, we aim to demonstrate the potential of the new indicators in helping operators to localize the liver
and to measure automatically the SCD.

Statement of Contribution/Methods

The automatic localization of the liver is based on combining spatial and temporal information of the real-time 1D
ultrasound acquisitions. A texture analysis was applied on the A-scan signal to detect the ultrasound signature of
liver. Furthermore, RF signal modification due to patient breathing for a specific PRF was investigated to improve
the localization robustness.

The breathing impact is also used to estimate the SCD for the appropriate PRF. Actually, RF signals are
decorrelated inside the liver and highly correlated in the zone between the skin and the liver capsule.

In this study, algorithms were tested according the following protocol. Fibroscan® probe was placed in different
locations: in front of the liver and around. The SCD was calculated only when the liver was detected and all results
were verified using an ultrasound scanner investigation in the same zones.

Results

Preliminary results obtained in a pilot clinical study including a large population demonstrated a good performance
of real-time liver localization in all cases. SCD estimation was close to the SCD assessed manually with the
ultrasound scanner. An error of 2 mm was found due to the liver movement with breathing.

Discussion and Concl

This study reveals encouraging results to improve the Fibroscan® procedure with an assistance tool for automatic
liver localization and SCD measurement. Furthermore, using these indicators will eventually improve the
examination success rate with appropriate probe and reduce the examination time. These algorithms are currently
validated in a clinical study.

Ultrasonics, Ferroelectrics, and Frequency Control Society 211




2009 IEEE International Ultrasonics Symposium (IUS)

P1-H-10

Nonlinear Mechanical Behavior of Cervical Tissue with Increasing Pre-
compression

Tomy Varghesel, Ryan DeWall?, Maritza Hobson', Mark Kliewer’, Josephine Harter*, Ellen Hartenbach®;

! Department of Medical Physics, University of Wisconsin, USA, *Department of Biomedical Engineering, University of
Wisconsin, USA, *Department of Radiology, University of Wisconsin, USA, *Department of Pathology, University of
Wisconsin, USA, *Department of Obstetrics & Gynecology, University of Wisconsin, USA

Background, Motivation and Objective

Tissue mechanical properties may determine tissue function. This is particularly notable in the cervix, where its
mechanical properties influence the outcome of pregnancy. The cervix is easily imaged with ultrasound, and its
cost and portability make elastography a good candidate to use as a clinical diagnostic tool to evaluate cervical
function. However, before elastography can be used clinically, the mechanical properties of cervical tissue must be
characterized. In this study, we performed dynamic testing on normal human cervix tissue at several different
levels of pre-compression in order to characterize its nonlinear mechanical behavior.

Statement of Contribution/Methods

Cervical specimens were obtained from the UW Hospital Pathology Lab (n = 10) from the uteri of patients who
underwent a hysterectomy. Patient consent was obtained for the mechanical testing of the excised tissue samples.
Samples were approximately one cubic centimeter and stored in saline solution. Samples were dynamically tested
at 1 Hz using an EnduraTEC ELF 3220 for six different pre-compression ranges (one to six percent) and three
different compression amplitudes (two to four percent). This study was approved by the University of Wisconsin
Institutional Review Board.

Results

Our results show an increase in the measured storage modulus with increasing pre-compression. When the results
were normalized to the storage modulus at 1% pre-compression, the storage modulus at 6% pre-compression was
approximately 1.4 times larger. Dynamic amplitude had little effect on the storage modulus measured at each level
of pre-compression. We saw no changes in tan delta with increasing pre-compression.

Discussion and Conclusions

These results show the nonlinear elastic behavior of cervix tissue with increasing pre-compression and are
consistent with previous studies. Tan delta was unchanged, suggesting that pre-compression had little effect on
damping. In order for ultrasound elastography to be an effective tool to determine cervical function, the initial pre-
compression must be considered when measuring the elastic modulus of the cervix.
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P1-1-01

Determination of Sound Velocity Distribution Using Sectional Near-field
Acoustical Holography and Simulated Annealing

Takeshi Ohbuchi'?, Tadashi Ebihara'?, Koichi Mizutani', Naoto Wakatsuki', Hiroyuki MasuyamaJ:/Gmduate School
of Systems and Information Engineering, University of Tsukuba, Tsukuba, Japan, *Research Fellow of the Japan
Society for the Promotion of Science, Japan, *Electronic Mechanical Engineering Department, Toba National College
of Maritime Technology, Toba, Japan

Background, Motivation and Objective

Currently, an ultrasonic tomography is mainly used for reconstructing of sound velocity distribution, which is used
for measurement of temperature for example. However, ultrasonic tomography requires a lot of measuring points
and a strictly known sound source. In this study, we propose a method for determining sound velocity distribution
based on optimization.

Statement of Contribution/Methods

The coordinate system is shown in Fig. 1(a), and the sound velocity is assumed to only vary in the direction of z-
axis. Firstly, the two-dimensional sound field at z = z2 is calculated from the sound field measured at z = z1 using
sectional near-field acoustical holography (SNAH) in which unknown sound sources are permissible. SNAH is our
proposed method; the space sandwiched between planes at z1 and z2 is partitioned into many parts as shown in
Fig. 1(a) so that sound velocity in each part becomes approximately constant. SNAH was validated using finite
element method. Secondly, the sound velocity distribution is determined using an optimization. Only sound fields
at zI and z2 are measured, and we set initial sound velocity distribution. The sound field at z2 is calculated from
the sound field measured at z1 using SNAH. Then, the sound velocity distribution is optimized to minimize
difference between real part of measured and calculated sound fields at z2. We use simulated annealing (SA) for
optimization to avoid local solutions.

Results

We validated this proposed method by a simulation. In the simulation, the diameter of transducer was 6.0 mm, and
ultrasonic wave was radiated into water at frequency of 1.0 MHz. In Fig. 1(b), dashed line shows the given sound
velocity corresponding to water temperature. Then, two-dimensional sound fields were calculated in a region of 20
x 20 mm?2 at z1 = 20 and z2 = 35 mm. The space sandwiched between planes at z1 and z2 was partitioned into 400
parts. Sound velocities at z = 20, 25, 30, and 35 (mm) were used for optimization, and the sound velocity
distribution was interpolated with spline function for using SNAH. The sound velocity distribution determined
using SA is shown by solid line in Fig. 1(b).

Discussion and Concl

The determination result well agreed with the given value, and validity of our proposed method could be
established. Our technique is expected to be applicable to determine three-dimensional sound velocity with
scanning transducer or transducer array.
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P1-1-02

Study on the shallow underground imaging by the pulse compression method
that considered frequency dependent attenuation

Tsuneyoshi Sugimoto', Hiraku Kawasaki’:' Electronics and Information Engineering, Toin University of Yokohama,
Yokohama, Japan, *Inspection Technology dept., Inspection Division, IHI Inspection & Instrumentation Co., Ltd.,
Yokohama, Japan

Background, Motivation and Objective
The resolution improvement of shallow underground imaging using super-magnetstriction vibrator and pulse
compression method has been studied.

Although the validity of the pulse compression method for resolution improvement of underground image has been
confirmed, the effect of frequency dependent attenuation of chirp wave was not considered.

Statement of Contribution/Methods

Frequency dependent attenuation of chirp wave in shallow underground is measured at each frequencies and half
width (axial resolution) is calculated by simulation using measurement data.

And an exploration experiment is carried out to confirm the effect of the compensation of high frequency
domain(600-800Hz).

Linear up chirp wave, log up chirp wave and log down chirp wave are used for comparison with the linear down
chirp wave and long duration time (200ms) is used for comparison with short duration time (100ms).

Results

From the simulation results, half width are smaller than 0.2m are obtained when Af is more than 500Hz (800-
300Hz linear down chirp, duration time 100ms).

From the experimental results, compensation of high frequency domain and long duration time are effective for
high resolution underground image. And linear down chirp showed the best underground image in this case.

Disc i and Concl

We confirmed the validity of the compensation of high frequency domain and long duration time for pulse
compression image. However, the deeper a target is buried, the more difficult making underground images by
using a pulse compression technique because a high frequency domain of chirp waves has strong attenuation.
Therefore, examinations at increased duration in chirp waves and examinations with changing the pulse
compression method according to the propagation distance will be expected to keep the best resolution at each
depth.
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P1-1-03

An improved method for tomographic density imaging using a multiple
frequency inverse scattering approach

Roberto Lavarello', Michael Oclze':' University of lllinois at Urbana-Champaign, USA

Background, Motivation and Objective

Inverse scattering is one of the most robust acoustic tomography methods, allowing for the reconstruction of
quantitative images of acoustic parameters. Most acoustic tomography methods neglect density variations in order
to obtain speed of sound and attenuation profiles. However, density may also contain useful information or provide
additional sources of image contrast. Current inverse scattering methods for density imaging have limitations that
keep them from practical experimental implementations. Therefore, improved algorithms need to be developed and
assessed in order to obtain density tomograms.

Statement of Contribution/Methods

In this work an improved approach, termed the multiple frequency distorted Born iterative method (MF-DBIM)
algorithm, was developed for imaging density variations. The MF-DBIM approach consists of inverting the wave
equation by solving for a single functional that depends on both sound speed and density variations at multiple
frequencies. Density information was isolated by using a linear combination of the reconstructed single-frequency
profiles. These profiles were obtained using frequency hopping in order to improve the correlation among the
reconstructions at different frequencies. The results were compared to reconstructions using methods currently
available in the literature, i.e., the dual frequency DBIM (DF-DBIM) and T-matrix methods.

Results

The performance of the MF-DBIM was initially assessed by reconstructing cylindrical targets of different radii,
speed of sound and density contrasts. The MF-DBIM required the use of frequency hopping in order to converge to
a proper solution. Useful density reconstructions, i.e., root mean square errors (RMSEs) less than 30%, were
obtained even with 5% Gaussian noise in the simulated data and using frequency ranges spanning less than an
order of magnitude. Therefore, the MF-DBIM approach largely outperformed both the DF-DBIM method (which
had problems converging with noise even an order of magnitude smaller) and the T-matrix method (which required
a ka factor close to unity in order to achieve convergence). The MF-DBIM performance degraded severely
(RMSEs larger than 50%) when the angular coverage on reception was less than 180 degrees. Although the MF-
DBIM performance also degraded as the frequency jump magnitude increased, the RMSEs were not largely
affected when the frequency jump was smaller than 5% of the maximum frequency used for the reconstructions.

Di ion and Concl

In summary, the MF-DBIM approach outperformed currently available density imaging methods and required SNR
levels and bandwidth ranges that are obtainable using current ultrasonic tomography scanner technology. However,
the effects of non-random measurement errors (i.e., instrument calibration errors) should be taken into account for
a practical, robust experimental implementation of the technique. This work was supported in part by a grant from
the 3M corporation.
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P1-1-04

Laser ultrasonic investigation of laminate disbonding

Alexandr Karabutov (Jr.) !, Alexandr Karabutov?, Oleg Sapozhnikov'; !Physics, Moscow State University, Moscow,
Russian Federation, *International Laser Center, Moscow State Uni versity, Moscow, Russian Federation

Background, Motivation and Objective

Background, Motivation and Objective: Laminated parts are widely used in industry. They consist of thin sheets of
metal or plastic glued together. Nondestructive testing (NDT) of such layered structures is of great importance
because any disbonding or polymerization failures can significantly impact their service capabilities. While
ultrasonic testing of laminated structures seems to be the most reliable approach, it demands the use of high-
frequency ultrasound to probe laminates with thin layers. For a given frequency band, Contact Laser-Ultrasonic
Evaluation (CLUE) provides significantly higher spatial resolution in comparison with traditional piezoelectric
ultrasound. Consequently, exploration of the utility of CLUE for NDT of laminated structures is a topic of interest.

Statement of Contribution/Methods

In CLUE, laser pulse absorption produces a short ultrasonic pulse that propagates into the test structure and the
backscattered signal is then detected by an ultra-broadband piezoelectric receiver. A laser-ultrasonic defectoscope
with a probing-pulse duration shorter than 100 ns was designed and used to study laminated structures. To
complement the experimental testing, finite differences were used to numerically model aspects of the technique,
including optoacoustic generation as well as pressure pulse propagation in both the laminate and the contacting
medium between the laminate and the optoacoustic source.

Results

Samples consisting of two or three aluminum sheets glued together with polymer layers were tested with CLUE
over a frequency range from 0.1 to 6 MHz. Results of reflection-coefficient measurements agreed well with
predictions from numerical simulations. Both bonded and disbonded regions were clearly distinguishable in the
CLUE signals.

Di ion and Concl

The experimental investigation shows that CLUE can detect disbonded regions and locate their positions. The
technique is simple and effective, enabling testing to proceed quickly and efficiently. The depth resolution of
CLUE is determined by the probing pulse duration. The 70 ns probing pulse used here allowed a depth resolution
several times higher than that for a conventional piezoelectric defectoscope with the same center frequency. In
addition, CLUE provides a better capability for distinguishing the rigidity of boundaries from which signals are
reflected. This capability can be very useful for the investigation of disbonding in laminate structures. Work
supported by RFBR 08-02-00368 and ISTC 3691.

P1-1-05

Experimental evaluation of the moving linear array technique applied to livescan
palmprinting

Antonio Iula', Michele De Santis', Giosu¢ Caliano?, Massimo Pappalardo?; 'D.1.F.A., University of Basilicata,
Potenza, Italy, *University Roma Tre, Italy

Background, Motivation and Objective

Biometrics can be defined as the use of physiological or behavioural characteristics to recognise or verify the
claimed identity of an individual. The demand for security access control systems based on personal identification
is strongly increasing and growing in many important applications. Fingerprints, Iris, Voice, Face and Palmprints
are the different physiological characteristics used for identifying an individual.

Palmprint recognition systems have been developed for civilian (mainly access control) applications. These
systems typically utilize low resolution (< 100 dpi) images and support full-to-full palmprint matching. Principal
lines and wrinkles can be extracted from low-resolution images playing an important role in palmprint
identification.

There are several different methods of capturing the initial palmprint image, the most common techniques being:
optical, capacitive, thermal and ultrasonic.

Ultrasounds have some intrinsic advantages with respect to other methods; in fact they are not sensitive to the
surface contaminations, such as stain, dirt, oil, or skin wornness and they provide information not only of the skin
surface but also of the under skin region.
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The main explored ultrasonic technique for livescan palmprint (and fingerprint) consists in a XY mechanical scan
of the palm: a high frequency (high resolution) A-Scan ultrasonic transducer scans each dots of the XY area and
stores in the memory all the reflected acoustic signals from each dot. The result is a 3D image of the entire under
skin volume.

Statement of Contribution/Methods

The scanning acquisition time can be reduced using an ultrasonic linear array transducer that moves in the direction
perpendicular to the electronic scanning plane. This approach seems to be very promising in the next future, when
high frequency (30 Mhz and up) ultrasonic linear array transducers, based on the emerging technologies like
c¢MUT, will provide the adequate resolution and could be extended to fingerprints as well.

In the present work a first experimental evaluation of this coming up technique is carried out by using a
commercial echographic machine (Esaote Technos) and of a 12 MHz 192 elements ultrasound linear array
(LA523E).

The probe was tied to a motorized sledge moving along the X direction with steps of 500 im each. For each step,
the B-scan image (YZ) was acquired and stored. The resulting 3D matrix was successively elaborated in MatLab
environment to provide the palm C-scan at different depth inside the skin. In order to maximize the image
resolution, palm skin was flattened and opportunely spaced from the probe by an acoustically transparent plate.

Results

Several experiments are carried out in different region of the palm and contaminating the surface with various
polluting substances.

Di ion and Concl

Palmprint images obtained at different skin depths clearly show features like principal lines and wrinkles of the
hand palm, demonstrating the validity of the proposed technique.

P1-1-06

Non-destructive evaluation of the 18th century ship wreck Vrouw Maria

Ari Salmi', Kari Steffen?, Joona Eskelinen', Marko Peura, Leone Montonen?, Edward Haeggstrom':' Department of
Physics, Division of Materials Physics, University of Helsinki, Helsinki, Finland, *Department of Applied Chemistry
and Microbiology, University of Helsinki, Helsinki, Finland

Background, Motivation and Objective

Evaluating the condition of cultural heritage lying on the bottom of oceans around the world is essential for
archaeologists. The decisions on whether to lift objects or to leave them in situ require knowledge of both their
current and estimated future condition. We analyze the current condition of pine and oak samples recovered from a
sunken, 240 years old Dutch merchant ship wreck ‘Vrouw Maria’ with ultrasound and other non-destructive
methods.

Statement of Contribution/Methods

To evaluate the physical condition, i.e. mechanical properties, ultrasonic through-transmission sound velocity
measurements at 300 kHz to 4 MHz were performed in both radial and longitudinal wood fiber directions. Presence
of large discrepancies (e.g. holes created by ship worms) within the samples were probed using 2 MHz ultrasonic
pulse-echo measurements. DNA-analysis was used to determine the presence of microbes, particularly fungi, in the
samples. In addition, X-ray diffraction and X-ray fluorescence measurements were performed at the ESRF
synchrotron facility, Grenoble, to determine both the extent of degradation at the nanometer-level in the wood cell
walls and changes in the elemental composition of the samples.

Results

The ultrasonic measurements detected a layered structure in the pine sample with a thin (1-4 mm) mechanically
degraded layer on top of almost intact wood (up to 60 % decay in the stiffness modulus compared to intact wood).
For the oak sample, a 50% stiffness modulus reduction was detected compared to a freshly felled reference sample.
DNA-analysis detected the presence of soft-rot fungi in the degraded layer and even deeper into the underlying
compact wood (2 cm depth). Fungal DNA was more abundant below the heavily degraded layer indicating that
fungal degradation has already moved deeper towards non-degraded parts. Differences in both the x-ray diffraction
patterns and the x-ray fluorescence spectra were observed within the samples.
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Discussion and Conclusions

The degraded layer in the pine sample provided insight about the temporal progression of the degradation process
attacking wooden samples on the ocean bottom. The general mechanical condition of the samples was found to be
fair, e.g. the modulus degradation was under 50%. Heavy degradation could be attributed to ascomycetous soft-rot
fungi. The differences in both the x-ray diffraction patterns and the x-ray fluorescence spectra between the surface
layer and core of the samples indicate changes of varying extent in the cell wall structure and in the elemental
composition. Combining these methods offered a novel perspective into archaeological wood degradation.
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P1-J. Guided Waves and Microscopy
Sala Orange

Monday,September 21, 2009, 10:00 am - 11:30 am

Chair: Larry Kessler
Sonoscan
P1-J-01

An Efficient Formulation for Harmonic Waves in Multilayered Cylindrical
Structures

Ergun Simsck', Bikash K. Sinha?; Electrical Engineering, Bahcesehir University, Besiktas, Istanbul, Turkey, *Math
and Modeling, Schlumberger-Doll Research, Cambridge, MA, USA

Background, Motivation and Objective

Sonic techniques in geophysical prospecting involve elastic wave velocity measurements that are performed by
placing acoustic transmitters and receivers in a fluid-filled borehole. However, the acoustic transmitter and
receivers are mounted on a logging tool that can be simulated in terms of a cylindrical column of heavy fluid with
calibrated elastic moduli and mass density to account for its influence on recorded waveforms at an array of
receivers. In addition, an oil and gas producing wellbore consists of a steel pipe cemented to the formation.
Analyses of sonic waveforms in such multilayered structures require an efficient formulation for harmonic wave
propagation that form a basis for the inversion of sonic data for formation elastic properties.

Statement of Contribution/Methods

Equations of motion for harmonic waves in multilayered cylindrical structures are given in a compact form. This
compact form helps us to efficiently form a boundary condition matrix of any N-layer structure based on material
parameters of all cylindrical layers. Fluid-fluid, fluid-solid, and solid-fluid boundaries are supported. The search
algorithm automatically searches for zeros of a boundary-condition determinant that yields the borehole velocity
dispersion for a given frequency band. We describe how to obtain radial displacements and stress amplitudes for a
chosen frequency that can be useful in estimating frequency dependent radial depth of investigation for the
borehole Stoneley, flexural, and quadrupole modes in the presence of a casing and tool effects on sonic data.

Results

We present an efficient way of writing equations of motion for harmonic waves in multilayered cylindrical
structures. This compact form enables us to obtain modal dispersions, radial displacement and stress amplitudes in
a systematic way. The accuracy of the algorithm has been validated by comparing results from a general 3D-
Green's function method.

Discussion and Concl

This study helps in the analysis and interpretation of sonic response in open as well as cased holes in the presence
of near-wellbore alteration and tool effects. Estimates of far-field formation elastic moduli in such cylindrical
structures are used to identify formation lithology in terms of the compressional to shear velocity ratio which is
related to the Poisson's ratio of the material. Plots of compressional to shear velocity ratio against compressional
transit time help identify intervals containing limestone, dolomite, salt and quartz. Recent applications of elastic
moduli of rocks in a reasonably uniform lithology are in the estimation of fluid mobility in porous rocks; formation
stresses; and fracture characterization.
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P1-J-02

Piezoelectric composite film for acoustic emission detection
Walter Sakamoto', Ricardo Tokio Higuti?, Marcelo Moreira Tiago® ' Physics and Chemistry, University of Sdo Paulo

State - UNESP, Ilha Solteira, Sdo Paulo, Brazil, *Electrical Engineering, University of Sio Paulo State - UNESP, Ilha
Solteira, Sdo Paulo, Brazil

Background, Motivation and Objective

The continuous technological advances have required materials with properties that conventional material cannot
display. Material property combinations are being the focus to the development of composite materials, which are
considered a multiphase material that exhibits properties of the constituent phases. One interesting material to be
studied as sensing material is the composite made of ferroelectric ceramic and polymeric matrix as a two phases
composite material. In that case the combinations properties intended are the high piezo and pyroelectric activities
of the dense ceramic with the impact resistant, flexibility, formability and low densities of the polymer.

Statement of Contribution/Methods

The composite studied here is made of a modified lead titanate (Pz34) ceramic and polyether-ether-ketone (PEEK)
high performance polymer matrix. Using the piezoelectric property of the composite film it was used to detect
acoustic emission (AE), which is a transient elastic wave generated by sudden deformation taken place in materials
under stress. AE can be applied for evaluating the “health” of structures in a non-destructive way. The composite
film was surface mounted on an aluminum panel and ball bearing drop and pencil lead break were used as
simulating AE sources.

Results

Pz34/PEEK sensors were surface-mounted on an aluminum panel. The panel was exited using two different
simulated AE sources: ball bearing drop,and pencil lead break (Pentel 2H), the so-called Hsu-Nielson source. The
acoustic impedance of the sensor 50/50 vol.% is 9.0(Pas/m3)calculated using the longitudinal wave velocity of the
composite films measured using the ultrasonic immersion technique.

Di ion and Concl

Figure 1 shows the time response of the Pz34/PEEK sensor to the lead break test. The pencil was broken on panel
surface ate about 6 cm from the sensor and the signals were recorded directly by a digital storage oscilloscope
(Tektronix TDS 2022) without amplification. Clearly it can be seen both plate waves modes: extensional around 55
ms and the flexural at 120 ms. The sensor composition used for this test was 50 vol.% of ceramic. It can be seen
from the lead break test both modes of waves propagation (extensional and flexural) could be clearly observed
without any amplification. The preliminary result indicates that the composite Pz34/PEEK can be used for non-
destructive evaluation.
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P1-J-03

Efficient mode conversion transducers for use in ultrasonic flow meters

Shrinivas Joshi', Boris Zaitsev?, Iren Kuznetsova® ’Marquette University, USA, ’Insti of Radio Engi ing and
Electronics, Saratov, Russian Federation

Background, Motivation and Objective

This paper is concerned with the development of miniature, high efficiency transducers for use in ultrasonic flow
meters. In the transmission type of ultrasonic flow meter, two transducers are placed on opposite walls of a pipe
through which the fluid is flowing. By measuring the time taken by the acoustic wave to travel from one transducer
to the other, one can determine the fluid velocity and other relevant flow parameters [1]. One of the problems of
currently available transducers is that they are generally large in size and protrude a considerable distance inward
from the pipe wall and into the path of the flowing fluid. This causes several problems such as disturbance of flow
stream resulting in erroneous flow data, fouling of transducer due to accumulation of rags, debris, etc.

Statement of Contribution/Methods

We show that a flat, planar transducer that has minimal protrusion into the pipe can be realized based on
conversion of plate acoustic waves (PAWs) to bulk acoustic waves (BAWs). The transducer is essentially a thin
plate of a suitable piezoelectric material on which interdigital transducers (IDTs) are fabricated to generate and
detect plate acoustic waves. With proper design very efficient conversion of energy from plate waves in the
piezoelectric material to bulk waves in the fluid (and vice versa) can be achieved. Prior work has used this mode
conversion principle for converting energy from surface acoustic waves (SAWs) to bulk acoustic waves [2, 3]. The
use of plate waves has several advantages. Since the energy of plate waves is present on both plate surfaces, the
IDT can be on the surface opposite from that which is in contact with the fluid. This protects the IDT from possible
damage due to the fluid and also simplifies the job of making electrical connections to the IDT. Another advantage
is that one has a much wider choice of substrate materials with plate waves than is the case with SAWs.

Results

Our initial experiments have employed the fundamental anti symmetric plate wave mode (A0 mode) propagating in
a Y-X lithium niobate substrate. The device fabricated on a 0.5 mm thick plate had a fundamental resonant
frequency of 1.38 MHz. Total mode conversion loss (PAW to BAW and back from BAW to PAW) of less than 2.5
dB has been obtained.

Discussion and Concl

This paper shows that coupling between plate acoustic waves and bulk acoustic waves can be gainfully employed
to realize miniature, high efficiency, wide bandwidth transducers for generating and detecting ultrasonic waves in
fluids. Details of the theoretical analysis used, experimental results obtained, and potential applications will be
presented.

1. L. C. Lynnworth, “Ultrasonic Measurements for Process Control,” Academic Press, 1989.
2. S. G. Joshi, B. D. Zaitsev, and I. E. Kuznetsova, Proc. IEEE Ultrason. Symp., pp. 1286 — 1289, 2004.
3.S. G. Joshi, B. D. Zaitsev, and I. E. Kuznetsova, J. Appl. Phys. 105, 034501 (2009).

P1-J-04

Visualization of Sound Propagation in Solids Using Electrodynamic Probes

Uwe Volz', Mare Kreutzbruck', Heinz Mrasek', Klaus Matthies'; ' Federal Institute for Materials Research and
Testing, Germany

Background, Motivation and Objective

When dealing in ultrasonic testing with inhomogeneous material structure such as divers types of welds made from
austenitic steel or nickel based alloys, which are currently used for modern power plants concepts, data
interpretation is quite difficult. For better understanding of the complex interaction between the sound field and the
component under test, the visualisation of sound propagation in solids is a substantial task to diminish the detection
uncertainty of relevant defects.
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Statement of Contribution/Methods

However, there exist only a small number of appropriate techniques published today, such as scanning laser
interferometer, piezoelectric and optical approaches in case of transparent solids. In this work we present an
electrodynamic technique providing a simple use and a high signal to noise ratio. By detecting the grazing beam
with an electrodynamic probe with a size smaller than 10 mm, we measured the particle displacement as a function
of time with a spatial resolution in the order of 2 mm. Adapting the electrodynamic probe and its coil alignment
allows for measuring the displacement components in all three dimensions. This comprises the detection of the
horizontal and vertical particle displacement with respect to the surface and thus also the transformation from
longitudinal waves into transversal waves and vice versa is possible.

Results

A SNR of higher than 36 dB could be achieved within ferromagnetic and high conductive chrome steel when using
a transversal wave generated by an angled beam transducer. We report on measurements of the sound field in
complex weld joints. One example shows a 10 mm thick narrow gap weld joining a nickel alloy with a chrome
steel with a thickness of 80 mm yielding a substantial anisotropy of the weld structure. The test system enables us
to visualize the wave propagation within the weld and indicates the reflection scenario and the energy losses due to
both the anisotropic structure and material defects (see figure below).

Discussion and Concl

The findings show that the electromagnetic approach substantially provides both a high signal-to-noise ratio and
the simultaneously detection of longitudinal and transversal waves. Therefore the system can visualize wave
conversion and offers a deeper insight into the interaction of the sound field with the anisotropic weld region.
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P1-J-05

Guided Waves Based Approach for the Reconstruction of the Elastic Moduli of
Plates

Michele Sale', Piervincenzo Rizzo?, Alessandro Marzani®:'Saipem S.p.A., Italy, *Civil and Environmental
Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania, USA, *University of Bologna, Italy

Background, Motivation and Objective

Guided ultrasonic waves (GUWs) provide a highly efficient method for the non-destructive evaluation and the
structural health monitoring of waveguides. GUWs are also particular attractive to all those applications devoted to
the characterization of material elastic properties for either isotropic or orthotropic materials. Typically oblique-
incidence bulk waves, guided waves or leaky guided waves can be used. This paper describes an inverse technique
based on simplex method to determine the elastic constants of isotropic plates. The inverse procedure minimizes
the discrepancy between semi-analytical dispersion curves and experimental dispersion curves. Particularly the
study focuses on the group velocity of the lower order symmetric and antisymmetric Lamb waves propagating
along the plate.

Statement of Contribution/Methods

A pulsed laser and piezoelectric transducers were used respectively to generate and detect Lamb waves in an
aluminium plate. Time waveforms were processed using the continuous wavelet transform to extract the time-
frequency characteristics of the signals and to obtain the group velocity curve. The experimental data were
compared to the theoretical predictions obtained by using a semi-analytical finite element (SAFE) algorithm. The
algorithm computes the waveguide dispersion curves solving the dispersive wave equation by using standard
routines for eigenvalue problems. The inverse procedure iteratively updates the plate elastic properties in the SAFE
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formulation in order to minimize the discrepancy with the experimental group velocity curves. The iteration is
terminated when a designed optimization function is satisfied.

Results

The inverse scheme has been demonstrated on a 2.54 mm-thick aluminum plate. Two wave propagation scenarios
were studied experimentally by exciting the antisymmetric mode only and by exciting simultaneously both the
symmetric and the antisymmetric modes. It was found that the inversion scheme is able to determine the properties
of the aluminum by monitoring the SO mode, the A0 mode and both modes, in the frequency range comprised
between 100 kHz and 650 kHz. Better results in terms of residual error are found by monitoring both modes
simultaneously.

Di ion and Concl

This work shows a study where a SAFE algorithm was for the first time coupled to an inverse scheme procedure to
determine the elastic constant of a given material. As the SAFE modelling has been demonstrated suitable to
predict the dispersive behaviour of guided waves propagating in waveguides of arbitrary cross-section, the inverse
scheme proposed is general and effective to reconstruct the elastic properties of structural waveguides of complex
geometry. In addition by extending the minimization of the error function to two modes simultaneously, the
effectiveness of the inverse approach is achieved.

P1-J-06

High frequency guided waves in a 7 wire strand: Warped Frequency
Transform for spectro-temporal characterization

Alessandro Marzani', Luca De Marchi?, Piervincenzo Rizzo®, Nicolo Speciale®:’ DISTART, University of Bologna,
Bologna, Italy, *DEIS, University of Bologna, Bologna, Italy, *Dept. of Civil & Environmental Engineering, University
of Pittsburgh, Pittsburgh, USA

Background, Motivation and Objective

Methods based on guided ultrasonic waves are gaining increasing attention for the non-destructive inspection and
condition monitoring of multi-wire strands used in civil structures such as prestressing tendons and cable-stay
bridges. In these applications, the knowledge of the dispersive spectro-temporal structure of the propagating guided
waves is required. Unfortunately, the dispersive pattern of the guided waves in multi-wire strands is not easily
detectable. The main reasons are related to the complex cross-section geometry of the cable, and to the inter-wire
contact force that takes place when the cable is loaded. In this work, we proposed a new signal processing tool
aimed at the extraction of the guided waves’ characteristics from experimentally recorded time-transient
measurements.

Statement of Contribution/Methods

A pulsed laser and an interferometer are used to generate and detect broad-band guided waves signals propagating
in the structure. These signals have characteristic time-frequency representations (TFRs). Unfortunately, any TFR
is subject to the time-frequency uncertainty principle. This limitation prevents the capability of distinguishing
multiple, closely spaced Lamb modes with spectrograms or scalograms. To this aim, we implemented a new
Warped Frequency Transform (WFT) which allows for a more effective tiling of the time-frequency domain. Such
tiling can be chosen to match the spectro-temporal structures of the different propagating modes by selecting an
appropriate warping map to reshape the frequency axis. The described transformation is fast and invertible.

Results

An application to propagating guided waves (GWs) in a 7 wire strand is presented to show the potential of the
proposed procedure. The results show that WFT limits interference patterns which appear with others TFRs and
produces a sparse representation suitable for characterization purposes. The transformation is used to extract
longitudinal and flexural waves dispersive velocity and frequency-dependent attenuation. In particular, the mode-
frequency combinations propagating with minimal losses are identified, as they are suitable for long-range
inspection of strands.

Di ion and Concl

This work proposes a new TFR capable to extract the dispersive behaviour of GWs that propagates in the multi-
wire strand from a recorded time transient-waveform over a wide frequency range. The new tool efficiently
represents the different GWs with non-linearly frequency modulated atoms. In the proposed decomposition energy
peaks extraction is a simpler task and can be performed to obtain reliable mode representation and characterization.

Ultrasonics, Ferroelectrics, and Frequency Control Society 223



2009 IEEE International Ultrasonics Symposium (IUS)

P1-J-07

Resonant Langasite Microsensor for Scanning Microdeformation Microscopy

Gabrielle Douchet!, Fabrice Sthal', Therese Leblois?, Pascal Vairac?, Emmanuel Bigler'; Time & Frequency, Femto-
ST, France, >MN2S, Femto-ST, France

Background, Motivation and Objective
Scanning microdeformation microscopy (SMM) is a near field microscopy in the meso-scopic domain. Such a
microscope has become an alternative to the high resolution acoustic microscope that operates at very high
frequencies. SMM is based on a vibrating contact tip and piezoelectric detection. The lateral resolution is
essentially related to the tip diameter. Classically, the SMM sensor is obtained by a complex mounting process.
The tip is glued on a Si cantilever driven by a piezoelectric ceramic. Piezoelectric crystal is an alternative to get a
monolithic vibrating cantilever. Quartz crystal, which is the most often used piezoelectric material, can be
advantageously replaced by Langasite crystal because of:

1) Its higher piezoelectric coefficients

2) Its better temperature behaviour.

Statement of Contribution/Methods

In this paper, a theoretical comparison between quartz and Langasite crystal devices is given according to an
analytical model. A new process of microfabrication to get piezoelectric cantilevers is proposed. It is based on
photolithographic steps and on an anisotropic chemical etching. This batch process allows us to obtain
microresonators. These devices are designed to vibrate in flexural mode in a low frequency range or in length-
extensional mode. Experimental characterizations of these new devices are performed. The measurements concern
the resonant frequencies, motional parameters and the temperature behaviour.

Results

Temperature compensated orientations are given for flexural and length extensional vibrating modes. A LGS
cantilever has been achieved. It consists in a 4 mm long and 500 pm wide beam. Its thickness is about 230 pum (fig.
(a)).

The shape of the beam’s cross-section is a consequence of the anisotropic chemical etching in an HCI solution.
Moreover the beam is ended by a pointed tip, as seen in fig. (b).

Theoretical and experimental frequencies are in good agreement (about 20 kHz for flexion and 300 kHz for length
extension).

Di ion and Concl

These devices present a great advantage in the case of length extension. Thanks to the chemical etching process, a
tip is generated at the end of cantilever. Consequently, no tip gluing is necessary. This monolithic device will be
tested in order to be approved for SMM.

P1-J-08

Quantitative Ultrasonic Characterization of Pharmaceutical Polymer Structures

Tom Fabritius', Joona Eskelinen', Edward Haeggstrom'; ' Department of Physics, University of Helsinki, Finland

Background, Motivation and Objective

Tubular layered polymer structures are used in pharmaceutics for controlled drug release and delivery. Quality
control of the manufactured items is important to ensure absence of abnormal drug release in the body, caused by
structural defects or changes in the mechanical properties of the polymer. We set out to quantitatively and non-
invasively measure the elasticity, layer thickness and internal layer adhesion in pharmaceutical polymer products.
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Statement of Contribution/Methods

We built an acoustic microscope capable of characterize pharmaceutical layered polymer tubes at production
speed. The setup consists of SOMHz immersion transducer (focal distance 12.7mm, aperture 6mm), computerized
translation stage, pulser/receiver, oscilloscope and computer. The axial resolution is +10um whereas the lateral
resolution is +£100um.

From surface reflections and by assuming constant density, (from sample manufacturer) we calculated sound
velocity from the acoustic impedance and from it we determined the elastic modulus. We detected internal defects
in the layered structure and delaminations between layers. The tubular layer thicknesses (300-400pum range) were
calculated from the velocity and the time-of-flight (TOF) of the echoes. The method also allowed monitoring
dispersion and frequency dependent attenuation in the layers.

Results

We measured layer thickness with +30um accuracy, which is sufficient for quality control purposes. Regions
(<Imm) of poor layer adhesion between the outer and inner layers were successfully detected in samples with
suspected delaminations. We sized internal defects with £10um accuracy. The local elastic modulus (20-50MHz
range) was obtained from the measured velocity values. The obtained values were 70+30MPa with four control
samples having different elasticity values. The results were consistent with the cross-linkage degree of the samples.

Discussion and Conclusions

We studied the feasibility of measuring thin, layered pharmaceutical polymer structures with ultrasound. The
developed method can analyze the layered polymer tubes. It measures locally the layer thickness and elastic
modulus as well as detects poorly adhered regions. The method could be used in laboratory analysis or be
developed for on-line production quality control tool. It is sufficiently fast for current production online control.

P1-J-09

Synthetic Aperture Focusing Technique for High-Resolution Imaging of Surface
Structures with High-Frequency Ultrasound

Michael Vogt', Jorn Opretzka', Helmut Ermert'; 'Dept. of Electrical Engineering and Information Technology, Ruhr-
University Bochum, Bochum, Germany

Background, Motivation and Objective

In non-destructive evaluation (NDE), imaging of planar structures is of interest for the analysis of surfaces, for
example of material samples and semiconductor chips. In this paper, a reconstruction approach for imaging surface
structures using high-frequency ultrasound in the 20 MHz frequency range is presented and evaluated.

Imaging radar systems for remote sensing of the earth perform echo measurements using microwaves, which are
emitted and received by one or more antennas aboard an airplane or satellite. In SLAR (side looking airborne
radar), antennas are orientated perpendicularly to the moving direction of the plane and tilted towards the earth. A
large area is illuminated, and the earth’s surface is imaged by recording echo signal data at antenna positions along
the flight path and applying synthetic focusing (SAR: synthetic aperture radar).

Statement of Contribution/Methods

The described SLAR/SAR concept has been adapted for high-resolution imaging of the surface of planar material
samples with high-frequency ultrasound in the 20 MHz range. In the proposed system, a spherically focused single
element transducer (6.3 mm aperture diameter, 15 mm focus length, 24° aperture angle) is mechanically scanned
along a linear (1D) aperture path in a side looking orientation with respect to the object surface. Pulse echo
measurements are performed, and echo signals from the object in the transducer’s far field are acquired with a
digitizer (400 MHz sampling frequency). Synthetic aperture focusing technique (SAFT) is applied to reconstruct
2D images of the sample’s surface with respect to the scanning direction (azimuth) and the side looking direction
(elevation). For the reconstruction, the focus of the transducer is considered to be a virtual point source.

Results

The proposed imaging concept has been evaluated with both, simulated echo data and measurement data from test
objects like coins and other material samples. Surface structures are imaged with constant resolutions of 70 um and
200 pm in elevation and azimuth, respectively, independent of the radial distance from the transducer.
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Discussion and Conclusions

A synthetic aperture focusing technique has been adapted from radar technology and successfully implemented for
high-resolution imaging of surface structures. Compared to the C-scan technique in acoustic microcopy, the
acquisition is much faster with the proposed method because of the 1D scan concept with a large field of view in
the elevational direction.

P1-J-10

Aberration Correction for Biological Acoustic Impedance Microscope

Tsutomu Uemura', Takaya Suzuki', Kunihiko Hanai', Sachiko Yoshida?, Kazuto Kobayashiz, Seiji Yamamoto®,
Yoshifumi Saijo®, Naohiro Hozumi'; ! Electrical Engineering, Aichi Institute of TEchnology, Toyota, Aichi, Japan,
Toyohashi University of Technology, Japan, *Honda Electronics Co. Ltd, Japan, *Hamamatsu University School of
Medicine, Japan, STohoku University, Japan

Background, Motivation and Objective

We proposed an acoustic microscope for imaging cross sectional acoustic impedance of biological soft tissues. A
focused pulse wave is transmitted to the object placed on the "rear surface" of a plastic substrate. The reflection is
interpreted into characteristic acoustic impedance. However, this method produces significant aberration, because
the sound speed of the substrate is different from water used as a coupling medium. For this reason the spatial
resolution is reduced. This presentation deals with improvement of spatial resolution by using 3D disconsolation
technique.

Statement of Contribution/Methods

A PVDF transducer was used. The substrate was 0.8 mm thick polystyrene plate. The transmitted waves with
different incident angles are reflected at different distances from the focal point (Fig. 1). In order to compensate the
aberration, the impulse response of the system was calculated. Based on this impulse response, 3D deconvolution
was performed.

Results

Figure 2 shows the original and compensated reflection images taken from a cerebellum tissue of rat. In the
compensated image, the shape of such as Purkinje cells, with 20 micrometers in scale, are more clearly seen.

Di ion and Concl

It was exhibited that 3D deconvolution technique is useful for reducing the aberration. We are planning to interpret
the compensated image into the acoustic impedance profile. In addition, precise sound propagation analysis will be
performed.
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P1-J-11

Study of global and local elastic and anelastic properties of a metallic glass
obtained by atomic force acoustic microscopy and shear-wave velocity
measurements

W. Arnold'?, H. Wagner®, C. Vree?, A. Kahl®, D. Bedorf’, K. Samwer®; /1. Physikalisches Institut, University of

Goettingen, Goettingen, Germany, *Dept. Materials, Saarland University, Saarbruecken, Germany, *1. Phys. Institut,
University of Goettingen, Germany

Background, Motivation and Objective

Metallic glasses show various relaxation phenomena which can be probed by mechanical spectroscopy. Here we
focus on the so-called alpha- and beta- relaxations, their microscopic origin, and their relation to the plastic
deformation behavior of metallic glasses. According to some recent models, the plastic deformation is related to
irreversible alpha-processes involving large energy barrier crossings whereas the beta-processes describe hopping
between small energy barriers within the large potential energy minimum.

Statement of Contribution/Methods

By sequential heat treatment of a PA40Ni40P20 bulk metallic glass at different temperatures and for sufficiently
short durations that alpha-relaxation is not possible, dynamic and quasi-static relaxation paths below the glass
transition are identified. Following each heat treatment up to 150 °C, shear-wave velocity measurements are
carried out using rf-ultrasonic pulses with a bandwidth of 100 MHz. Furthermore, we measured the local contact
stiffness k* at about 1 MHz by exploiting the contact resonances of a cantilever in atomic force acoustic
microscopy (AFAM) /1/, and its imaginary part by evaluating the reciprocal quality or damping factor (Q-1). We
inverted these data to obtain the local indentation modulus and its imaginary part.

Results

There is a clearly observable dependence of the contact stiffness k* and of the damping factor in the AFAM
images (or C-scans) when the contact radius of the AFM tip contacting the sample surface approaches 10 nm
indicating a modulus dependence on the probed volume.

Discussion and Conclusions

These data are compared to the global velocity measurements and are related to the relaxation modes of the
metallic glasses which involve cooperative movements of the disordered structure of the metallic glass over
different length scales in the nm range which is supported by our measurements.

/1/ M. Kopycinska-Mueller, A. Caron, S. Hirsekorn, U. Rabe, H. Natter, R. Hempelmann, R. Birringer, and W.
Arnold, J. Phys.Chem. 222,471 (2008)
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P1-K. Signal Processing and Imaging
Sala Orange

Monday,September 21, 2009, 10:00 am - 11:30 am

Chair: Erdal Oruklu
Lllinois Institute of Technology
P1-K-01

A Generic Parametric Model for Ultrasonic Echo Analysis

Ramazan Demirli', Jafar Saniie': Electrical and C. p Engi ing, Illinois Insti of Technology, USA

Background, Motivation and Objective

Parametric echo models have been widely used in recent years for ultrasonic echo analysis and parameter
estimation. Several different models (e.g., Gaussian echo, Gaussian Chirplet) have been used in the context of
model-based estimation and sparse signal decomposition. These models are commonly used in acoustic signal
processing, mathematically tractable, and have explicit TF representations. However, most often they are not as
flexible to represent complex shape ultrasonic echoes. A generic echo model that can be optimized to represent
complex shape echoes is highly desirable, for example, for modeling frequency dependent attenuation and
dispersion effects in a propagation path, estimating time-of-arrival of a reflector in presence of pulse-echo wavelet
variance.

Statement of Contribution/Methods

In this study, we propose a generic echo model to account for complex shape ultrasonic echoes. This model is
inspired from the analytic signal representation in which an ultrasonic echo is contemplated in terms of envelope
and frequency components. The envelope is modeled as the sum of a number of fixed-width Gaussian Functions
(GFs) whereas the frequency is modeled as a linear chirp signal. The number and bandwidth of GFs are set based
upon the spectral characteristics of the transducer impulse response. Furthermore, the weights of GFs are modeled
as a random vector with known mean and covariance so that the echo envelope is flexible to fit complex echoes
while the echo shape (i.e., the rising and falling envelope signature) is preserved. This Gaussian mixture
representation accounts for skewed shape envelopes while the linear chirp accounts for small frequency drifts in
the time-support of the echo. This model generalizes the existing Gaussian and Gaussian chirp models. An
optimization algorithm is developed to estimate the echo parameters. The performance of estimation is verified
using simulations.

Results

Simulation results demonstrate that the parameters of the generic echo can be estimated with high fidelity in
presence of White Gaussian noise. This echo-model is then used to fit complex shape pulse-echo wavelets
acquired from several different transducers and measurement conditions. Finally, this echo model is embedded
with a Matching Pursuit algorithm for sparse signal decomposition of ultrasonic echoes and applied to
reverberation echoes measured from multiple layers. Decomposition results clearly demonstrate the advantage of
the model compared to the existing alternatives.

Di ion and Concl

The proposed generic echo model accounts for complex shape echoes and can be useful to represent ultrasonic
echoes acquired under a variety of measurement conditions. The parameters of the generic echo can be estimated
accurately in the presence of measurement noise. The potential applications of this type of model are numerous:
parameter estimation for NDE testing, ultrasonic deconvolution in presence of pulse variance, and feature
extraction.
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P1-K-02

Frequency Domain Low Time-Bandwidth Product Chirp Synthesis for Pulse
Compression Side Lobe Reduction

Teemu Virolainen', Tom Fabritius', Joona Eskelinen', Edward Heeggstrém': ! Department of Physics, University of
Helsinki, Finland

Background, Motivation and Objective

Pulse compression can increase signal to noise ratio (SNR) without increasing the acoustic intensity. This is
important in medical ultrasound due to safety regulations limiting the allowed peak acoustic intensity. In NDT
ultrasonics the usable peak intensity is usually limited by the transducer specifications or by nonlinear saturation
effects or cavitation.

Standard frequency modulated chirps exhibit cross correlation side lobes, that increase with decreasing Time-
Bandwidth product (TBP). This is advantageous in NDT and medical pulse-echo ultrasonics where closely spaced
multiple scatterers need to be resolved. Time domain windowing of the chirp can reduce the side lobes but trade-
offs exist between the side lobe level and the correlation main lobe width. We use frequency domain generated
chirp signals (FDC) with low side lobe level to reduce the side lobes while maintaining the main lobe width.

Statement of Contribution/Methods

The chirp signal synthesis comprises three steps:

1) The pulse is generated in time domain by multiplying a sinusoid with gaussian envelope to produce a signal with
desired bandwidth. Arbitrary envelopes or pulse shapes can be used.

2) The actual chirp is generated in the frequency domain by applying a quadratic phase shift to the pulse as a
function of frequency. This step spreads the power in time domain.

3) The resulting signal is transferred to time domain and is then used for pulse compression.

Adding several gaussian enveloped sinusoids with different carrier frequency was also investigated as a way to
enhance the chirp bandwidth. This method allows the spectrum to be closer to an ideal square spectrum, thus
giving narrower main lobe without significantly increasing the side lobes.

Results

Simulation results of pulse compression properties for various TBP values relevant to pulse-echo ultrasonics are
presented. The generated FDC signals are compared to standard window functions. In general the sidelobe level of
FDC was consistently low (<70dB) while the main lobe was comparable to that of an unwindowed chirp (-6dB
width within 10%). The simulation results are also compared to experimental pulse echo results.

Discussion and Conclusions

FDC chirps show potential as a method for generating low TBP signals with weak side lobes and a narrow main
lobe. The method allows the spectrum of the signal to be shaped without increasing the side lobe level, e.g. to
enhance the impulse response of the transducer in a relevant bandwidth (spectrum shaping). Moreover, the side
lobes are relatively insensitive to the signal length, which allows the chirp duration to be varied without affecting
the correlation properties.

P1-K-03

Target sizing: spectral method versus wavelet-based estimator
Angel SCIPIONI', Pascal RISCHETTE?, Patrick SCHWEITZER?, Jérome MATHIEU*: Institut Jean Lamour, UMR

CNRS 7198, Cosnes et Romain, France, >MAS'Air, CReA, Salon Air, France, >LIEN, Nancy Université, Vandoeuvre-
lés-Nancy Cedex, France, *IUT de Rodez, Rodez, France

Background, Motivation and Objective

The problems tackled in this article are those of the sizing characterization of a immersed target. This wire target is
insonified by an ultrasonic broadband transducer, and our goal is to compare the diameter estimation by two
different methods which both rely on the analysis of the backscattered echo.

The first method of radius estimation is based on the identification of the optimal parameter which ensures the best
superimposition of the spectral backscattered echo segment on the form-function. The second technique relies on a
family of synthetic echoes obtained from the resonant scattering theory (RST). Those are analyzed by a wavelet
transform of which the coefficients are used to establish a model identifying the experimental signals.
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Statement of Contribution/Methods

In the first method, we calculate the spectrum of the windowed backscattered echo by a short time Fourier
transform. The same operation is done with the backscattered echo from a block sufficiently wide to simulate an
infinite plane. By combining these two spectra in the bandwidth of the transducer, we eliminate the effects of
transducer directivity and other effects, as well as the attenuation of the medium. By correlating the resulting
segment with the reference form-function, we obtain the estimate of the target radius.

In the second method, we perform from a well-selected wavelet a continuous wavelet transform (CWT) on
different synthetic echoes. From these wavelet decompositions we construct the link between the diameter and the
maximum of wavelet coefficients. By minimizing the error in the sense of least-squares of a polynomial
approximation, we obtain the expression of the wavelet-based estimator. After normalization, we can apply CWT
on experimental echo and submit to the estimator the maximum of the coefficients, giving thus the estimate of the
target diameter.

Results

The two methods provide good estimations in term of precision and Table 1 presents the results. The relative
variation of performance of the two methods increases when the diameters decrease.

Di ion and Concl

The two methods were tested on steel and copper targets, with diameters ranging from 0.25 mm to 1 mm. If, in
comparison with the other contactless methods of small target sizing, the two methods offer good-quality results,
the wavelet-based method brings a decisive performance gain.

Table 1

Comparative results of the two methods for steel and cop-

per wires of diameter 0.25, 0.50 and 1.00 mm.

Steel Copper

Reference Computation .
soM' wMm? osoM o WM

dinmeter methods

Estimated value 0,31 023 032 0,24
@025 mm  polative ervor 4% 8% 28% 4%
Estimated value 0,56 0,50 0,56 0,51
@050 mm g aive error 12% 0% 12% 2%
Estimated value 1,08 102 1,12 0,92
L0 mm  polative ervor 8% 2% 12% 8%
'Spectral Correlation Method, ?Wavelet Methed
P1-K-04

Enhancing Real-time Ultrasound Signatures of Molten Nugget Growth for Quality
Evaluation of Resistance Spot Welds

Anthony Karloff', Andriy Chertov®, Roman Gr. Maev?:' Electrical and Computer Engineering, University of Windsor,
Canada, *Institute for Di ic Imaging Research, University of Windsor, Canada

Background, Motivation and Objective

A state-of-the-art ultrasound transducer installed in a welding electrode has allowed real-time ultrasonic signatures
to be obtained in pulse echo mode. These are now used to image the formation of the molten nugget. The main
objective is to evaluate weld quality based on weld thickness, which correlates with nugget diameter. The primary
challenge that arises is identifying the solid-liquid nugget interface in low signal-to-noise ratio scans due to
acoustical and electric noise, the inhomogeneous and irregular weld medium, and interference and degradation of
the welding electrodes.

Statement of Contribution/Methods

This article proposes a new processing algorithm for enhancing and interpreting the real-time ultrasound signatures
of a spot weld by analysing the propagation of acoustic waves though the electrode and heated weld region. A new
method of processing the ultrasound data is presented to remove undesired reflections in the electrode cap and
enhance weak reflections at the solid-liquid interface. In addition, unknown temperature gradients are compensated
for, drastically improving the accuracy of weld thickness measurements. A series of spot welds were performed to
compare the results of signature analysis with physical measurement and destructive tests.
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Results

The result of the proposed method is a significant qualitative improvement in identifying the solid-liquid nugget
interface and a very accurate method of measuring weld thickness within 100 microns.

Di ion and Concl

Overall, the ability to effectively detect the solid-liquid interface in noisy signatures has permitted a significant
improvement in the real-time estimation of spot weld quality, while ensuring reliable inspections over the lifetime
of the electrodes.
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P1-K-05

Characterization of Thin Layers in Multi-Layered Structures: On the Problem of
Finding Starting Values for Numerical Solutions to Inverse Problems

Johan Carlson', Fredrik Higglund':' Dept. of Computer Science and Electrical Engineering, Lulea University of
Technology, Lulea, Sweden

Background, Motivation and Objective

When using pulse-echo ultrasound to measure properties of thin layers within multi-layered materials, a major
challenge is that the received ultrasound waveform consists of several overlapping echoes. Previous work has
shown that by fitting a parametric physical model of the wave propagation to the data, estimates of reflection
coefficients and times of flight through the layers can be obtained. Depending on the amount of available prior
knowledge, this can then be used to compute layer densities, thicknesses, etc.

For this to work it is important to have good initial guesses of the model parameters. Sometimes this information is
available, but often some manual work is required to calibrate the algorithm. For online diagnostic applications, an
automated method is preferred.

Statement of Contribution/Methods

The source of the problem is that the length of the transmitted ultrasound pulse gives rise to overlapping echoes in
the received waveform, making it difficult to obtain initial guesses to layer thicknesses.

The proposed method is based on the design of a deconvolution filter that tries to compress the reflected echoes
into detectable peaks, followed by matched filter and envelope processing. The peaks are then used to compute
initial values of the parameters to be using the full physical model. Since a perfect pulse compression is not
possible, especially not in the presence of measurement noise, a regularized version is proposed, which enables a
trade-off between pulse compression and resolution on the one hand numerical stability on the other.

Results
The performance of the compression technique is evaluated with simulations on three-layer materials for varying

layer thicknesses and noise conditions.

The figure shows an example of an original and a filtered signal as well as the detectable echoes.

Di ion and Concl

‘We show that the transmitted pulse shape can be compressed to the extent that it is possible to obtain estimates of
the layer thicknesses, even when the echoes overlap substantially. This may be enough for some applications, but
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for other cases, these estimates will serve as initial guesses for numerical solutions to a more complex physical
model.

The improved performance of the full parametric model by using the proposed method is also demonstrated in the
paper. Finally, some guidelines on how to implement this for various measurement scenarios are given.
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P1-K-06

SAW Passive Wireless Multi Sensor System
Nikolai Kozlovski', Donald Malocha'; 'SEECS, University of Central Florida, Orlando, FL, USA

Background, Motivation and Objective

Previous work has been presented on passive wireless SAW sensors using the orthogonal frequency coding (OFC)
technique [1]. Wireless operation of such sensors has been demonstrated using a network analyzer and only one
sensor at a time. A technique to allow multiple sensors to operate at the same time has been developed and
demonstrated using network analyzer measurements that were added together to simulate simultaneous operation
within the system. NASA is sponsoring research and development of SAW wireless, passive sensors that are
environmentally robust and operate in multi-sensor environment.

Statement of Contribution/Methods

This paper will present a first fully functioning 915MHz interrogation system for passive wireless OFC SAW
temperature sensors. The paper will present the interrogator hardware for the SAW sensors and the analytical
model and how it is used to extract the temperature data from each particular sensor. Spread spectrum techniques
are demonstrated that allow operation below noise level by using processing gain techniques in a correlator
synchronous receiver. The system presented has eight sensors built on YZ LiNbO3 around 915MHz. Featured
sensors consisted of wide band, eighth wavelength electrode transducer operating at 3rd harmonic and two
symmetrically placed reflector banks on either side of the transducer operating on 2nd harmonic. A 45.75MHz
clock is used to control the digital control of the interrogator circuit and to produce the 915MHz interrogating
signal. Temperature is extracted from the sensor using an adaptive filter correlator technique.

Results

Eight-sensor passive wireless system has been demonstrated. Sensors were subjected to various temperatures
ranging from -200°C to 180°C. Sensors were randomly positioned within 2m radius of each other. Shown in the
figure is the real free running temperature acquisition from one of the sensors on the hotplate. The 8 designed
sensors showed excellent anti-collision properties crucial for multi-sensor operation.

Discussion and Concl
The system has demonstrated good code anti-collision properties. It is shown that the passive wireless SAW OFC
sensor is a viable solution for environments where multiple sensors operate simultaneously.

[1] J. Pavlina, N. Kozlovski, B. Santos, and D. C. Malocha, "SAW Wireless, Passive Sensor Spread Spectrum
Platforms", IUS, IEEE, 2008, pp 1112-1115.
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P1-L. Phononic Crystals-Band Structure and
Propagation

Sala Orange

Monday, September 21, 2009, 10:00 am - 11:30 am

Chair: Roy Olsson

Sandia National Laboratory
P1-L-01

Visualization of Negative Refraction in Phononic Crystal using Pulsed Light
Source

Kojiro Nishimiya'?, Takeshi Ohbuchi'?, Naoto Wakatsuki', Koichi Mizutani', Ken Yamamoto®:'University of
Tsukuba, Japan, *Research Fellow of the Japan Society for the Promotion of Science, Japan, *Kansai University,
Japan

Background, Motivation and Objective

The size of phononic crystal is larger than that of photonic crystal because of the relation between the wavelengths
of the sound and the light. However, it is still difficult that we measure the inside behavior of the phononic crystal
by using the microphone and all that. Therefore, in many cases, the inside behavior of the phononic crystal is
obtained by using simulation. With that, we aim to visualize the inside of the phononic crystal and the lattice,
experimentally.

In this paper, we visualize the negative refraction in phononic crystal. Negative refraction is expected to the
application for the flat lens.

Statement of Contribution/Methods

The ultrasound stress is visualized with Fresnel diffraction. And visualization images are obtained using the pulsed
light source synchronized to ultrasound incidence as shown in Fig. 1(left). Also, the transient response is obtained
using the delay time between light emission and ultrasound incidence. The observed objects are shown in Fig. 1(a)
and (b). The diameter of each lattice is | mm.

Results

Visualization results are shown in Fig. 2. Bright areas in the images correspond to the high stress areas. The
frequency of incident ultrasound is about 1.01MHz. The visualization images were obtained that the incident
ultrasound deflected with negative refraction. It was verified the two type crystals have a little differing negative
refraction by changing from square lattice to rectangular lattice.

Discussion and Concl

In this paper, we visualized the negative refraction of phononic crystal, experimentally. As further works, we will
visualize the inside of each phononic crystal and the lattice by using photoelastic.

(a) Square lattice

Fig. | ¢ Visuslization System and Objective phononic crystal (b) Rectangular lattice

Fig. 2 Visualization results of negative refraction
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P1-L-02

Finite Element Method for Analysis of Band Structures of Phononic Crystals

Slab with Archimedean-like tilings

Jianbao Li', Yue-Sheng Wang?, Chuanzeng Zhang®; ' Institute of Engineering Mechanics, Beijing Jiaotong University,
Beijing, China, People's Republic of, *Institute of Engineering Mechanics, Beijing Jiaotong University, China, People's
Republic of, *Department of Civil Engineering, University of Siegen, Germany

Background, Motivation and Objective

Phononic crystal is a periodic structure composed of periodic arrays of two or more material components. An
important property of a phononic crystal is the existence of phononic band gaps. Due to this property, phononic
crystals are expected to manipulate acoustic waves and thus have many potential applications. Phononic crystals
have received extensive attention since the pioneer work of Kushwaha.

Due to the same square primitive unit cell and the first Brillouin zone, the phononic crystals slab with
Archimedean-like lattices (Ladybug and Bathroom) have similar acoustic response in lower bands. Although more
complicated and far less used in phononic crystals research comparing to traditional Bravais lattice, could also be
very useful structures at least as an alternative or even as structures with improved the bandgap characteristics of
phononic crystals.

The paper aims to evaluate the propagation of acoustic waves in the two-dimensional phononic crystals slab with
Archimedean-like tilings with the help of ABAQUS code and user subroutine.

Statement of Contribution/Methods

A phononic crystal structure can be considered as successive repetition of a unit cell.Consider propagation of a
harmonic wave in a phononic crystal. According to Bloch theorem, the following phase relation between the
mechanical displacements u for nodes lying on the boundary of the unit cell:

u(x,y,z)=u(x+a,y+a,z)e ks

where ky,k, represent wave numbers, and a is lattice constant.

The fundamental equation for the FE simulation is:

([Kr]-0” [Mg])u=0

where Ky is the reduced stiffness matrix; and My, is the reduced mass matrix.

The frequencies and vibration modes of equation can be calculated by using the Lanczos iteration.

Results

Figure 1 shows Band structure of a square-lattice two-dimensional infinite phononic crystal of quartz cylinders in
epoxy, computed for waves propagating in the plane of the crystal. For comparison, the results have a good
agreement with literature (Khelif et al. 2006).

Di ion and Concl

We have extended the FE method to analyze acoustic wave propagation in 2D phononic crystals slab. The FE
method has features of better convergence and fast evaluation speed. Also,the results indicate that the FEM is
precise for the band structure computation of the complex Archimedean tilings phononic crystals slab.
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P1-L-03

Off-axis directional acoustic wave beaming control by an asymmetrically rubber
heterostructures film deposited on steel plate in water

Feiyan Cai', Zhaojian He?, Zhengyou Liu?, Hairong Zheng':'Key Laboratory of Biomedical informatics and Health
Engineering, Chinese Academy of Science, Shenzhen Institute of Advance Technology Chinese Academy of Sciences,
China, People's Republic of, *Key Lab of Acoustic and Photonic materials and devices of Ministry of Education,
Department of Physics, Wuhan University, China, People's Republic of

Background, Motivation and Objective

Controlling the direction of the acoustic wave beaming can solve the problem of diffraction limit and efficiently
manipulate acoustic wave. In this work, we investigate the control of directional acoustic wave beaming via surface
acoustic wave (SAW) modes of a composite slab in water. As shown in Fig (a), this composite slab is made of an
asymmetric rubber heterostructures film deposited on steel plate, and the rubber heterostructures is constructed by
alternatively stacking rubber-1 and rubber-2 film (two kinds of rubbers with different transverse velocities).

Statement of Contribution/Methods

When ratio of widths on rubber-1 to rubber-2 in a periodic in left side and in right side are (A-(W+A))/(W+A) and
(A-(W-A))/(W-A) respectively, A indicates the stacking period in both left side and right side, a line acoustic
source is placed near the rubber heterostructures surface on the symmetric axis of the composite slab, an off-axis
directional acoustic wave beaming with angle ® can be obtained. Fig. (b) shows the calculated field intensity by
the finite difference time domain (FDTD) method.

Results

The off-axis directional beaming is due to the surface acoustic wave resonances modulated by the asymmetric
rubber heterostructures properties at the surface. The deviation beaming angle can be changed precisely by
adjusting the width percentage of different rubbers in period asymmetrically.

Di ion and Concl

The directional beaming structure would be interesting for a variety of acoustic devices and elements for acoustic
wave, such as mechanical filtering, non-destructive testing of materials, medical ultrasound instrumentation and
etc.

N N

P1-L-04
Band Structures for Different Kinds of Point Defect in Phononic Crystal Thin
Plates
ZONG-JIAN YAO', GUI-LAN YU', YUE-SHENG WANG":'BEIJING JIAOTONG UNIVERSITY, China, People's
Republic of

Background, Motivation and Objective

Phononic crystals are periodic composites with frequency band gaps. If a defect is introduced into the periodic
structure then defect modes can arise in band structures. The existence of band gaps and defect modes suggest wide
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potential applications of phononic crystals in many fields such as noise suppressors, acoustic filters and transducer
technology. The purpose of this paper is to explore theoretically the band structures for different kinds of point
defect in phononic crystal thin plates for square / triangle lattice. The effects of mass density, elastic modulus, the
size and geometric shape of the point defect are discussed in detail.

Statement of Contribution/Methods

The crystal thin plate is composed of parallel cylindrical inclusion of A1203 embedded periodically in the Epoxy
host. Both the square and triangle lattices are considered. The defect is created by several means such as changing
the radius, the mass density, the elastic modulus, the geometric shape of one of the cylinders, etc. We choose a
supercell containing 5;A5 unit cells. Using the improved plane wave expansion method combining with the
supercell technique we can calculate the band structures for different kinds of point defect.

Results

The band structures are obtained both for square lattice and triangle lattice when the perfect phononic crystal thin
plate is disordered by changing the size, the geometric shape, the mass density and the elastic modulus of one of
the scatters respectively. The defect modes changing with different kinds of point defect are analyzed in detail.
Figure 1 shows the effects of mass density of the point defect on the band structures for triangle lattice.

Di ion and Concl

The results show that the defect modes existing in the first band gap are strongly dependent on the size and the
mass density of the point defect for the two lattices. While the elastic modulus and geometry shape of the defect
has little influences on the defect modes. With decreasing of the size of the defect, all defect bands move from the
upper edge of the first band gap towards the middle and the edges of the first band gap almost remain unchanged as
the defect size varies. It can be seen from figure 1 that the defect band moves downward as the mass density
increases.

[ o

P1-L-05

Phononic crystal band gaps in a polymer overlay on Lithium Niobate studied
using finite element method in 3D

Lars Rindorf', Daniel Nilson', Lars Lading'; 'Microtechnology and Surface Analysis, Danish Technological Institute,
Taastrup, Denmark

Background, Motivation and Objective

Phononic crystals may offer zero transmission of sound using complete phononic band gap as well as highly
anomalous dispersion. We are inspired by photonic crystals which have a high index waveguide material on a low
index substrate. The high index material has holes to give photonic band gaps. In acoustics this corresponds to
having a low acoustic velocity (polymer) material on a high acoustic velocity (Lithium Niobate) material. A layer
of polymer spun on top of Lithium Niobate can readily be fabricated and structured using UV lithography.

Statement of Contribution/Methods

We propose a phononic band gap structure which is easy to fabricate and characterize experimentally. The unit cell
is rectangular with a periodicity of 2 um and there is a 1.4 pm diameter cylindrical hole in the polymer layer which
is 0.75 pm thick on top of the Y-cut Lithium Niobate substrate. The structure is effectively three dimensional and
we use an advanced open source finite element method (FEM) software for the challenging large computation of
the Bloch diagram. 3D simulations require large number of variables and are more complex than 2D.

Results

We find a large 47 MHz (11%) band gap around 412 MHz (see figure) for the shear and compressional modes in
the Bloch diagram. These are well separated from the bulk modes implying that they are well guided with low
loss. The colors indicate quasi-shear horizontal (blue), quasi-compressional (green), or quasi-Rayleigh (red) Bloch
modes. The black areas indicate the bulk regime in which no surface guided modes exist. Inset: The rectangular
unit cell, and the 1st Brillouin zone (red rectangle). A Rayleigh mode originating from the free Lithium Niobate
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surface penetrates the band gap along the Gamma-X and Gamma-Y directions, so the band gap is not complete. By
increasing the the polymer thickness a bandgap in this mode also appear.

Di ion and Concl

A layer of periodically structured polymer on Lithium Niobate gives band gaps that lend themself to accurate
experimental characterization. Experimental verification is currently in progress. The proposed structure is readily
fabricated as opposed to structuring Lithium Niobate directly which is difficult and gives less guided Bloch bands.

Frequency [MHz]

Diameter 1.4 um

P1-L-06

Focusing and beamforming of ultrasound beams with phononic crystals

Victor Sanchez-Morcillo!, Kestutis Staliunas?, Ester Soliveres', Victor Espinosa', Isabel Pérez-Arjona‘, Javier
Redondo', Rubén Picd":'Instituto de Investigacion de Gestion Integrada de Zonas Costeras, Universidad
Politécnica de Valencia, Gandia, Valencia, Spain, ’ICREA/Dept. de Fisica i Enginyeria Nuclear, Universitat
Politécnica de Catalunya, Terrassa, Barcelona, Spain

Background, Motivation and Objective

Sonic crystals are media were the acoustic properties as density and bulk modulus are spatially modulated. They
present a number of interesting features due to their celebrated temporal dispersion properties, in particular due to
the existence of forbidden propagation bands or band-gaps in the dispersion curves. In addition to the peculiarities
of temporal dispersion, spatially modulated materials are known also to modify the spatial dispersion, allowing to
manipulate the diffraction of the waves. Many interesting effects on the beam propagation characteristics have
been recently predicted, like self-collimation, super-refraction or focusing.

Statement of Contribution/Methods

We present a theoretical and experimental study of the propagation of sound beams in- and behind two- and three-
dimensional sonic crystals. By a Plane Wave Expansion (PWE) we evaluate the isofrequency curves of the crystal,
and identify the regimes where focusing is expected to occur. These regimes are close to the upper boundaries of
the bands, where the dispersion curves are convex (corresponding to the negative diffraction regime). In the
numerical study, beam propagation is simulated with the FDTD method. In the experiment we consider a sonic
crystal with square geometry, consisting of a periodic array of steel cylinders with radius r = 0.8 mm and lattice
constant a = 5.25 mm, resulting in a filling factor of 0.073. In such a crystal, immersed in water, the frequencies of
interest correspond to the ultrasonic regime. A plane ultrasonic trasducer located close to the crystal is used to
generate the input beam, and its profile is measured in the whole spatail domain after the crystal.

Results

We find that the beam profile after crossing a slice of crystal is strongly influenced by the size (relative to the
crystal period) and frequency of the radiating source. Narrow beams (those with broad spatial spectrum) are shown
to propagate differently than broad beams. The influence on the lens-like behavior (focusing) of the sonic crystal
on an incident acoustic beam is also discussed. We find that the beams can focus (collimate) behind the sonic
crystal for the frequencies close to the band edge, and we analytically evaluate, numerically (FDTD) calculate, and
experimentally measure the focusing properties, such as the focal distance, the width of beam waist, and the beam
quality at the waist.
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Discussion and Conclusions

The propagation characteristics, and in particular the focusing effect, of acoustic beams after crossing a phononic
crystal, have been studied, both theoretically and experimentally. The field distribution is shown to depend strongly
on the beam size and frequency, and different models for broad, intermediate and narrow beams are proposed, in
the framework on the paraxial approximation. Explicit formulas for the focal distance and the beam width at the
waist are proposed.
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P1-M. Materials Characterization
Sala Orange

Monday,September 21, 2009, 10:00 am - 11:30 am

Chair: John D. Larson
Avago Technologies
P1-M-01
Evaluation of Synthetic Silica Glasses by the Ultrasonic Microspectroscopy
Technology
Mototaka Arakawa', Hideki Shimamura', Jun-ichi Kushibiki'; ! Electrical Engineering, Tohoku University, Sendai,
Japan

Background, Motivation and Objective

Ultrasonic microspectroscopy (UMS) technology was previously applied to characterization of silica glasses, and it
was found that acoustic properties, viz., bulk-wave (longitudinal and shear) velocities, ¥} and V;, leaky surface
acoustic wave (LSAW) velocity, Visaw, and density, p, are sensitive to the impurities, such as OH and CI. In this
paper, acoustic properties of synthetic silica glasses were measured to obtain relationships among fictive
temperature, 7, Cl concentration, C(Cl), OH concentration, C(OH), and acoustic properties.

Statement of Contribution/Methods

Ten specimens were prepared from commercial synthetic silica glasses. Six specimens were prepared from three
different lots of ED-B and ED-C (Nippon Silica Glass Co., Ltd.) fabricated by the vapor-phase axial deposition
(VAD) method. Four specimens were prepared from C-7980 (Corning Inc.), T-4040 (Toshiba Ceramics Co. Ltd.),
P-10 (Shin-Etsu Quartz Products Co., Ltd.), and N-ES (Nippon Silica Glass Co., Ltd.) fabricated by the direct
method. LSAW velocities and bulk-wave velocities were measured by the line-focus-beam and plane-wave
ultrasonic material characterization system. Density was measured by the Archimedes method. C(OH) and C(Cl)
were analyzed by infrared spectroscopy and x-ray fluorescence analysis, respectively.

Results

C(OH) of the direct-method specimens was 700-1500 wtppm, and those of the VAD specimens were zero. C(Cl)
of the ED-C specimens was 1280-1740 wtppm, those of the direct-method specimens were 0-310 wtppm, and those
of the ED-B specimens were zero. The maximum differences of Vi, Vs, Visaw, p, were 37.67 m/s, 11.75 m/s, 8.17
m/s, and 2.67 kg/m* among the specimens, respectively. Although ED-B don't contain both Cl and OH, the
maximum differences were 7.86 m/s, 3.71 m/s, 1.43 m/s, 0.45 kg/m’, respectively, among the specimens, caused
by the differences of 7y. T;of ED-B specimens were estimated from p using a relationship between density and 7
for silica glass [1], then relationships among velocities and 7 were obtained. C(Cl) and C(OH) dependencies of
the acoustic properties were obtained by comparing the results between ED-B and ED-C and those between ED-B
and direct-method specimens, respectively.

Di ion and Concl

Resolutions of 7, C(Cl), and C(OH) by acoustic property measurements were estimated. ¥} is most sensitive to the
all properties; 0.6°C, 20 wtppm, and 3.1 wtppm, respectively. Those are much higher than the conventional
evaluation methods. UMS technology is very useful for evaluation of silica glasses and their fabrication processes.

[1] H. Kakiuchida et al., J. Non-Cryst. Solids, Vol. 353, 568 (2007).
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P1-M-02

Investigation of high-pressure transitions in vegetable oils by measuring phase
velocity of longitudinal ultrasonic waves

Piotr Kielczynski', Marek Szalewski', Aleksander Rostocki’, Maciej Zduniak?; /Institute of Fundamental
Technological Research, Polish Academy of Sciences, Warsaw, Poland, *Warsaw Technical University, Poland

Background, Motivation and Objective

Monitoring and studying the pressure effect on liquid properties are becoming increasingly important in food,
chemical, cosmetic and pharmaceutical industry as well in laboratory research. High-pressure technologies
(pressures up to 1 GPa) have proved a great potential in modern bioengineering as a method of modification of
biotechnological materials. The knowledge of physical properties (e.g., velocity, compressibility etc.) of treated
substance is essential for understanding, design and control of the process technology. Measurement techniques for
in-situ determining of physical parameters of liquids (e.g., phase velocity) under high pressure allow insight into
the phenomena governing the microstructural modifications.

Statement of Contribution/Methods

The ultrasonic method for the measurement of the physical parameters of liquids under high pressure was
introduced. To this end, the authors have constructed a new ultrasonic setup. This setup was especially designed to
obtain a low level of parasitic ultrasonic signals. A special mounting of the transducer in the high-pressure chamber
as well as a proper reflector was fabricated. The transducer was 5 MHz LiNbO3 (Y 36 cut) plate. The phase
velocity of the longitudinal ultrasonic wave was measured using a cross-correlation method to evaluate the time of
flight (TOF) between first and second echoes. This assured a high accuracy of the experimental results.

Results

The measurements of the phase velocity and compressibility of vegetable oils were carried out in function of
hydrostatic pressure up to 700 MPa. During the measurement we stated the phase transformation of investigated
oils (e.g., soya oil). During the phase transition the increase of phase velocity was observed. After the phase
transition the phase velocity has risen to the new value characteristic for the high-pressure phase of oil. The
decomposition of the high-pressure phase during the decompression process has shown large hysteresis of the
dependence of velocity on pressure.

Discussion and Conclusions

To the authors’ knowledge, the measurement of the phase velocity of liquids under high pressure during the phase
transition and during the decompression process is the novelty.

The usefulness of the constructed ultrasonic measuring setup for determining the phase velocity of oils at high-
pressure has been stated. The proposed ultrasonic method can be computerized. This enables continuous (on-line)
monitoring of the physical parameters of liquids, in-situ during the course of technological processes. Application
of ultrasonic methods will provide real-time process monitoring and control thereby reducing down time and
increasing product quality.

P1-M-03

Measurements under High Pressure of Ultrasonic Wave Velocity in Glycerol

Hassina Khelladi', Frédéric Plantier?, Jean Luc Daridon?, Hakim Djelouah’:’ Faculté d Electronique et Informatique,
Université des Sciences et de la Technologie Houari B di Alger, Algeria, *Université de Pau et des Pays de
I’"Adour, France, *Faculté de Physique, Université des Sciences et de la Technologie Houari B 1i Algeria

Background, Motivation and Objective

Glycerol is used in nature as a cryoprotectant and has been the focus of study by researchers in cryopreservation.
Indeed, the cryonics is to cryopreserve humans (kidneys, brains...) so that future technology may one day restore
those people to a disease free and aging free life. The means to this end is to reduce or eliminate the damage caused
to tissues by freezing water. Cryoprotectants (anti-freeze agents) are the usual means to eliminate ice crystals,
where high pressure is needed to assist some cryoprotectant in the cryopreservation of some tissues.

Statement of Contribution/Methods

As a lack of data concerning glycerol at elevated pressure is observed, measurements under high pressure of the
ultrasonic wave velocity in glycerol and versus temperature are carried out, from which a number of important
thermodynamic properties could be derived and determined as a function of pressure and temperature. A high
pressure measurement cell equipped with temperature and pressure monitoring and control instrumentation is used.
A time of flight method is exploited to measure, under high pressure, the ultrasonic wave velocity at different
temperatures. The pressure and temperature ranges exploited in this experimental investigation of various glycerol
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properties, are extended respectively from 0.1MPa to 100MPa and from 10°C to 100°C. For each isotherm, the
pressure step of two consecutive measurements is 10MPa. When the isotherm is entirely covered, the temperature
value is increased by 10°C step.

Results

The ultrasonic wave velocity in glycerol shows a monotonous behavior of ¢, versus (P, T) and 1741.03 m/s < ¢, <
2153.36 mv/s in the investigated ranges. The ultrasonic wave velocity measurements are tainted with an inaccuracy
lower than 0.2%. The experimental data of ultrasonic wave velocity in glycerol combined with measurements at
atmospheric pressure, of density, specific heat and thermal expansion coefficient are used to derive density at
elevated pressures. The obtained values of glycerol density are comprised between 1209.27 kg/m® and 1291.01
kg/m®. As isentropic compressibility is linked to ultrasonic wave velocity and density by means of the Newton-
Laplace equation, this intrinsic physical property is easily deduced. Thus, the adiabatic compressibility coefficient
in glycerol shows a monotonous behavior of y, versus (P, T) and 0.167 (GPa) ' < y, < 0.273 (GPa) ' in the
explored ranges.

Discussion and Concl

The obtained measurements of some glycerol properties, under static pressure and at various temperatures
constitute a database which can provide in the future a useful tool to test liquid state theory. Future studies will
concentrate on the effect of pressure on hydrogen bonding in glycerol by using molecular simulation.

P1-M-04

Electromechanical Properties of Tourmaline Single Crystals up to 1050 K

Chandra Shekhar Pandey', Jiirgen Schreuer'; 'Institut fuer Geologie, Mineralogie und Geophysik, Ruhr-Universitaet
Bochum, Bochum, NRW, Germany

Background, Motivation and Objective

Tourmalines are complex borosilicate minerals with favorable electromechanical properties like high ultrasound
velocities in combination with low acoustic attenuation. In contrast to a-quartz, LINbO3 and Ca3Ga2Ge40O14-type
crystal species, for example, the application of tourmalines up to their decomposition temperature at about 1150 K
is not limited by phase transitions, electrical conductivity or strong ultrasound dissipation effects. However,
because all attempts to grow large single crystals were not successful so far one has to use natural crystals with
highly variable chemical composition. Unfortunately, the dependence of the relevant electromechanical properties
on composition and temperature has not yet been studied in detail. Therefore, we measured in the temperature
range from 150 K to 1050 K the coefficients of thermal expansion, dielectric constants, piezoelectric constants and
elastic stiffnesses of natural gem-quality tourmaline crystals (point group 3m) belonging to the elbaite-schorl solid
solution series.

Statement of Contribution/Methods

To this end a combination of different experimental techniques were used which includes differential scanning
calorimetry, high-resolution dilatometry, and the innovative method of resonant ultrasound spectroscopy. The well-
known substitution method was employed for dielectric constant measurements. The chemical composition was
obtained from electron microprobe analysis, atomic absorption spectroscopy and the Karl Fischer method
(determination of water content).

Results

The anisotropy of thermal expansion, dielectric constants and of elastic properties of tourmaline at room
temperature correlates well with structural features. Contrary to earlier studies we observed with increasing iron
content a slight decrease of the mean elastic stiffness whereas the piezoelectric constant €311 increases
significantly. However, this behavior fits well to the compositional dependence of elastic constants reported for
other iron-bearing silicates. The temperature evolution of the elastic constants is almost linear without any hint on
anelastic relaxation effects. Above about 850 K small, poorly reproducible anomalies occur which are probably
related to the propagation of micro-cracks. Room temperature dielectric constants k11 and for k33 are independent
of frequency up to 1 MHz. Their temperature evolution is almost linear with temperature coefficients of about
5¢10-4K-1.
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P1-M-05

LGS as a crystal for MEMS. Micromachining in HCI:H20, Anisotropy, Database and
Simulations

Colette TELLIER', Mariam AKIL?, Thérése LEBLOIS?; ' Frequency and Time, Institut FEMTO-ST, Besangon,
France, ’FEMTO-ST, France, Institute FEMTO-ST, France

Background, Motivation and Objective

MEMS applications of quartz make this crystal very attractive for the development of resonant microsensors.
Langasite (LGS) is considered as a crystal alternative to quartz. However up to now there is a lack of information
on the wet micromachining of LGS. So this paper starts with the first complete characterization of the
micromachining of 3D microstructures on LGS plates. The objective is an accurate adjustment of the database of
the self elaborated simulator TENSOSIM in order to build an efficient tool for the CAD of LGS resonant
structures.

Statement of Contribution/Methods

Circular and square Si02/Si3N4 masks are patterned on differently oriented LGS plates. Membranes and mesas are
etched at 80 °C in a HCI solution of composition 2:1. The anisotropy of 3D shapes is studied by SEM examination.
The dissolution constants that constitute the database of the simulator TENSOSIM are then determined by an
iterative procedure. Simulations of 3D etching shapes are performed to validate the database and the procedure is
stopped when a fair agreement is observed between simulated and experimental shapes.

Results

The anisotropy of the wet etching is found to be of type 2 as quartz rather than of type 1 as silicon. Micromachined
membranes and mesas are bounded by curved facets and “square” membranes show curved contours at corners.
But for some orientations in contrast with quartz mesas are partly affected by a marked convex undercutting.
However the main conclusion is that a great number of differently oriented surface elements limit etched structure
as for the anisotropy of type 2. Hence only a simulator based on a kinematic model such as TENSOSIM is suitable
to reproduce final 3D etching shapes. The precision of the simulation depends primarily on the database
construction. So the procedure outlined above is used to adjust progressively the database of the simulator. As a
result the simulator with this database generates 3D etching shapes in agreement with experimental shapes. In
particular the numerical precision is very satisfactory for evolving shapes at concave and convex corners.

Di ion and Concl

Clearly only a continuum analytical model of the chemical etching can describe the observed anisotropy of shape
revealed by differently oriented LGS microstructures. Accordingly the database of the continuum simulation tool
TENSOSIM must be adjusted to avoid differences between experiments and simulations. In this work we are
successful in determining a consistent database. Accordingly numerical 3D etching shapes derived with the
proposed database are very close to experimental shapes. Extension of our simulations to resonant microstructures
such as cantilevers and beams clamped at the two ends is very promising. A future objective is thus to combine
simulations of 3D shapes with FEM analysis for an efficient design of new resonant structures.

P1-M-06

Characterization of ZnO Polycrystalline Films on Silica Glass by the LFB
Ultrasonic Material Characterization System

Jun-ichi Kushibiki', Mototaka Arakawa', Takanori Kondo'; 'Electrical Engineering, Tohoku University, Sendai,
Miyagi, Japan

Background, Motivation and Objective

ZnO films have been widely used for bulk-wave ultrasonic transducers as well as SAW devices as a piezoelectric
material. It is a very important research subject to have knowledge of their acoustic properties for device design
and simulation. The film acoustic properties should be different from bulk acoustic properties and between single-
crystalline and polycrystalline thin films, depending upon the different fabrication conditions and methods such as
sputtering and chemical vapor deposition. Thin film characterization is one of the important applications of the
line-focus-beam ultrasonic material characterization (LFB-UMC) system which can precisely measure the velocity
of leaky surface acoustic waves (LSAWs) on a water-loaded specimen surafce. Layered structure exhibits fH
(product of ultrasonic frequency f and film thickness H) dependence in the LSAW propagation characteristics. In
this paper, we try to make measurement procedures for a layered structure sample of ZnO film on synthetic silica
(Si02) glass substrate.
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Statement of Contribution/Methods

We prepared two specimens of ZnO film on SiO2 substrate. Sample A was fabricated by DC sputtering (H=0.887
um), and sample B, by RF magnetron sputtering (H=0.807 pm). Their FWHM (full width at half maximum)
values in rocking curves for (002)-ZnO by X-ray analysis were 10 deg and 2 deg. We measured the fH
dependences in 1-MHz steps from 100 to 300 MHz at central positions for the two specimens. We also measured
line-scan results over 45 mm for the two specimens including result for SiO2 glass substrates. The measured
results were discussed in comparison with numerically calculated results using the published constants for ZnO and
Si02.

Results

We obtained remarkable fH dependence from 3425 m/s for SiO2 to 2673 m/s for Z-cut ZnO in numerical
calculations, and compared the numerical results with the experimental result of line-scanned velocity distribution
at fH=200 Hz'm. The velocities for sample A became minimum (3146.5 m/s) around central position, and increase
by 54 m/s for 9-mm line scan toward peripheral part of the ZnO-film region (deposition area of 10 mm in
diameter), while the velocities for sample B had almost constant value of 3157.5 m/s. The measured values were
lower than the calculated value of 3162.4 m/s that could be due to degradation in c-axis orientation of ZnO films.

Di ion and Concl

The LSAW velocity distribution observed for sample A should correspond to variations in ZnO film thickness. It
was estimated from the fH dependence that the film thickness decreases about 0.13 pm over 9 mm in diameter.
From the above results, we can say that the LFB-UMC system is very useful for thin film characterization, having
the capability of evaluating acoustic property changes by variations of acoustical physical constants that should be
related to the crystal quality of c-axis orientation in polycrystalline and single-crystalline films.
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P1-N-01

Theory of SAW propagation in crystals subjected by the pure bend influence

Boris Sorokin', Alexander Marushyak?®, Sergei Burkov', Kirill Aleksandrov® 'Condensed Matter Physics, Siberian
Federal University, Krasnoyarsk, Russian Federation, *Thermotechnical Institute, Krasnoyarsk, Russian Federation,
3L.V.Kirensky Institute of Physics, Russian Federation

Background, Motivation and Objective

Conditions and parameters of SAW propagation in crystals are of great interest to design new controlling acoustic
devices or sensors. So it may be control the SAW parameters in the way of the mechanical boundary conditions
change. In particular an external influence often has a result the non-homogeneous deformation of SAW sensor.

Statement of Contribution/Methods

SAW propagation conditions changed by crystal sample pure bend have considered. SAW propagation in crystals
under the action of the bend is described by:

det(Tsa-pov’Sa)=0

where Green-Christoffel’s tensor has a linearising form

Tga (T):[Cl-BAE+(SBA8KP8SE+2CEBLESLAKS+CFBAEPQSI’QKS)TKS]NENE~
Thermodynamic stresses tensor can be written as

=C kst [QILTEYS

where static finite deformation tensor

2Min=(Gar8am-Oim),s

and effective elastic constants

C*KSLM (n):CKSLM+‘/ZCKSLMl{'lnR'I"

are the functions of finite deformation gradients

Ear=(8artkOur (SrriXr+SrL11X3)  (Seri=(Srr1103-Sr1103r))

Results

Boundary conditions for SAW propagation on the surface of thick crystalline plate (h>>L) have formulated. Figure
presents sample configuration and profile of loading. Computer simulation of SAW propagation under the bend
influence for a lot of crystal directions and cuts has made using sillenite structure crystals as a model media. SAW
velocities dependences on deform influence have obtained.

Discussion and Conclusions

In the initial approximation the non-homogeneity of crystalline plate deformation leads to change of wave velocity
and wave front location. Attenuation conditions of wave partial components are changed too. Results obtained can
be used to optimize the form and crystal orientation of sensor’s elements.
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P1-N-02

Influence of pure bend of crystal on bulk acoustic waves propagation

Boris Sorokin', Alexander Mamshyakz, Kirill Aleksandrov?; 'Condensed Matter Physics, Siberian Federal University,
Krasnoyarsk, Russian Federation, *Thermotechnical Institute, Krasnoyarsk, Russian Federation, °L.V.Kirensky
Institute of Physics, Krasnoyarsk, Russian Federation

Background, Motivation and Objective

To describe the acoustic device in which crystal element can be effected by the action of non-homogeneous
deformation it is necessary to know the real deformation gradients. But the task of static finite non-homogeneous
deformation for arbitrary symmetry crystal had’nt solved in common way now. It is especially important in the
cases having a practical interest such as propagation of bulk acoustic waves (BAW) under the above mentioned
conditions, for example BAW-sensors of of force, acceleration or pressure. In this paper the model of calculation
of finite deformation gradients applicated to BAW propagation in anisotropic media has been introduced.

Statement of Contribution/Methods

BAW propagation in crystals under the action of bias finite stress is described by:

de[(rBA'POVZSBA):O 1

But Green-Christoffel’s tensor has a modified form

Tpa (1)=[CLaC roLe+OpaTreINENE (2)

Tensors of finite deformation Cy 5, thermodynamic stresses Tre and effective elastic constants are the functions of
finite deformation gradients &, s. In the non-homogeneous case there is the &, s coordinate dependence.

Geometrical non-linearity factor in linear approximation was taken into account in the task of pure bending of
crystal element. Non-homogeneous deformation was created by force moments applicated to the ends of crystal
sample. Under such condition we can obtain the exact form of deformation gradients:

a1 =81 TKOak (SerLXr+SpL11X3) Where Spri=(Srr11830-Str1183r) (3)
Calculation of finite deformation tensors was produced by expressions:
2Mm=(Cim-Om), Cov=Ear&am (4)

Results

Gradients (3) have been used in the numerical calculations of wave propagation in sillenite structure crystals for
various crystal directions. Distribution of static deformation fields along the crystal has obtained.

Discussion and Concl

As a consequence of deformation’s non-homogeneity effects of local dependence of velocities and wave
propagation direction from coordinates values inside the crystal have raised. So the turn or distortion of wave front
can exist. The results obtained can be used to solve a similar tasks for any symmetry crystals if its nonlinear elastic
properties are known.

P1-N-03

A Novel Method for Numerical Simulation of Sound Wave Propagation Using
Heptic Interpolation Profile Method

Kan Okubo', Takao Tsuchiya?, Ryo Seta', Norio Tagawa':' Tokyo Metropolitan University, Japan, *Doshisha
University, Japan

Background, Motivation and Objective

Numerical analyses for sound wave propagation in time domain have come to be investigated widely as a result of progress in
computer technologies. Although many numerical schemes have been proposed for time domain analysis, the finite difference time
domain (FDTD) method is the most popular scheme used in acoustics. However, we know that the scheme easily causes errors due to
numerical dispersion. This means that the scheme is not so suitable for the analysis including rapid pressure changes. Therefore, it has
become an important issue to reduce numerical dispersion error. This study presents a new numerical simulation of sound wave
propagation using heptic interpolation profile (HIP) Method. This is a kind of method of characteristic (MOC), which belongs to a
group of cubic-interpolated pseudoparticle (CIP) and interpolated differential operator (IDO) methods.

Statement of Contribution/Methods

Figure 1 shows the numerical grid model used in the HIP simulation for three-dimensional (3-D) sound wave propagation. This
method uses the collocated grids, whereas the staggered grids are used in the FDTD method. Moreover, the method involves the use of
the values of the acoustic field and their spatial derivatives at four grid points.
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Results

The results obtained by the HIP method, the FDTD method, and CIP method were compared for a 3-D acoustic field. The results
indicate that HIP analysis provides much higher accuracy than other conventional methods. Numerical error of the HIP result
increases little with the propagation distance. We also investigated the run-time and memory required for those method. These results
reveal the following: HIP analysis requires a little more run-time than other analyses, when equivalent discretization is used, whereas
HIP analysis requires the same memory as CIP analysis. However, the calculated results indicate that the HIP analysis engenders less
numerical error.

Discussion and Conclusions

We examined HIP method, which is a novel technique of numerical simulation of sound wave propagation. Results of this study
demonstrate that this method can analyze wave propagation with high accuracy. Especially, it is noteworthy that the field wavefront
remains uniform as it propagates. That is because HIP analysis provides higher accuracy concerning phase. We must intend to
investigate a hybrid method with other method (e.g., CIP) in the near future.

P1-N-04

Numerical simulation of parametric field patterns of ultrasonic transducers arrays

Milan Cervenka', Michal Bednarik?, Petr Konicek?; Czech Technical University in Prague, Faculty of
Electrical Engineering, Prague 6, Czech Republic, >Czech Technical University in Prague, Faculty of Electrical
Engineering, Czech Republic

Background, Motivation and Objective

The paper is concerned with numerical modeling of planar 2D ultrasonic transducers arrays for highly directional
transmission of audio-frequency sound in air. As it is well-known, nonlinear interactions of pre-processed audio
signal modulated on intense ultrasonic carrier wave can be utilized for ensuring directivity of the transmitted low-
frequency acoustic wave with preserving small radiator dimensions. If an array of many conventional relatively
low-cost electrostatic transducers is used for this purpose, it is reasonable to study suitable deployment
configurations of individual transducers in order to obtain optimum radiation pattern of primary and secondary
acoustic fields. Such a parametric acoustic source can be subsequently utilized as a highly directional loudspeaker
for many applications, e.g. acoustic diagnostics and nondestructive testing.

Statement of Contribution/Methods

As the proposed transducer arrays consisting of many circular radiators don't have radial symmetry, direct
integration of the KZK equation for study of the parametric wave patterns would require huge computational
demands. For this reason, a multi-Gaussian beam (MGB) model was utilized for an analytical description of the
primary-wave beam, whereas method of successive approximations was used for quasi-linear evaluation of self-
demodulated wave pattern using only single spatial integration. Even if the coefficients sets for the MGB
decomposition of some transducer velocity distributions were previously published in literature, simple and
effective algorithm based on Evolution strategies (ES) stochastic techniques was proposed for calculation of these
coefficients for arbitrary transducer velocity distributions.

Results

Using proposed ES stochastic algorithm, original sets of the MG beam decomposition coefficients were calculated
in order to increase efficiency/accuracy of the field calculation scheme. The numerical results show that even if the
primary field patterns noticeably depend on the distribution of the ultrasonic transducers in the array (amplitudes of
the off-axis side lobes), the secondary fields (self-demodulated audio waves) show similar directivity patterns. Out
of the studied array configurations with 61-64 transducers (rectangular, hexagonal, rectangular/hexagonal), the
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combination of rectangular/hexagonal symmetry of transducers deployment provides primary acoustic field with
the least conspicuous off-axis side lobes.

Di ion and Concl
Method of multi-Gaussian decomposition was shown to be an efficient tool for study of parametric fields
transmitted by arrays consisting of many individual transducers. Using of Evolutionary algorithms for
decomposition of transducer velocity distribution into series of Gaussian functions seems to be promising, simple
and efficient approach.

P1-N-05

A Theoretical Potential-Well Model of Acoustic Tweezers

Shih-Tsung Kang', Chih-Kuang Yeh'; 'Department of Biomedical Engineering and Envir | Sciences, National
Tsing Hua University, Hsinchu, Taiwan

Background, Motivation and Objective

Surface-modified drug vehicles have been popularly used in targeting image and local therapy. To increase the
drug targeting efficiency, we propose an acoustics-vortex based trapping model of acoustic tweezers to manipulate
small particles. The principle of the trapping model is similar to the phenomenon of dark hole induced by optical
vortex. One multi-element ultrasound transducer is adopted to produce an acoustic-filed specific potential well and
thus particles are expected to trap within the well.

Statement of Contribution/Methods

Trapping force and region in an acoustic-based potential well are assumed in Rayleigh regime. The potential well
can be formed by an acoustical vortex which has corkscrew of waves transmitted by a multi-element transducer
with different phases. Transmission waves with different phases would produce the constructive and destructive
interference, and form a ring like acoustic field along the wave propagation direction. The results show that there is
relatively low potential energy at the center of the ring, as well as potential well.

Results

A four-element planar transducer was used to transmit 1-MHz and 1-MPa sine waves at phase increment of ©/4 in
the simulations. The polystyrene particles with sizes smaller than 23-um were considered as the drug vehicles. The
figure (a) shows that the ring structure of the acoustical vortex produces a 2.5 mm wide potential well at the
location of 20 mm from the transducer in X-Y plane; (b) shows the presence of the potential well in X-Z plane. The
arrows in (¢) and (d) indicate that particles inside the potential well sustain forces about 10-100 pN toward the axis.
It is expected that the particles would be pushed forward and then aligned on the axis.

Disc i and Concl

Different phases, element configurations, and particle materials were also considered to compare the structure and
strength of the potential well in the study, respectively. The volume of the potential well is expected to trap
substantial vehicles. It should be noted that the effect of non-linear wave propagation should be minimized to retain
the complete structure of potential well for practical application. In the future, the manipulation of microbubbles is
of particular interest to assist in ultrasound targeted imaging and drug delivery.
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P1-N-06

Attenuation of ultrasound pressure fields described via contrast source formulation

L. Demi', M.D. Verweij’, J. Huijssen’, N. de Jong®, K.W.A. Dongen'; ' Laboratory of Acoustical Imaging and Sound
Control, Faculty of Applied Sciences, Delft University of Technology, Delft, Zuid-Holland, Netherlands, °Laboratory of
Electromagnetic Research, Faculty of Electrical Engineering, Math ics and Comp Science, Delft University of
Technology, Delft, Zuid-Holland, Netherlands, *Laboratory of Experimental Echocardiography, Erasmus Medical
Center, Netherlands

Background, Motivation and Objective

Experimental data reveal that attenuation is a relevant phenomenon in medical ultrasound. The phenomenon is
particularly important for applications that are based on nonlinear propagation, since the higher frequency
components of the pressure field generally experience greater attenuation.

Therefore a method that is able to model attenuation accurately is essential for, e.g., the design of transducers for
novel ultrasound modalities.

Statement of Contribution/Methods

Attenuation can be modeled via a compliance memory function that describes how the dilatation rate, up to a
particular moment, contributes to the pressure at that moment.

This model is used to define a contrast source that accounts for the attenuation. The resulting integral equation is
solved using the Neumann iterative solution.

Results

For the 1D case, the present approach is compared with the method where attenuation is included in the Green’s
function. For a 1 MHz pressure field in liver tissue and a propagation distance of 50 mm, the relative error in the
present method, after 3 iterations, compared to the method with a lossy green’s function, equals 8.1 x 10 .
Consequently the results are in close agreement with each other. The convergence of our scheme is investigated for
relevant media (e.g. blood, brain, liver) and with respect to frequency, depth and attenuation parameters.

Finally, as an example, the 1D attenuative and nonlinear wave field in liver is modeled by including a loss term in
the contrast source of the lossless INCS method. This method and the INCS method with an attenuative Green’s
function produce identical results.

Di ion and Concl

A method has been developed to model attenuation via a contrast source formulation. The obtained results are in
excellent agreement with the approach where the attenuation is included in the Green’s function.

P1-N-07

Application of Waterman-Truell and the generalized self-consistent model to the
human bone case
Alejandro Villarreal', Miguel Molero?, Lucia Medina®:’ Biomedical Engineering, Universidad Autonoma

Metropolitana, Mexico, zSyxtem.Y, Instituto de Automatica Industrial, Spain, 3 Acoustics, Universidad Nacional
Autonoma de Mexico, Mexico

Background, Motivation and Objective

The present study is concerned with the interaction between ultrasonic radiation and human bone. The human
bones are porous material may be considered as a heterogeneous media with cylindrical-shaped inclusions
randomly distributed. The ultrasonic plane wave traveling in such materials is scattered due to the inclusions
resulting in frequency-dependent velocity and attenuation of the scattered wave.

Statement of Contribution/Methods

The interaction between ultrasonic radiation and human bone is analyzed based on the multiple scattering theory of
Waterman-Truell and the generalized self-consistent model (GSCM). The Waterman-Truell theory gives the
formulation of scattering waves due to randomly distributed inhomogeneties in a material. The generalized self-
consistent model allows us to determine the dynamic effective moduli of a heterogeneous material as a function of
the carrier frequency and inhomogeneties concentration.

An analytical expression based on this theoretical background is applied for the human bone interacting with an
ultrasonic source. In this paper the bone pores are considered infinitesimal length cylinder with a wavelength size
diameter and filled with marrow. Bone pores were randomly distributed in a matrix of calcium material with no
interaction between inclusions
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Results
The effective acoustic properties were computed for the arrangement above using the composite method proposed
here. Figures 1 and 2 show theoretically acquired results of phase velocity and attenuation of the ultrasonic wave at

a given concentration.

Discussion and Concl
Our results showed a good agreement with those published in the literature.

Figure 1 ultrasonic velocity Figure 2 attenuation
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P1-N-08

2D Finite Impulse Response filters for surface wave identification.

Loic Martinez', Nicolas Wilkie-Chancellier', Bart Sarens?, Christ Glorieux?; 'SATIE Université de Cergy, France,
Metropolitan, *ATF, University of Leuven, Belgium

Background, Motivation and Objective

Acoustic surface waves are widely used to sense and map the properties of the propagation media. For decreasing
both the acquisition time of such signals along the region of interest (ROI) and reach useful space-time resolutions,
impulse generation for wideband acquisitions are required. This is at the cost of increasing the post-signal
processing complexity. Methods such as 2D and 3D Gabor analysis are powerful for localizing and identifying
both transient and surface waves, as they need no prior knowledge upon the involved signals. Nevertheless,
knowing which wave is observed, extracting the full bandwidth contribution of one surface wave from the others
and to map it in the signal domain is also of great interest. As in the Fourier domain, the acoustic energy is
concentrated along the wave-number frequency (k-o) dispersion curves, a way to extract one wave from others is
to filter the signals by mean of k- band-pass area that keeps only the selected surface wave. The objective of the
present paper is to propose 2D Finite Impulse Response (FIR) filters based on an arbitrary area shape.

Statement of Contribution/Methods

FIR filtering is based on convoluting the impulse response of the filter with the signals, so obtaining the impulse
response corresponding to the desired filter function is one of the important steps. In the present work two impulse
responses are investigated, they are derived from using k- rectangular areas (R-FIR) or elliptical areas (E-FIR). In
both cases the main axis of the area is oriented along the selected surface wave dispersion curve. The advantage of
such areas is to have the analytical formulas of the impulse responses, as a function of the k and w bandwidth
parameters, without the need to use Inverse Fourier transform. R-FIR impulse response is based on sinc functions,
whereas E-FIR impulse response is based on Bessel functions.

Results

2D F-FIR and E-FIR filters are tested on experimental space-time signals corresponding to the propagation of
Lamb waves observed by classic transducers on a cylindrical shell and by laser Doppler on a plate and generated
by a pulse. R-FIR and E-FIR exhibit their potential for extracting very well Lamb modes, as their direction of
propagation, even in noisy datasets. Due to their more natural round shape energy distribution in k-o space, E-FIR
filtering adds less artefact to the filtered signals. By using wide k-bandwidth and narrow @-bandwidth E-RIF or R-
FIR filters, Gabor like analysis can also be achieved. Results in terms of space-time-k-w localisation are discussed

and compared with Gabor analysis.
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Discussion and Conclusions

E-FIR is a good alternative to Gabor analysis, with the ability to be more flexible. E-FIR can be extended to non-
uniform sampled data and to 3D datasets.

P1-N-09

Modelling Ultrasonic Wave Propagation in Multilayered Medium of Resistance
Spot Weld

Janusz Kocimski', Pawel Kustron', Andriy Chertov?, Andrzej Ambroziak', Roman Gr. Maev?:'Mechanical, Wroclaw
University of Technology, Poland, *University of Windsor, Canada

Background, Motivation and Objective

The poster presents the results of modelling of ultrasonic waves propagation in multi-layered media. The analysis allow better
understand the wave behaviours and visualize phenomena accompanying its propagation.

Statement of Contribution/Methods
Using the Finite Element Method (FEM) a simulation of wave propagation was developed for the case of resistance spot welds. The
simulation allows see factors affecting wave propagation through the structure of inhomogeneous layers. Here, inhomogeneity is
generated by uneven temperature distribution within the sample causing phase transformation in some cases. FEM analysis is a good
way to understand the temperature influence on such parameters as waves time of flight, amplitude dynamics. The models took into
account possible geometry variations.

Results

The FEM simulation results were compared with data obtained with ultrasonic system for real-time quality characterization of spot
welds. The analysis indicates high correlation with experimental data, what confirms that models were created correctly and that
simplifications had no significant influence on the results.

Discussion and Conclusions

FEM is a good technique to visualize the behaviour of ultrasonic wave propagation. Using obtained results it was possible to optimize
electrode cap geometry to improve efficiency of real-time testing system by reducing beam divergence and increasing signal to noise
ratio.

P1-N-10

Eigenfrequency of cavity resonators at different reflection conditions
Andreas Peter', Lothar Zipser": ' HTW Dresden, Germany

Background, Motivation and Objective

The objective of this study was to investigate the influence of inhomogeneities at the termination on the
eigenfrequency f; of cylindrical cavity ultrasonic resonators. These inhomogeneities could be small bores or
particular sonically soft terminations with a limited stiffness. Often, it is not possible to assume ideal boundary
conditions.

Statement of Contribution/Methods

By using the complex wall impedance Zj of the cavities termination, it is possible to calculate the complex
reflection coefficient . Here are 3 special cases of a non-complex reflection coefficient », which are sonically hard
(r = 1), sonically soft (» = -1) and impedance matching (» = 0). Real terminations, for example with small bores,
will cause a complex reflection coefficient ». The complex reflection coefficient » enables the computation of the
continuous change of the eigenfrequency f; of cylindrical cavity resonators.
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Results

We found a relation between the ratio of the area of open bores A4 to the area of the entire termination 4, and the
eigenfrequency f; of the cavity resonator. In addition, there is a possibility to predict the quality factor Q, the
damping ratio & or the attenuation a of the cavity resonators in a real termination configuration.

Figure 1 shows the ratio of the changed eigenfrequency f to the eigenfrequency f; of ideal sonically hard
termination as a function of the ratio of the area of bores 4 to the entire area 4, of the termination. The parameter
characterizes the ratio of the wall impedance Zy to the characteristic acoustic impedance Z; of the gas filled cavity.

Di ion and Concl

A method is shown to predict the eigenfrequency f; of cylindrical cavity resonators. The virtual pipe extension AL
can be computed as a function of the complex reflection coefficient » of a real termination. With the resulting
virtual length L’ of the pipe, it is possible to calculate the speed of sound ¢ of the gas filled cavity resonator
through measured eigenfrequencies f, and by knowing the geometrical dimensions and termination characteristics.

P1-N-11

Frequency Domain Perfectly Matched Layers for Acoustic Scattering Integral
Equation Problems

E.J. Alles', K.W.A. van Dongen':/ Laboratory of Acoustical Imaging and Sound Control, Faculty of Applied Sciences,
Delft University of Technology, Delft, Zuid-Holland, Netherlands

Background, Motivation and Objective

In order to improve and develop novel ultrasound imaging techniques, accurate acoustical scattering simulations
beyond the Born approximation are required. One technique to perform such simulations is solving, in the temporal
Laplace domain, the full scatter integral equation.

In essence this is an inversion problem which involves a convolution of the Green’s function with contrast source
functions defined via products of the total field and the compressibility or density contrast profiles.

Difficulty arises at the boundaries of the spatial domain. Especially in situations where the inhomogeneities extend
over these boundaries, unwanted additional reflections are generated which have to be suppressed.

Statement of Contribution/Methods

One possible technique to suppress these additional reflections is attenuating the scattered field within an absorbing
boundary layer enclosing the computational domain. However, care has to be taken to avoid reflections off this
absorbing layer.

For this reason, we derive a PML formulation for the scatter integral equation in the temporal Laplace domain by
means of analytic continuation of the governing Helmholtz equation. Using this formulation, it becomes feasible to
compute, for known contrast distributions and known incident field, the total field by applying a conjugate gradient
(CQG) inversion scheme while suppressing reflections off the boundaries. To the best of our knowledge, this PML
technique has never been applied to integral equation methods. Note that the method is also applicable to e.g.
electromagnetic simulations.

Results

The effectiveness and importance of the PMLs is demonstrated for various relevant three-dimensional situations. It
is shown that strong attenuation is achieved, without reflections off the PML, where the absorbing layer is less than
a wavelength thick. Compared to the situation without PMLs, no additional grid elements are required and the
computational load of one CG-iteration is not significantly increased.
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Discussion and Concl
In this paper, we include for the first time PMLs in an acoustic scattering integral equation formulation. We show
that PMLs are effective and efficient in suppressing unwanted reflections off the computational domain
boundaries. Contrasts in both density and compressibility are included.

Ultrasonics, Ferroelectrics, and Frequency Control Society 253



2009 IEEE International Ultrasonics Symposium (IUS)

P1-0O. Thin Films-Growth and Characterization
Sala Orange

Monday,September 21, 2009, 10:00 am - 11:30 am

Chair: Nobutomo Nakamura
Osaka University
P1-0-01

Quasi-epitaxial growth of crystalline wurtzite AIN thin films on Si (001) by RF
magnetron sputtering

Cinzia Caliendo'?, Patrizia ImpcratoriB, Guido Scavia®; /Istituto dei Sistemi C iplessi, Consiglio Nazionale delle
Ricerche, Rome, Italy, Italy, °ISC, CNR, Italy, 3ISM, CNR, Rome, Italy, Italy

Background, Motivation and Objective

In the last few years aluminium nitride (AIN) has attracted much attention due to its wide band gap, its high
chemical and thermal stability, high thermal conductivity and coefficient of thermal expansion. AIN also shows the
highest surface acoustic wave among all the piezoelectric materials, good piezoelectric coupling coefficient, full
compatibility with conventional silicon technologies, and high electrical breakdown voltage. All these remarkable
properties lead to its application for optoelectronic and high power electronic devices.

Despite the lattice incoherency of Si(001) and AIN (20% lattice constants mismatch with the four-fold symmetry of
the (100) Si plane), the wurtzite AIN film deposition on Si(001) substrates is a highly attractive goal for monolithic
microwave integrated circuit technology and high frequency application.

Statement of Contribution/Methods

Piezoelectric AIN films were deposited on Si(001) substrates and the sputtering parameters were varied in order to
optimize the technological process parameters. The optimization of the sputtering parameters (i.e., target-substrate
distance, RF power, gas composition) resulted in the quasi-epitaxial growth of crystalline wurtzite AIN thin films.
The structural, morphological and piezoelectric characteristics of the optimized films were studied with respect to
the gas composition.

Results

All the AIN films present the hexagonal structure of wurtzite with a preferential orientation along the c-axis,
perpendicularly to the growth plane. The full width at half maximum (FWHM) of the 002 peak ranges from 0.227
to 0.100° and in the fully 002 textured films it decreases with increasing the nitrogen amount in the gas mixture,
ndicating an improved crystallization.

The morphological evolution of the AIN layer was studied by AFM and a dependence of roughness and grain
dimensions with the gas composition is showed. Roughness decreases reaching a minimum value of few
nanometers. The increase of the nitrogen percentage leads to a gradual decrease in the grain size (150, 60 and
40nm for 50% 73% and 80-93%) and to a corresponding grain aggregation.

The piezoelectric strain constant d33 of the AIN films was measured by following the method described in ref.
[1]. The evaluation and analysis of the d33 parameter revealed that the piezoelectricity of the sputtered films
varies with the amount of nitrogen in the Ar/N2 mixture and it is correlated with the structural, electrical and
morphological parameters. The estimated values of the d33 parameter ranged from 3.0 to 15 pC/N, the highest
value being referred to the sample that shows the best crystalline quality and crystallite alignment.

Ref.1. C.K.Xu, V.N.Umashev, I.B.Yakovkin, Sov. Phys. PTE6, (1986) 192

Discussion and Conclusions

The maximum value of d33 = 15 pC/N has been found for the maximal FWHM. This value is by far larger than the
bulk single crystal AIN constant would allow. Further analysis is necessary to fully understand such large d33
fluctuations.
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P1-0-02

Switchable exitation of eigen acoustic modes in multilayer structures with
ferroelectric films

Anatoly Mikhailov', Aleksandr Prudan', Sergei Ptashnik', Andrei Kozyrev'; Electronics, Saint-Petersburg State
Electrotechnical University, Saint-Petersburg, Saint-Petersburg, Russian Federation

Background, Motivation and Objective

Multilayer structures, comprising thin films of barium-strontium titanate (BST) in the paraelectric
(centrosymmetric) state are commonly used for frequency agile applications due to the dc bias dependent
capacitance of the structure. However, if a dc bias is applied to the multilayer structure with ferroelectric film, the
central symmetry of the BST crystal structure is broken due to electrostriction and piezoelectricity is induced. The
multilayer structure in microwave frequency range seems like high Q-factor acoustic resonator with hypersound
source, because the BST film generates bulk acoustic waves with microwave electric field frequency. Although
this phenomena can be useful for development of novel class of microwave devices like tunable thin-film bulk
acoustic resonators, oscillators, filters, etc., it is negative in point of the conventional microwave application of
such ferroelectric capacitance structures.

Statement of Contribution/Methods

Existing to date analytical technique for this phenomena based on calculation of multilayer structure complex
impedance. However, there are no data about spatial distribution pattern of eigen acoustic modes and the
conditions of its exitation. Furthermore, this technique is suitable for multilayer structures with only one
ferroelectric film. For structures based on two ferroelectric films the solution of electromechanical equations
system with corresponding boundary conditions is needed.

Results

In present paper the variational-differential calculation of eigen acoustic modes of metal-dielectric-metal structure
with both one and two thin ferroelectric films in paraelectric state is carried out. For estimation of excitation
efficiency of bulk acoustic waves by ferroelectric films the system of electromechanical equations is solved and
spatial distribution of mechanical displacement amplitudes along the multilayer structure is presented. Finally, the
influence of the dc bias voltage both on the spatial distribution pattern of the acoustic standing wave in multilayer
structure and on the resonance frequency shift is discussed. For multilayer structure with two ferroelectric films
there is a possibility to apply the dc bias in opposite polarities that results in an antiphase generation of acoustic
waves by ferroelectric films. Depends on the multilayer structure geometry, this phenomena leads to a cancellation
of some eigen acoustic modes.

Discussion and Conclusions

The results of present work look very promising both for the microwave capacitance structures due to the
suppression of additional loss mechanism and for the designing of novel switchable thin-film bulk acoustic
resonators.

P1-0-03

The Magnetic Depedence of Properties of Optical Quantum Transition of ZnS and
Ge of Electron- Piezoeletric Interaction System under Two Circularly Oscillating
Fields

Sug Joung-Young', Lee Su-Ho?, Choi Jun-Yong?, Lee Jun-Tak?, Sa-Gong Geon®, Kim Jin-Gyou', Kwon Sung-Yeol*;
!kyungpook National University, Korea, Republic of, ’Kyungpook National University, Korea, Republic of, >Dong-A
University, Korea, Republic of, *Pukyung University, Korea, Republic of

Background, Motivation and Objective

We have considered two systems - one is under a right circularly oscillating external fields (RCF) and the other is
under a left circularly oscillating external fields (LCF). The main purpose of this work is to compare quantum
transition line shapes (QTLSs) and optical quantum transition line widths (QTLWs) under both directions right and
left of circularly polarized oscillatory external fields.

We have applied the quantum transport theory (QTR) to the systems in the confinement of electrons by square well
confinement potential. There are several methods of obtaining useful formulas for the scattering factors of the
electron-background particle correlation response function.1~15) One method is the projected Liouville equation
method. Kenkre9,10) suggested a response formula that contains nonlinear terms and a linear term in the lowest
order. The study of quantum transport theories based on the projected Liouville equation method is useful for
investigating the scattering mechanism of solids. Using the projected Liouville equation method with the
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equilibrium average projection scheme (EAPS), we have proposed a new quantum transport theory of the linear-
nonlinear form11). The merit of using EAPS is that the generalized susceptibility and scattering factor can be
obtained in a one-step process of expanding the quantum transport theory. The study of the dynamical behavior of
electrons interacting with piezoelectric potential phonons in semiconductors has received a great deal of attention
among condensed matter physicists. It is well known that wurtzite-type crystals e.g., (ZnO, CdS, CdSe, and Agl)
and sphalerite-type crystals e.g., (ZnS, ZnSe, and GaAs) are piezoelectrically active. The reason we are interested
in these materials is that they have excellent acoustoelectric properties and optical conductivity and thus can be
used in diverse applications.

Through numerical calculation, we have analyzed the temperature and magnetic field dependences of QTLSs and
QTLWs under both directions right and left of circularly polarized oscillatory external fields in various cases. The
analysis of various cases is difficult using other theories because they require the calculation of absorption power
to obtain QTLWs. However, we can obtain QTLWs directly using the EAPS. In order to analyze the quantum
transition process, we compare the temperature and magnetic field dependences of the QTLWs and the QTLSs of
two transition processes, the intra and inter-Landau level transition process.

Statement of Contribution/Methods

Results

Di ion and Concl

As a brief summary, the results indicate that the QTR of EAPS is a useful method to explain the resonant
phenomena based on the quantum transition and scattering effect in a microscopic view. It is to be regretted that
these results cannot be checked experimentally because no experimental results are available as yet. However, we
expect the results in Figs. 1 and 4 to be of help in any future experimental works.

P1-0-04

The Temperature Depedence of Quantum Optical Transition Properties of GaN
and GaAs in a Infinite Square Well Potential System

Lee Su-Ho', Sug Joung-Young', Choi Jun-Yong', Sa-Gong Geon?, Lee Jun-Tak?; 'Kyungpook National University,
Korea, Republic of, *Dong-A University, Korea, Republic of

Background, Motivation and Objective

In this work, in GaN and GaAs, we investigate the optical Quantum Transition Line Shapes(QTLSs) which show
the absorption power and the Quantum Transition Line Widths(QTLWs), which show the scattering effect in the
electron-piezoelectric potential phonon interacting system. The reason why we are mostly interested in these
materials are that they have excellent acoustoelectric property and optical conductivity and thus can be used for
diverse applications including actinometers, fluorescent pigment and amplifiers for ultrasonic wave. The analysis
of the temperature and the magnetic field dependence of the QTLWs are very difficult in alternative theories or
experiment, because the absorption power in the various external field wavelengths is required to be calculated or
observed. The QTR theory of EAPS is advantageous in this respect as it allows the QTLWs to be directly obtained,
through EAPS, in the various external field wavelengths. In short the calculation of the absorption power is not
required to obtain the QTLW. With the numerical calculation, we analyzed the temperature and the magnetic -
field dependences of the QTLWs and QTLSs in various cases. In order to analyze the quantum transition, we
compare the temperature and the magnetic field dependencies of the QTLWs and the QTLSs on two transition
processes, namely, the phonon emission transition process and the phonon absorption transition process.

Statement of Contribution/Methods

Results

Through the numerical calculation of the theoretical result, of QTLS and of the QTLW, we analyze absorption
power and line widths of Garium-Nitride (GaN) and Garium-Asenide(GaAs).

In order to analyze the quantum transition process, we denote the total QTLW as , where, and are the QTLW of
the total phonon emission and absorption transition process, respectively.

In FIG. 1(a) the temperature dependence of QTLW is plotted. As shown in FIG. 1(a), increase as temperatures
increase for the external field wavelengths, ¥8=220,394,513,550 and 550¥im. In FIG. 1(b), the temperature
dependence of the QTLW ¥a(T)total, ¥a(T)em and ¥a(T)ab of GaN for external field wavelength ¥6=394¥i m is
shown.

In FIG. 2(a) the temperature dependence of ¥a(T)QTLW is plotted.
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Discussion and Conclusions

In a summary, The approach to the analysis of quantum transition processes with ease is the merits of our EAPS
theory. Through the analysis of this work , we found the increasing properties of QTLW and QTLS with the
temperature and the magnetic fields. We also found the dominant scattering processes are the phonon emission
transition process. The results of this work will help to analyze experimental the scattering mechanisms in the
electron-piezoelectric potential interacting materials.

P1-0-05

Response of SAW on AlGaN/GaN Film for Ultra-violet Light Irradiation
Satoshi Oshiyama', Keishin Koh', Kohji Hohkawa':'Kanagawa Institute of Technology, Japan

Background, Motivation and Objective

AlGaN/GaN films have found many applications, such as in high-performance and high frequency front end
integrated circuits. In addition, their piezoelectric properties have been researched extensively for developing high
performance filters and semiconductor-coupled SAW devices. On the other hand, we have also interested in the
ultra violet optical detector and tried to apply AlGaN/GaN film SAW device to this area.

Statement of Contribution/Methods

The AlGaN/GaN film is prepared on a (0001) Sapphire substrate and the aluminum mole fraction of AlGaN layer
was nominally 0.255. The GaN layer thickness is about 2000nm. The AlGaN layer thicknesses are 20 nm. We have
measured propagation properties of SAW delay devices by irradiating ultraviolet light swept from 200 nm to 380
nm. We radiated optical signal either direction from the film surface to the bottom, or vice versa (Fig. 1). In the
experiment, we have also controlled 2DEG electrode existing on the interface between GaN and AlGaN by
applying DC bias between 2 DEG layer and IDT electrodes.

Results

Figure 2 illustrates one of experimental results. When the wave length of light wave was reduced, the insertion loss
of SAW devices has shown larger insertion loss. As is indicated by the arrow, the insertion loss curve had two
stepping points corresponding to the band gap energy of GaN and AlGaN.

Discussion and Conclusions

We have measured basic ultraviolet optical properties of the AIGaN/GaN film on Sapphire substrate using a simple
experiment equipment.
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P1-P. Actuators and Pumps
Sala Orange

Monday,September 21, 2009, 10:00 am - 11:30 am

Chair: Atsuyuki Suzuki
Tokuyoma College of Technology
P1-P-01

Design and characteristics of novel type valveless micro-pump

Jin-Heon Oh', Jong-Nam Lim', Kee-Joe Lim', Hyun-Hoo Kim?; ! Chungbuk National University, Ch
Chungbuk, Korea, Republic of, *Doowon Institute of Technology, Paju, Gyeonggi, Korea, Republic of

Background, Motivation and Objective

Most of pumps consist of a chamber to be created by the deformation of actuator and the check valves to take an
on/off role of input and output. But these valves have some problems such as abrasion, fatigue and clogging
condition. In order to eliminate the critical problems, we apply the operation principle of traveling wave ultrasonic
motor to the basis for a pumping mechanism of micro-pump that transfers fluids. We propose a simple and novel
design of piezoelectric micro-pump which is driven peristaltically by piezoelectric actuators.

Statement of Contribution/Methods

In this pump, the extensional vibration mode due to the traveling wave excited in PZT ring is used as a volume
displacing mechanism. Reviewing the operation principle of the traveling wave rotary type ultrasonic motor, it is
easy to see the formation of multiple spaces due to the crests of the traveling wave. These spaces offer a platform
for the transportation of capture fluid along the direction of the wave propagation. The greatest feature of this
pump is not required the valves because the peristaltic action produces to the tightly closed space. As the voltage is
turned off, the chamber formed by vibrator stops the flow of liquids, and then produces automatically self-locking
action as the operation of conventional valves.

Results

Finite element analysis about the proposed pump model was carried out by commercial software to verify its
operation principle. And, to ratify the concept of the pump and to make valid the simulation result, components of
prototype pump were made, erected and tested.

Di ion and Concl

Using extensional vibration mode of PZT ring, a valveless micro-pump is successfully made. This pump takes a
noticeable operation into the simple volume displacing mechanism using peristaltic motion without the physical
moving parts.

Direction of rotor motion

4
Pump 7
chamber Piezoelectric
sin wt coswt
Fig.1. Operation pranciple of traveling wave rotary type ultrasonic moter  Fig.2. Entire shape and chamb: of propesed pump model
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P1-P-02

Pneumatic Flow Control Valve Using Particle Excitation by PZT Transducer

Daisuke Hirooka', Koichi Suzumori', Takefumi Kanda'; ' Okayama Univercity, Okayama, Japan

Background, Motivation and Objective

Pneumatic actuators such as pneumatic cylinders are widely used in the automation machine equipments because
they are simple, lightweight, and high compliant. In general, pneumatic actuators need speed controllers to avoid
the stopping shock at the stroke ends. But conventional speed controllers cannot smoothly control the airflow rate
and this makes pneumatic actuators difficult to drive at high speed without shock at the stroke ends. This study
develops a new tiny flow control valve driven by PZT transducer. This flow control valve solves all these problems
while retaining the advantages of pneumatic actuators.

Statement of Contribution/Methods

A PZT transducer has been used for controlling flow rate in this study. The flow control valve in this report
consists of an orifice plate which has 13 orifices, a PZT transducer which is fixed on the orifice plate with the bolt,
and the iron particles of 0.8mm diameter. The orifice plate is made of stainless steel and it is 10mm in diameter,
9mm in height and 0.8mm in plate thickness. The orifice aperture diameter is 0.5 mm and the orifices are circularly
arranged with the intervals of 0.9mm on the orifice plate. The mass of the flow control valve is only 2.5 g. The
valve is normally closed, because air flow carries the particles onto the orifice and the particles seal the air flow.
Because the orifice plate excitation by the transducer works to make the particles away from the orifice plate, the
air flows through the orifices.

Results

From the experiments of flowing quantity evaluation, this flow control valve achieves a maximum flow rate of
62.65 L/min under applying voltage of 79.9 V,,., and air pressure of 0.70 MPa.

Discussion and Conclusions

The results show that the ratio of the flow capacity /valve weight is about ten times larger than that of typical
commercial valves.
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P1-P-03

SAW Excitation by Using Pulse Wave
Ryo Tamon', Hiroyuki Kotani', Masaya Takasaki', Takeshi Mizuno'; /Saitama University, Japan

Background, Motivation and Objective

Previously an active type surface acoustic wave (SAW) tactile display has been proposed. Using the SAW tactile
display, we can feel tactile sensation like roughness or smoothness. Switching SAW, tactile sensation can be
indicated. For expanding of the indication area of the display, the size of the SAW transducer must be expanded
too. Property of the piezoelectric substrate had prevented the expansion. Indirect SAW excitation on a glass
substrate has been proposed for the expansion. To realize a large size tactile display, array of the excitation can be
applied.

However, in this method, the SAW has been excited by a bursted sinusoidal wave. For the arrayed indirect
transducers, one high-frequency generator will be equipped for each transducer. To reduce the redundancy of the
driving circuit, this paper proposes a new method for the SAW excitation using pulse wave. In this proposal,
driving circuit can be simplified. Arranging a number of SAW transducer and driving individually, it is possible to
focus the SAW on one point and increase the amplitude there. A large-area SAW tactile display can be realized.
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Statement of Contribution/Methods

The conventional SAW exciting method used a bursted sinusoidal wave by a high-frequency function generator
and a high-frequency amplifier. Proposed SAW excitation method uses much lower frequency square-wave pulse
by low-cost pulse generator and FET driving circuit.

Results

Using the proposed method, 20 waves of the SAW were excited by rising edge of the square wave successfully
(Fig.1). The wave number of the SAW is equal to the finger number of the interdigital transducer (IDT).

Discussion and Concl

Applying a high-voltage pulse wave to IDT, the SAW, whose wave number equals to the finger number of the
IDT, was excited at the rising edge and the trailing edge. Arranging a number of SAW transducer and driving
individually, a number of SAW propagate with lags. With the controlled lags, the SAW can be focused on one
point and the amplitude can be increased there. It is expected that our proposal can be applied to the SAW tactile
display.
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P1-P-04

An actuator, based on a Langevin-type transducer, able to excite large bending
vibrations in thin foils

Nicola Lamberti'; 'D.LLLLE., University of Salerno, Fisciano, Italy

Background, Motivation and Objective

In dermatological aesthetics piezoelectric actuators have many applications; the skin treatment is obtained by the
bending vibration, along the length, of a steel foil of about 0.5 mm in thickness; the vibration frequency is
ultrasonic, to avoid annoying noise. In this paper a piezoelectric actuator able to excite a bending motion in the
steel foil is described; the active part of the actuator is a piezoelectric Langevin—type transducer soliciting the foil
at one edge; the objective is to obtain a system with high efficiency, low losses and high mechanical stiffness.

Statement of Contribution/Methods

First of all we analyzed the resonance modes of the foil in order to identify bending modes at an ultrasonic
resonance frequency; the modal analysis was performed by ANSYS. Due to the foil length (45 mm) a bending
resonance mode is approximately located at 26 kHz. The second step was the design of a Langevin transducer with
the same resonance frequency. By means of analytical models we computed the thickness of the front and back
masses of a transducer composed by 4 piezoceramic rings, electrically connected in parallel, imposing that the
resonance frequency is 26 kHz. In order to amplify the displacements on the Langevin front face we inserted a
displacement amplifier realized by using a classical stepped horn ultrasonic concentrator with both sections one-
quarter wavelength long; the amplification factor is equal to the ratio between the areas of the two end sections.
Finally, the connection between the foil and the displacement amplifier is realized by means of an ad hoc prismatic
steel “support”.
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Results

The proposed actuator is therefore composed by a Langevin transducer, a stepped horn displacement amplifier, a
support and the bending foil. In order to optimize the design we analyzed the actuator behaviour by ANSYS, with
the purpose to maximize the bending displacement at the free edge of the foil, to minimize the stresses on the
piezoceramics and the deformations at the interface between various components. The FEM let us to analyze the
whole actuator and to take into account elements that are neglected in analytical models, like the electrodes
between the piezoceramic rings, the bolt connecting the front and back masses, the pre-stress etc. The obtained
results show that the proposed actuator is able of large displacements (~ 100 um) with a reasonable low (= 200 V)
voltage supply; the stresses on the piezoceramics are 100 times below the depolarization limit, while the
deformations at the interfaces are 40 times below the breaking limit.

Discussion and Conclusions

In this paper a piezoelectric actuator, based on a Langevin transducer, able to excite a large bending motion in a
steel foil is described; the actuator is analyzed and designed by means of ANSYS. The simulation results show
very promising performances; next step will be the realization of a prototype, in order to experimentally verify the
device performances and to refine its design.

P1-P-05

Minute Object Support Mechanism by Using Ultrasonic Vibration

Yasuhiro Kato', Daisuke Terada', Yuji Ishino', Masaya Takasaki', Takeshi Mizuno'; ‘Saitama University, Japan

Background, Motivation and Objective

Recently, the demand of non-contact transportation of electric components and optical components has risen. The
application of non-contact transportation using acoustic levitation for liquid crystal glass substrate and silicon
wafer has been proposed. In near-field acoustic levitation, it is well known that such planar objects can be levitated
vertically upward above the vibrating surface of an ultrasonic transducer. On the other hand, the downward
ultrasonic suspension in the air has been proposed and achieved the non-contact suspension of a small planar object
downward the vibration surface. In this phenomenon, it seems that the pressure acting on the object is negative at
the certain gap. In this paper, an object with curvature was focused as the suspended object. The small plastic lens
was used as the object. Suspension of the lens was investigated experimentally.

Statement of Contribution/Methods

A Langevin transducer with a horn block that enlarges the vibration amplitude at the suspension part was used. The
head of the horn block was concave approximately in parallel with the curvature of the lens.

Results
A Langevin transducer with diameter of 30 mm was used as the ultrasonic transducer. The diameter of vibration
surface was 8.0 mm. The lens whose diameter was 6.5 mm was suspended downward successfully with driving
voltage of 60 Vrms and driving frequency of 24 kHz (Fig.1). The lens was easily released when the vibration was
stopped.

Discussion and Conclusions

For the planar object, it has been investigated experimentally that the negative or positive force acting on the object
surface depends on the gap between an object and vibration surface. According to the force, the negative or
positive force is considered to act on microscopic area, because the gap was not constant due to surface accuracy.
The suspension result shows that the total of the microscopical forces was attractive force. This mechanism can be
applied for handling of an object with curvature. For the handling, we do not need to concentrate our attention to
the surface accuracy.
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P1-P-06

Noncontact ultrasonic particle manipulation for a long distance in air using a
bending vibrator and a reflector

Daisuke Koyama', Yu Ito', Kentaro Nakamura':' Precision and Intelligence Laboratory, Tokyo Institute of
Technology, Yokohama, Kanagawa, Japan

Background, Motivation and Objective

Ultrasonic manipulation of small particles including a liquid droplet for a long distance is discussed. It is well
known that a particle, which is much smaller than a wavelength of acoustic standing wave, can be trapped at the
node points. Several groups have reported the particle manipulation techniques using the ultrasonic standing wave.
However, the manipulation for a long distance over 1 m and the noncontact transportation of liquid in air have not
been reported. A noncontact manipulation technique for a long distance of small particles such as electronic parts
and liquid droplets will be attractive in a filed of manufacturing industry.

Statement of Contribution/Methods

The experimental setup consists of a 3-mm-thick and 605-mm-long duralumin bending plate and a reflector. Two
bolt-clamped Langevin type transducers with horns were attached on the both side of the plate to generate the
flexural vibration along the plate. The plane reflector with the same dimensions as the vibrating plate is installed
parallel to the plate with the distance of approximately 17 mm to generate an ultrasonic standing wave between
them and trap the small particles at the node lines. The acoustic field between the plate and reflector was calculated
through finite element analysis (FEA) to predict the trapped position of the particles. The sound pressure
distribution was measured experimentally by using a scanning laser Doppler vibrometer via a change in the
refractive index of air. By controlling the driving phase difference between the two transducers, the flexural
traveling wave can be generated along the plate, and the node points of standing wave and the trapped particles can
be moved.

Results

The flexural wave was excited in air along the vibrator at 22.5 kHz. The lattice standing wave with the wavelength
of 36 mm in the length direction could be excited between the vibrator and reflector, and foam polystyrene
particles with the radii of several mm could be trapped at the node lines of standing wave (Fig. 1). The
experimental and calculated results showed a good agreement.

Di ion and Concl

The noncontact transportation of the trapped particles for a long distance could be achieved by changing the
driving phase difference: the trapped position of particles can be controlled as 0.046 mm/deg. An ethanol droplet
could be also trapped and moved.
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P1-P-07

Analysis of Exponentially Tapered Piezoelectric Bimorph Actuator

Moojoon Kim', Jungsoon Kim?; ' Physics, Pukyong National University, Korea, Republic of, *Multimedia,
Tongmyong, Korea, Republic of

Background, Motivation and Objective

Piezoelectric bimorph has been widely used as sensors and actuators in industry. However, it is not easy to design
the various resonant modes with given length of the rectangular type.
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To give the variety of the resonant frequency, a piezoelectric bimorph with exponentially decreasing width along
the length was analyzed.

Statement of Contribution/Methods

By selecting the exponential function of length as the decreasing width, the general solution was derived from the
equation of motion for the piezoelectric bimorph. The electromechanical coupling coefficient of each resonant
mode was calculated. Three different shapes of exponentially tapered piezoelectric bimorphs were manufactured.
They have same length of 63.9mm, maximum width of 13.5mm, and the thickness of a piezoelectric plate is
0.44mm.

To verify the calculation method, the experimental results were compared with the theoretical results.

Results

As one of the results, the figure shows the variation of the fundamental resonant frequency according to the ratio of
the widths of both ends. The resonant frequency moves to higher side as the ratio increases, and its admittance
value is varied according to the ratio.

Di ion and Concl

The number of resonant modes was increased as the width was decreased rapidly along the length when the
boundary condition was free-free ends. In fixed-free ends condition, the resonant modes have the tendency moving
to high frequency range. It was confirmed that the wide frequency band width could be obtained by combination of
the different shaped bimorph actuator. From these results, it is expected that the electroacoustic characteristics
analysis will be useful to design the frequency band width of piezoelectric bimorph.

P1-P-08

Experimental consideration of high frequency ultrasonic atomization using SAW
devices

Jun Kondohl; ! Graduate School of Science and Technology, Shizuoka University, Hamamatsu-shi, Shizuoka, Japan

Background, Motivation and Objective

A liquid actuator is realized using a surface acoustic wave (SAW) device. A longitudinal wave is radiated into a
liquid when the liquid is placed on a surface acoustic wave (SAW) propagating surface. Nonlinear phenomena are
caused by a radiated longitudinal wave and are called SAW streaming. Several applications of liquid actuators
using SAW streaming are reported. Atomization is one of them. In this paper, mechanism of the atomization is
discussed. First, an elliptical displacement at water/128YX-LiNbO3 interface was calculated using Campbell and
Jones method. Then, mechanism of the atomization is discussed using observation results. Finally, for practical
application, long time atomization is examined.
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Statement of Contribution/Methods

Two SAW generation systems were used. One consists of signal generator, function synthesizer, and RF-power
amplifier. The other consists of FM transceiver with a pulse circuit. Atomization was observed using a high-speed
camera.

Results
From the calculated results, ellipse displacement was obtained at the crystal surface. Increasing the distance from
the surface, it changes and becomes linear polarization, namely longitudinal wave, at 0.005 wavelengths.
Polarization direction agrees with Rayleigh angle. Therefore, longitudinal wave is not directly radiated from the
surface.

Thin water layer prepared on the surface and observed atomization by varying applied power. Our previous
research, atomization had been occurred when applied power was larger than 2.25W. In this study, using the high-
speed camera, we found that minimum applied power for generating mist was 0.042W when liquid volume was
less than 0.04 pl.

Using the transceiver system, long time atomization was demonstrated. Applied power was 3 W. The device
property was evaluated using S11. The initial S11 of -23.7dB became -12.8 dB after 42 days.

Discussion and Concl

The atomization was observed even at low power. Loss due to attenuate longitudinal wave into thin water layer of
0.04 pl was 1.4 dB. In other words, radiation power into the liquid was 1.4 dB. Previously, we considered that
atomization was occurred by the SAW streaming force. However, it is impossible to generate mist with such low
radiated power. The observed results cannot be explained on the basis of SAW streaming. Also, direction of the
force agrees with the longitudinal wave radiation direction. The experimental results show that mist is generated
from the whole water surface. Therefore, we conclude that mechanism of atomization is a capillary wave like a
conventional ultrasonic atomization. For realization of atomization system, such as thin film deposition, detail
discussions and test of device lift time are necessary.

P1-P-09

Propulsion of droplets on non-piezoelectric substrates via mode conversion of
Lamb waves

Martin Schmitt!, Gerhard Lindner', Sandro Krempel', Hendrik Faustmann', Ferdinand Singer' ' Institute of Sensor
and Actuator Technology, University of Applied Sciences Coburg, Coburg, Bavaria, Germany

Background, Motivation and Objective

The mode conversion of acoustic surface waves contacted by liquid droplets has been utilized for the propulsion of
nanoliter droplets with respect to lab-on-a-chip applications [1]. In this case, however, a piezoelectric substrate
equipped with interdigital transducers on the surface on which the droplets are moving had been used for the
excitation of surface acoustic waves [2]. Our approach is aiming at the acceleration of comparably large droplets
such as raindrops on non-piezoelectric substrates, e. g. glass plates.

Statement of Contribution/Methods

The propulsive action of Lamb waves has been demonstrated by Moroney et al. [3]. Following this approach, we
have been excited Lamb waves on glass plates by piezoelectric interdigital transducers attached at the rear side of
the substrate, which is not in contact with the liquid [4].

Results

A propulsive action on water droplets of ml size has been observed, which could be improved by hydrophobic
surface coatings. With continuous wave excitation at a frequency of 1 MHz and an amplitude of 200 Vpp an
acceleration of about 0,3 m/s? has been achieved so far with water droplets of 10 ul on a 1 mm glass plate.

Fig. 1 Snapshots of water droplets on a glass plate, on which a piezoelectric interdigital transducer has been
attached on the rear side, before and after Lamb wave excitation

Di ion and Concl

This concept allows numerous technical applications, including “intelligent” droplet removal from glass panels in
combination with droplet detection via a Lamb wave transmission line established via a second interdigital
transducers.
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[1 Wixforth, A.: Acoustically driven planar microfluidics, Superlattice and Microstructures 33 (2003)
389 —396.

[2] Kurosawa, M., Watanabe, T., Futami, A., Higuchi, T.: Surface acoustic wave atomizer, Sensors and
Actuators A 50 (1995) 69 - 74.

[3] Moroney, R. M., White, R. M., Howe, R. T.: Microtransport induced by ultrasonic Lamb waves, Appl.
Phys. Lett. 59 (71), 1991, 774 — 776.

[4] Lindner, G., Faustmann, H., Fischer, T., Krempel, S., Miinch, M., Rothballer, S., Schmitt, M.:

Acoustic Surface Wave Induced Propagation of Liquids in Open Channels, 2007 IEEE International Ultrasonic
Symposium; 28.-31. October 2007 in NewYork/NY; p. 2331-2334
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P1-Q. Measurement & Yields

Sala Orange

Monday,September 21, 2009, 10:00 am - 11:30 am

Chair: Jan H. Kuypers
Sand 9, Inc.
P1-Q-01

Compensation of Time Delay in Detection Electronics for Fast Scanning 2D
SAW/BAW Laser Probe

Tatsuya Omori', Keisuke Kashiwa', Ken-ya Hashimoto', Masatsune Yamaguchi':' Graduate School of Engineering,
Chiba University, Chiba-shi, Chiba, Japan

Background, Motivation and Objective

The 2D observation of acoustic wave propagation is believed to be most effective in developing high performance
SAW/BAW devices, because it offers invaluable information hardly acquired by other means. In obtaining the 2D
images, time consumption should be minimised without sacrificing their spatial resolution and dynamic range.

Recently, the authors have developed a fast mechanical scanning SAW/BAW visualisation system using the
Sagnac interferometer and demonstrated how it effectively works.[1]

In the system, the detection electronics determine the delay time of the signal output as well as the thermal noise
level, and thus limit the attainable scanning speed. Even when the scanning speed is lower than the limit, the time
delay causes the deviation of the captured output signals from the observation points, which makes it most difficult
to apply the fast two-way mechanical scan to the system.

Statement of Contribution/Methods

This paper describes the enhancement of the measurement speed by compensating the time delay caused in the
detection electronics.

In the present laser probe, in order to synchronise the mapped and observation points, the outputs of the detection
electronics are sampled with trigger pulses generated every 40 nm by a linear encoder attached to the mechanical
stage. Here it should be noted that because of the deviation in the translation speed, the pulse trains are not always
periodic in terms of time. The compensation is performed by delaying trigger pulses by the delay time #4 of the
detection electronics. A digital circuit was newly developed for the purpose.

A simple technique was also developed for estimating 74 with sufficient accuracy. When SAWs propagating under
straight electrodes are observed by the two-way mechanical scan with incomplete compensation, they may appear
as zigzag lines in the captured 2D image due to the deviation mentioned above. This means that one is able to
characterise the incompleteness quantitatively by evaluating the intensity of specific spots appearing in the FFT of
the captured 2D image.

Results

As a demonstration, an SAW field in a one-port resonator at 926 MHz was visualised with a size of 1,250x250
pixels (0.4pm step) by the developed system. It is shown that under an optimal compensation, the influence of the
delay time can be dissolved, and that a high quality image is obtained even when the two-way scan is applied. The
measurement was completed in about 4 min., which corresponds to the average sampling rate of 1.3 kS/s.

Discussion and Concl

It was shown that the fast data acquisition became possible by the introduction of the novel method for the
compensation of the time delay in detection electronics. To the best of the authors’ knowledge, the proposed
SAW/BAW visualisation system allows much faster imaging compared to other laser-probes employing a
mechanical scan.

Reference:
[1] K. Hashimoto, et al.: Tech. Digest, IEEE Microwave Symp. (2008) pp. 851-854.
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P1-Q-02

200mm manufacturing process feasibility of BAW coupled resonator filters

Sylvain Joblot!, Alexandre Reinhardt?, Pierre Bar', Christophe Billard?, Nicolas Buffet?, Guy Parat’, Jean-Frangois
Carpcnticr‘; ISTMicroelectronics, Crolles, France, *CEA-LETI, Grenoble, France

Background, Motivation and Objective

During the last 20th years, acoustic filter manufacturing for mobile phone applications have been dominated by
Surface Acoustic Waves (SAW) filters. Nevertheless since few years, the Bulk Acoustic Waves technology (BAW)
presents large interest and challenges SAW technology. It has been shown that BAW filters present advantages in
terms of power handling, thermal behaviour and robustness of Electro-Static-Discharge (ESD). Moreover, it is
compatible with the silicon mainstream technology and an appropriate candidate for high frequency application up
to 5GHz-10GHz [1]. Coupled Resonator Filter (CRF) is necessary to include impedance transformation and single-
ended to balanced signal conversion functionalities as achieved by SAW filter [2]. Previous studies have reported
CRF realisation on solidly mounted resonator or cavity with promising performances, but impact of layers
dispersion and trimming steps have not been described in details. The objective of this paper is to emphasize the
keys to achieve an attractive yield on wafer in industrial environment.

Statement of Contribution/Methods

Usually to adjust final filter frequency at wafer scale, BAW technology required trimming step based on a
homothetic resonator response. In this way, for CRF, dedicated top and bottom resonators would be necessary and
induce heavy process with for instance multiple CMP planarisations. Consequently, to simplify processing with no
dedicated top resonator, final trimming step has been directly achieved on filter response. In this paper, processing
of CRF with CMOS classical materials such as W/SiO2 for Bragg reflector and coupling layers, Mo/AIN/Mo for
resonators and its thin film packaging will be detailed and discussed. Frequency sensitivities of piezo-stack and
Si02 layers near to the both resonators will be given and layers dispersion impact on frequency response will be
highlighted. Finally, we will discuss the two trimming steps on the bottom resonator and on the final filter.

Results

Experimental results of frequency, bandwidth and insertion losses will be presented with this fabrication method.
The best insertion losses (IL) measured on 50Q single-ended filters for W-CDMA application is -2dB. An
attractive yield of 70% filters with central frequency comprised in +/-3MHz is measured across the wafer and
validates the trimming method.

Discussion and Conclusions

In this paper, the robustness of a 200mm CRF process in silicon manufacture has been shown. By using innovative
trimming methodology, processing has been relaxed. Standard thickness trimming would be discussed on SiO2
bottom coupling layer. Then, design solution could be considered to reduce thickness sensitivities impact and still
improves central frequency dispersion [3].

[1]R. Aigner et al; IEEE UFFC proceedings 2008, pp. 582.

[2] K:M. Lakin et al; IEEE UFFC proceedings 2001, pp. 833.
[3] P. Bar et al; patent pending.

P1-Q-03

Multilayer scanning of RF BAW device for focus adjustment by laser probe
system

Nan Wu', Ken-ya Hashimoto', Tatsuya Omori', Masatsune Yamaguchi':  Graduate School of Engineering, Chiba
University, chiba, chiba, Japan

Background, Motivation and Objective

The authors have developed a phase-sensitive laser probe system based on the Sagnac interferometer for the
diagnosis of RF SAW/BAW devices.

High lateral resolution is achieved by an objective lens with large magnifying power. Since it also results in a
shallow focal depth, the out-of-focus problem may occur partly in the captured image field when the device surface
is uneven. For example, even if the change in the surface height is about 2 um in 2 GHz RF BAW devices, this
would badly affect the captured image quality when a 100x objective lens is employed.
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Statement of Contribution/Methods

This paper describes a scanning method to make the whole image in focus. It is accomplished by the following
procedures. First, scanning of a device surface is repeated multiple times setting an objective lens at a different
height, and both the interferometeric (RF) and monitor (DC) outputs of a photo detector are recorded. Then, the
lens height giving the best focus at each sampling point is determined from the DC output. Finally, the RF output
with the best focus height at each sampling points are extracted to compose a whole image.

Results

Using a 100x objective lens, we scanned the surface of a 2 GHz RF BAW device 8 times with lens height of 0.8
um intervals. Fig. 1 (a) shows variation of the lens height giving the maximum DC output. Fig. 1 (b) shows the
amplitude image composed by the RF output with the best focus at each sampling point.

Di ion and Concl

Fig. 1(a) clearly shows the change in the surface height within the device as well as surface inclination. Although
the impact of the present technique is not clear in Fig. 1(b), it becomes more apparent in the image shown in Fig. 2,
where color map is modified into saturation. Thanks to the proposed technique, the leakage can clearly be seen;
one can recognize the energy flow with small decay.
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P1-Q-04

Method for Phase Sensitive Measurements of Surface Vibrations Using
Homodyne Interferometry without Stabilization

Lauri Lipidinen', Kimmo Kokkonen', Olli Holmgren', Matti Kaivola':'Applied Physics, Optics and Photonics,
Helsinki University of Technology, Espoo, Finland

Background, Motivation and Objective

We have implemented a phase sensitive absolute amplitude detection method to extend the capabilities of a
homodyne scanning laser interferometer [1], originally developed for measuring relative amplitude data of surface
vibrations in microacoustic devices. Absolute amplitude and phase data allow for, e.g., separation of waves
propagating into different directions, analysis of acoustic reflections, and determination of dispersion curves.
Furthermore, the wave motion can be animated to bring further insight to the device operation.

To enable phase and absolute amplitude measurements, homodyne interferometers have traditionally been
stabilized to a single quadrature point (QP). Without stabilization, the interferometer operation point randomly
drifts over several QPs. The existence of two different QP types then leads to ambiguity in determining the phase if
the QP type is not known.

Statement of Contribution/Methods

The advantage of the detection scheme presented here is that no stabilization is required. In addition, this method
also enables absolute amplitude measurements via normalization. The amplitude and phase of surface vibrations
are measured while the interferometer operation point is swept through several QPs. The phase ambiguity issue is
resolved by identifying the QP types.

A concept for measuring the phase of surface vibrations using homodyne interferometry, with no active
stabilization, was recently proposed [2]. With such a method, however, the QP type should be known in order to
determine the phase unambiguously, an issue not discussed in the article.
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Results

The method implemented in this work has been tested by measuring vibration fields in piezo-actuated
micromechanical (MEMS) square-plate resonators [3]. Amplitude and phase maps of different vibration modes are
presented at selected high-Q resonance frequencies.

Disc i and Concl

The absolute amplitude and phase measurement method described here allows for a simple homodyne
interferometer design without stabilization. The test measurements of MEMS resonators confirm that the concept
works as expected. Due to a more compact size and lower power consumption, these MEMS resonators are studied
as potential candidates for replacing bulky quartz reference oscillators, e.g., in wireless communication. Piezo-
actuated resonators offer intriguing alternatives to capacitively coupled MEMS resonators since bias voltage and
sub-100 nm gap structures are not required. Absolute amplitude and phase data enable better understanding of the
underlying device physics and hence provide valuable feedback for modeling and device design.

[1]J. V. Knuuttila et al., Opt. Lett., Vol. 25, No. 9, pp. 613-615, 2000.
[2] A. Gollwitzer et al., IEEE Int. Freq. Control Symp., pp. 424-427, 2006.
[3] A. Jaakkola et al., Proc. IEEE Ultrason. Symp., pp. 717-720, 2008.
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P1-R. Device Modelling

Sala Orange

Monday,September 21, 2009, 10:00 am - 11:30 am

Chair: Leo Reindl
University of Freiburg
P1-R-01

SAW Reflection from Surface Inhomogeneities of Isotropic and Anisotropic
Substrates

Alexandre Darinskii', Manfred Weihnacht?, Hagen Schmidt’; * Institute of Crystallography RAS, Moscow, Russian
Federation, *InnoXacs, Dippoldiswalde, Germany, *IFW Dresden, Dresden, Germany

Background, Motivation and Objective

Artificial surface inhomogeneities, e.g., grooves or strips, are used as reflectors in SAW devices. Besides, the
interaction of SAW with electrodes, i.e. metallic strips, crucially affects the performance of IDTs. Analytic
considerations allow one to estimate only leading terms of physical characteristics of one’s concern with respect to
relevant parameters even for isotropic solids. Therefore such problems require numerical studies.

Statement of Contribution/Methods

The reflection of SAW from single steps as well as single and multiple grooves, projections, and strips on half-
infinite isotropic (fused quartz, FQ) and piezoelectric (lithium niobate, LN) substrates are investigated by FEM.
The perfectly matched layer (PML) is used to confine the computational domain. The amplitude of the reflected
SAW is found by applying FFT to the scattered field on the surface of the substrate. Special computations are
carried out to validate the PML quality and the method of determining the amplitude of SAW.

Results

The dependences of the absolute values and the phases of the reflection coefficient R on the height and width of
imperfections are computed. In particular, it is found out that the curves showing the width dependence of |R| for a
groove and a projection of identical shape (or for overlaying and buried strips) are shifted relatively each other, this
shift being significant even if the thickness to wavelength ratio is small. A minimum on one curve may correspond
to a maximum on the second curve. It is notable that the values of R for a groove on 128LN agree well with known
experimental results. The coefficient R for steps and grooves on FQ is also computed as a function of the angle of
incidence. [R| goes down to a non-zero minimum at an angle whose value is estimated fairly correctly using an
expression of R derived in the first approximation in height to wavelength ratio. The width dependence of R from
an infinitesimally thin electrode on YZ and 128LN is computed. Numerical data are close to estimations by an
analytic expression derived in the weak electromechanical coupling approximation, especially when the width is
smaller than 1/3 wavelength. In addition, the reflection coefficients from gratings comprising a finite number of
grooves and electrodes are computed and compared with the predictions of COM-theory. The required COM-
parameters are extracted from computations for infinite gratings.

Discussion and Conclusions

The obtained results give insight into the dependence of the reflection coefficient on the characteristics of surface
imperfections useful for SAW devices. The comparison of numerical and analytic findings elucidates the
contribution of higher-order terms in parameters involved as well as reveals the limits of the COM-theory. Our
study also demonstrates the applicability of the FE/PML method to scattering problems in half-infinite solids.
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P1-R-02

4-Wave Interaction in 2D Periodic Structures

Elena Mayer', Victor Plessky?, Leonhard Reindl'; ! Department of Microsystems Engineering, University of Freiburg,
Freiburg, Germany, ’GVR Trade SA, Bevaix, Switzerland

Background, Motivation and Objective

Renewed interest in wave propagation in periodic structures is observed and is associated with the popular term
“phononic crystals”. It had been shown earlier that the presence of strong periodic perturbations can radically
change the structure and parameters of a wave propagating in such structures [1] or can even make such
propagation impossible at some frequencies. If the elements creating the periodic structure have resonance
properties the behaviour can be even more interesting [2]. However in device applications, strong dispersion,
multimode behaviour etc. are not necessarily advantageous features. On the other hand, the possibility to control
the propagation of “normal” SAW can be attractive. Here, we theoretically study 2D periodic reflector structures
on an isotropic material with the rows of elements oriented with an angle of +45° relative to the propagation
direction of the incident wave. In such a grid, 4 waves propagating along +0X and +0Y directions are coupled by
said reflectors. The objective of this study is to clarify how 4 SAWs interact with a two-dimensional periodic array
and to find amplitude distributions in the grid. Such structures, maybe in combination with standard reflectors, can
potentially be used in SAW resonators, RACs, replace in some cases the wave couplers, etc.

Statement of Contribution/Methods

Using a perturbation technique, we derived a system of 4 Coupling-Of-Mode (COM) equations [3] describing the
mutual reflections of SAW in the 2D periodic structure. The cases of mass loading and periodic surface roughness
(h/lambda <<I) are considered. The strength of perturbation can be different for reflections in +90° and — 90°
directions. Multiple reflections are included resulting also in 180° reflectivity.

Results

Each of the 4 obtained COM equations include only +90° reflections. The SAW amplitude distribution in this
structure strongly depends of the shape of the area occupied by the structure. First we find the eigenmodes of the
infinite structure and then we study the case when SAW propagating on a flat surface along the +0X axis is
incident on a half-space (x>0) occupied by a 2D grid. Contrary to the 1D reflectors, the stopband width is
proportional to the square of the perturbation parameter (h/lambda)"2.

Discussion and Conclusions

In most of the papers on phononic crystals the stopband gaps are determined for wave propagation in selected
directions of an infinite structure. However, for practical cases of finite structures, the SAW amplitude distribution
in 2D is of importance. Here we present an attempt of analysis of such interaction of 4 waves in a 2D grid of
reflectors.

[1]1Y.V. Gulyaev and V. P. Plesskii, Sov. Phys. Tech. Phys., 1978, 23, 266.
[2] A.-R. Baghai-Wadji, V. P. Plessky, and A. V. Simonian, Sov. Phys. Acoust., 1992, 38, 442.

[3] S. V. Biryukov, Yu. V. Gulyaev, and V. V. Krylov, Surface acoustic waves in inhomogeneous media, Springer
Verlag, Berlin, 1995.

P1-R-03

Extraction of the P-Matrix Parameters Varied with Frequency for Leaky Surface
Acoustic Wave

Hao Wang', Weibiao Wang?, Jiming Lin’, Xianglong Shi', Haodong Wu', Yongan Shui':'Key Laboratory of Modern
Acoustics, Institute of Acoustics, Nanjing University, Nanjing, Jiangsu, China, People's Republic of, *Shoulder
Electronics Limited, Wuxi, Jiangsu, China, People's Republic of, *Information and Communication College, Guilin
University of Electronic Technology, Gunlin, Guangxi, China, People's Republic of

Background, Motivation and Objective

Extraction of COM parameters and simulation by P-matrix cascading method has been extensively used to the
design of SAW devices. Traditional COM parameters are taken as frequency independent, however, within the
interested frequency range, the propagation attenuation of LSAW changes dramatically, and COM parameters
taken as constant will introduce a considerable error. These years, scientists and engineers tried to extract COM
parameters varied with frequency for 42°LTO. Reference [1] considered the central frequency f; as a function of
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frequency while mutual coupling parameter « as a constant. Reference [2] considered k as a function of frequency
while f; as a constant. They could not obtain k and f; as functions of frequency simultaneously because the infinite
periodical model was used in their works. The purpose of our work is to extract precise P-matrix parameters as
functions of frequency independently.

Statement of Contribution/Methods
We propose a new method to evaluate the P-matrix parameters as functions of frequency.

A periodical grating with finite length is in consideration. The finite FEM/BEM is used to calculate electric charge
and stress distribution under each electrode, and the displacement and potential distribution of forward and
backward LSAW within the grating could be accurately obtained by Source Regeneration Method [3]. COM model
is also used to simulate the fields of forward and backward LSAW within the grating. Comparison between the
field distribution of both methods above, f;, k and propagation attenuation y are evaluated by short-circuited
grating and excitation coefficient a is evaluated by open-circuited grating at every frequency. The static
capacitance is extracted by the periodic FEM/BEM since it is a constant parameter independent of frequency.

In our method, the length of grating is finite, so we can obtain k and f; as functions of frequency simultaneously. In
case the number of fingers is large enough, we can get precise results. In addition, FEM/BEM method is able to
offer the bulk wave radiation information directly, which increases the independent data into consideration.

Results

As an example, all the P-matrix parameters for LSAW on 42°LTO with relative aluminum electrode thickness of
8% and metallization ratio of 0.4-0.6 are presented as functions of frequency.

Discussion and Conclusions

Using these obtained parameters, a DMS filter is simulated. The results are in good agreement with precise
simulation and experiments. We can also get dispersive curve, the reflection and transmission coefficient of grating
using the method in this paper.

References:

[1]. Th. Pastureaud, 2004 IEEE IUS Proc. pp.80-84

[2]. B. V. Sveshnikov, et al, 2003 IEEE IUS Proc. pp.715-719
[3] W. Wang, et al, IEEE Trans-UFFC, 2007, 54(7), 1445-1453

The project is supported by Natural Science Foundation of China No. 10774073.

P1-R-04

Computation of plate wave dispersion diagrams and surface wave velocities
without explicit boundary conditions
Vincent Laude', Badreddine M. Assouar?, Zhilin Hou®:' Institut FEMTO-ST, Centre National de la Recherche

Scientifique, Besancon, France, *Institut Jean Lamour, Nancy University - CNRS, Vandoeuvre, France, *Department of
physics, South China University of Technology, Guangzhou, Guangdong, China, People's Republic of

Background, Motivation and Objective

The evaluation of the dispersion relation of elastic waves is a numerical problem which practical difficulty strongly
depends on the algebraic form of the solution. For instance, the computation of the velocity of bulk acoustic waves
in an arbitrary anisotropic material can be cast in the form of an eigenvalue problem and solved easily and reliably.
In contrast, in the case of surface acoustic waves (SAW) or plate (Lamb) waves, it is generally first necessary to
form a determinant of the boundary conditions (BC) and then to seek its zeros as a function of the wave vector for
a fixed frequency. Finding all zeros can be a numerically difficult problem and a cumbersome one for plate waves,
as the number of allowed modes increases with the thickness of the plate.

Statement of Contribution/Methods

The plane wave expansion (PWE) method is used in the field of phononic crystals (PC) to formulate eigenvalue
problems to compute dispersion diagrams. Historically, the PWE method was limited to compositions of two or
more solid materials that are arranged periodically. Recently, it has been remarked that it can cope with solid-
vacuum compositions where vacuum is represented by a solid with zero mass density and elastic constants [1].
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This idea was then used to compute the dispersion of waves in two-dimensional PC in the plate geometry [2]. We
discuss in this paper how the BC are included implicitly in the form of the PWE solution, thus leading to an
efficient eigenvalue problem.

Results

We have implemented a PWE method to solve the plate wave problem for arbitrary anisotropic elastic materials.
As a numerical trick, the plate is repeated periodically with a vacuum separation between replicas. Since in the
limit of a large number of Fourier harmonics there are no elastic waves in the vacuum part, the solutions of the
eigenvalue problem represent waves propagating in the plate with a given wave vector along the surface. By
comparing with a classical determinant-based method, it is verified that all solutions are found with excellent
accuracy. Furthermore, SAW velocities can be estimated from the slowest wave for large wave vectors.

Di ion and Concl

The PWE numerical algorithm we propose is fast and accurate. We will discuss the issue of convergence (the
number of harmonics that have to be included in the computation) and the extension of the method to multilayered
plates and to piezoelectric materials, where an additional difficulty appears because of the existence of an
electromagnetic field in vacuum. We believe the method can be of value for numerical codes requiring a generic
method for wave dispersion that does not require an initial guess for the solution, as opposed to zero-finding
procedures.

[1]V. Laude et al., Phys. Rev. E 71, 036607 (2005).
[2] Z. Hou et al., Phys. Lett. A 372, 2091 (2008).

P1-R-05

Simulation of SAW Waveguiding on Substrates with Asymmetric Slowness and
Excitation

Markus Mayer', Karl Wagner" ' Epcos AG, Germany

Background, Motivation and Objective

The 2D P-matrix method is able to describe effects of waveguiding and diffraction in SAW filters with  high
accuracy. Recently an extension of this method to symmetric, but otherwise general, anisotropies of slowness and
excitation was presented [1].

A generalization to asymmetric slownesses, however, faces the problem of mode orthogonalization of radiation
modes: For each wave number in main propagation direction two solutions exist. The inner product of these two
degenerated modes in general diverges.

Besides slowness and excitation also the phase shift between reflection and excitation can show strong anisotropy.
As a consequence in transversally symmetric NSPUDT devices antisymmetric modes are excited [2].

In this work the 2D P-matrix method is extended to deal with asymmetry of slowness and excitation as well as
anisotropy of the phase of reflection and excitation.

Statement of Contribution/Methods

It is shown that orthogonalization of the degenerate modes can be achieved if continuity of the transversal Poynting
vector at the interfaces of transversal sections is required.

Anisotropy of the phase shift between reflection and excitation is achieved by introduction of an anisotropic
excitation phase. This leads to a transversal shift of the excitation profile [2].

Results

For lithium tantalate (XY1)/112.2 the method to deal with asymmetric slowness and excitation is successfully
demonstrated.

At the example of Quartz (YX1)/34.0 the anisotropy of reflection and excitation is simulated. As predicted in ref.
[2] antisymmetric modes are excited in a geometrically symmetric transversally coupled SAW filter.

Di ion and Concl

The 2D P-matrix scheme was successfully generalized to treat asymmetric anisotropies of slowness and excitation
as well as diffraction effects in NSPUDT devices.

Ultrasonics, Ferroelectrics, and Frequency Control Society 273




2009 IEEE International Ultrasonics Symposium (IUS)

[1] M.Mayer, A. Bergmann, G.Kovacs and K.Wagner "Simulation of Waveguiding in SAW Devices on
Substrates with Anisotropic Slowness and Excitation" IEEE Ultrasonics Symposium, pp. 803-806, 2008

[2] C.S. Hartmann, B.P. Abbott, S. Jen and D.P. Chen "Distortion of Transverse Mode Symmetry in SAW
Transversely Coupled Resonators Due to Natural SPUDT Effects", IEEE Ultrasonics Symposium, pp. 71-74, 1994

P1-R-06

Influence of mechanical pressure on bulk acoustic waves propagation in lithium
tantalate single crystals

Boris Sorokin', Dmitry Glushkov', Sergei Burkov': ' Condensed Matter Physics, Siberian Federal University,
Krasnoyarsk, Russian Federation

Background, Motivation and Objective

Lithium tantalite (LTO) crystals LiTaO; due to its high electromechanical coupling and low acoustic loss are
widely used in surface acoustic waves applications. But complete set of nonlinear material constants of LiTaO; is
still unknown.

Statement of Contribution/Methods

Nonlinear elastic properties of LiTaO; are described by 14 independent components of 6-rank tensor of third order
elastic constants. These constants may be calculated from bulk acoustic waves (BAW) velocities changing under
the external mechanical pressure in various propagation directions. Experimental results are presented in form of
controlling coefficients a'v=(1/V(0))(AV/At) s.—¢. For example, for shear wave along [001] and uniaxial pressure
applied along [100] controlling coefficient is:

a'y=(2C44S11*C55S117C144S12-CuaaS14+C344813)/(2Cas)

In this paper investigation of BAW propagation in LiTaO; under the uniaxial and hydrostatic mechanical pressure
was derived by the pulse ultrasonic technique (30 MHz). Base X,Y,Z-cuts and a number of rotated X-cuts of
LiTaO; are used. Only non-piezoactive modes are considered.

Results

BAW velocities and its uniaxial and hydrostatic pressure dependences were measured. All dependences were close
to linear ones in all range of pressure value applied. Controlling coefficients oy were obtained. Example of curves
is shown on the figure (propagation direction along [001], uniaxial pressure applied along [010]). Anisotropy of
uniaxial mechanical pressure influence on BAW propagation was calculated.

Di ion and Concl

Due to better thermostability property comparing with lithium niobate LTO crystals are perspective for acoustic
devices such as filters, duplexers. Results obtained may be used to choose crystal cuts with optimal combination of
thermostability and acoustic wave characteristics concerned with sensitivity to external influence.

5. o)
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P1-S-01

Investigation of New High Temperature SAW Metallizations Based on Platinum
Group Metals

David Eisele', Ismail Shrena', René Fachberger?, Gudrun Bruckner®, Leonhard Reindl';' Department of Microsystems
Engineering, University of Freiburg - IMTEK, Freiburg, Germany, *Carinthian Tech Research, Austria

Background, Motivation and Objective

An advantage of passive wireless surface acoustic wave (SAW) sensors compared to other wireless technologies,
such as semiconductors, are their ability to operate in harsh environments and high temperatures. Piezoelectric
substrates for SAW devices which are stable and usable up to 1000°C are already known and available, such as
langasite (La;GasSiOy4, LGS) and other members of the langasite familily.

Due to effects, such as diffusion, recrystallization, oxidation, and dewetting, finding good thin film metallizations
for high temperature SAW devices is challenging. Platinum is well known and commonly used in high temperature
sensors, but exhibits degradation by dewetting at temperatures above 600°C. Different approaches to increase the
durability of the platinum layer are published, such as building multilayer structures and co-depositioning with
Zr0O,, alloying the platinum with gold or rhodium, and also depositing a stabilizing continuous passivation layer on
top of the whole structure. Through the use of these techniques long term temperature stability at 800°C and slow
degradation at temperatures up to 1000°C can be achieved. However, the sheet resistivity and the applicability for
UHF-SAW-devices is not yet investigated.

Statement of Contribution/Methods

In this paper, new metal combinations with platinum group metals are examined for their suitability in high
temperature SAW devices and UHF. Therefore, different thin film structures, such as meander structures and delay
lines with free and metallized surfaces, are fabricated on LGS. Tempering tests and measurements under different
protective atmospheres up to 1000°C are performed. Processing the measurement data we evaluate sheet
resistances, SAW velocities and damping of free and electrically shorted surfaces. Additionally microscopic
examination of the strucures are performed before and after the measurements.

Results

The interdigital transducers (IDT) of the delay lines consists of a double split finger structure, which excites four
frequency bands. The first and second center frequencies are also reflection compensated. By choosing finger
widths of 1.2 pm, the center frequencies are in the range of 100 MHz up to 1 GHz. The meander structures exhibit
the same finger widths to ensure comparability. Similiar to the differential delay lines, the meander structures have
different number of fingers, enabling well defined resistance measurements of the finger structures.

Di ion and Concl

Alternative metallization combinations using platinum group metals are presented. In addition, the aplicability for
high temperature SAW applications will be discussed, based on the time-temperature trend of the evaluated
parameters, along with microscopic analysis of possible degradation effects.
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P1-S-02

Study of Tantalum and Iridium as adhesion layers for Pt/LGS high temperature
SAW devices

Thierry Aubert', Omar Elmazria', Badreddine Assouar', Laurent Bouvot', Zoumnone Bournebe', Michel Hehn',
Sylvain Weber', Mourad Oudich', Patrick Alnot'; Institut Jean Lamour, UMR 7198, CNRS - Nancy University, France

Background, Motivation and Objective
Platinum/Langasite SAW devices are very promising for high temperature applications. An important remaining

challenge is to find an adequate interdigital transducer (IDT) structure that would limit the de-wetting phenomenon
of Pt thin film.

Some sophisticated solutions developed by Da Cunha et. al. based on co-deposition of Pt/Rh and ZrO, gave
excellent results for very long-time applications. Our aim is to find a simpler IDT metals combination
(platinum/adhesion layer) that can withstands an operating temperature of 1000°C for at least 30min. Up to now,
zirconium gave the best results as adhesion layer but is limited to temperatures close to 800°C.

Statement of Contribution/Methods

SAW delay lines operating at 167MHz based on Pt/Ta/LGS and Pt/Ir/LGS structures were fabricated. The
thicknesses of Pt and Ta/Ir adhesion layers were 100nm and 10nm respectively. Both devices were investigated
before and after annealing of 30min at 1000°C by different characterizations: frequency response, thin film
electrical resistivity, SEM, SIMS, EDS ...

Results

Morphological characterizations reveal an advanced degradation of IDTs in the Ir case, threatening the electrodes
continuity (Fig.1b). Apart from the apparition of small crystallites at the surface of the Pt film, Pt/Ta combination
shows no significant alteration after annealing (Fig.1c). Electrode continuity was confirmed by S,, frequency
response, which is for both cases almost unaffected by the annealing (Fig.2).

Di ion and Concl

Pt/Ta/LGS SAW devices operating at 1000°C during 30min were achieved. The apparition of the crystallites on
IDT surface, which can induce electrode deterioration, can be attributed to diffusion phenomena occurring during
annealing. More investigations are conducted in order to prevent it.
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P1-S-03

Material and Design Dependent Loss in Langasite Bulk Acoustic Wave
Resonators at High Temperatures

Michal Schulz', Denny Richter', Holger Fritze'; 'TU Clausthal, Goslar, Germany

Background, Motivation and Objective

Single crystalline langasite (La3Ga5SiO14) resonators exhibit piezoelectrically exited bulk acoustic waves up to
temperatures close to its melting point at 1470 °C as shown by the relative resonance frequency in Fig. 1. The loss,
expressed as the inverse Q factor in Fig 1, depends obviously on the materials properties and the resonance
frequency. Anticipated operation at extremely high temperatures requires the understanding of both influences and
enables tailoring of both properties to reduce the loss.

Statement of Contribution/Methods

Electrical impedance spectroscopy and diffusion runs using stable isotopes are the key methods used to study the
atomistic transport processes and the electromechanical properties of langasite. Potential loss mechanisms are
included in a modified one-dimensional model.
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Results

At elevated temperatures, electrical as well as mechanical loss contributions are found. In particular, oxygen
vacancies are responsible for strong losses which can be, however, suppressed by appropriate dopants. Above 650
°C the impact of the conductivity related loss becomes pronounced. Further, the coupling of mechanical and
electrical properties due to the piezoelectric effect causes a loss maximum at the dielectric relaxation frequency as
shown in Fig. 2 by the resistors of the equivalent electrical circuit for such resonators. Doping of langasite modifies
the electrical conductivity and shifts, thereby, the dielectric frequency. Consequently, the choice of appropriate
dopants and/or of the resonance frequency far off the latter frequency minimizes the loss.

Discussion and Concl

The lowering of the loss by doping and/or choice of an appropriate resonance frequency is demonstrated and leads
to an improved performance of resonant sensors at high temperatures.
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P1-S-04

High temperature packaging for SAW transponders

Daniel Blum', Georg Strauf’, Rene Fachberger® ! University of Applied Sciences Munich, Munich, Germany, >*CTR
Carinthian Tech Research AG, Villach, Austria

Background, Motivation and Objective

The commercial use of passive surface acoustic wave (SAW) transponders for high temperatures (HT) is primarily
limited by two reasons: The SAW metallisation and the packaging. Whereas recently developed metallisation
materials show a good progress, a HT stable packaging technology for radio frequency (RF) devices is still lacking.
Conventional sealing materials, wire and die bonds suffer considerable damage above 250°C. Known effects are
delamination, breakage of bonds and adhesives and leakage of the package.

Statement of Contribution/Methods

We have investigated a packaging technology suitable for application of SAW transponders up to 600°C. The
paper describes the package design comprising the housing, the electrical feedthroughs, the mounting of the crystal
substrate, the contacting of the inter-digital transducer (IDT) and the sealing technology. The suitability of this
novel packaging was examined by thermal aging. After aging, tensile shear tests of the crystal and peeling tests of
the wire bonds were carried out.

Results

The geometry of the housing is based on a TO8 metal housing. The housing material is composed of a Fe-Ni-Co
alloy (Kovar) matching with the thermal expansion of the substrate crystal. A glass coating and several inorganic
adhesives (based on ZrO, SiO, MgO, NaSi, SiO-Al, SiO-steel and NaSi-Ag) to mount the crystal on the housing
have been applied. The metal filled adhesives showed the best results. In the temperature range from 25°C up to
600°C they do not evaporate and provide an excellent potential for automation. They show good adhesion forces in
combination with a certain amount of ductility, thus compensating stress caused by the different thermal expansion
of crystal and housing to a certain extent. However, we have still discovered material failure after applying large
temperature gradients. This limitation of use is being determined in ongoing investigations. The IDT and the
electrical feedthroughs were contacted by platinum wire bonds providing a fair signal quality and an excellent
temperature stability. For the electrical feedthroughs a Kovar wire enclosed by a ceramic bead was brazed into the
cavities of the metallic base plate. In order to accomplish a hermetic package, the housing is sealed by a metal lid
by means of projection resistance welding.
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Discussion and Conclusions

The paper specifies a packaging concept for wireless SAW transponders for operating temperatures up to 600°C
with reasonable production costs in order to enable commercial use. Its components are well suited for application
in harsh environments, especially at high temperatures.

P1-S-05

Influence of Packaging Atmospheres on the Durability of High-Temperature
SAW Sensors

Jochen Bardong', Gudrun Bruckner?, Martin Kraft®, René Fachbergexl; ISAW Sensor Development, CTR AG Austria,
Villach, Austria, ’CTR AG Austria, Austria

Background, Motivation and Objective

Surface acoustic wave (SAW) devices are a technology of choice for passive, radio-interrogable sensor
applications operating under extreme conditions. Suitably designed SAW devices can with—stand e.g.
tempera—tures exceeding 300°C, something that cannot be achieved with any other wireless sensing technology
known. At such high temperatures (HT), thermal energies reach values corresponding to the activation energies of
reactions between gas components with the SAW element’s crystal substrate and the metallisation, respectively.
Thus, the atmosphere in the hermetic packaging, which encloses and protects the SAW elements, becomes a
crucial factor for the sensor’s durability. This work investigates the influence of various potential packaging
atmospheres on the durability of SAW devices.

Statement of Contribution/Methods

SAW test structures, which consist of two delay lines of different lengths, have been processed on i) langasite
(LGS) and ii) lithium niobate (LN). The delay lines are made of 60 nm Pt-based thin films and are electrically
coupled so they are interrogated at the same time . These SAW test devices were annealed in a tube oven equipped
with a specially developed HT-stable radio frequency (RF) measurement system. The surrounding quartz glass
tube was equipped with a vacuum-tight feed-through to provide different controlled atmospheres: He, Ar, Kr, N2,
02, air and vacuum. The measurements were carried out at temperatures rising stepwise up to 650°C. The change
of insertion losses, propagation losses and time shifts over temperature were evaluated. Additionally the SAW
surfaces were characterised microscopically after the exposure.

Results

Independent of the surrounding atmosphere, all devices showed degradation effects of both metallisation and chip
surface, respectively. Reactive atmospheres, like O2 and air, degraded the metallisation severely, but retained the
oxidation state of the crystal materials. Of the noble gases tested, He had the smallest impact on the metallisation;
the devices stayed partly functional up to 600°C. In Ar and Kr, the metallisation showed considerable dewetting,
and the LN materials darkened, due to loss of oxygen. While this effect also occurred under vacuum, at &#8804; 1
mbar the metallisation was hardly affected, and those devices showed the most stable signals.

Di ion and Concl

The protective gas used within hermetic packages is crucial for the HT durability of SAW devices. The annealing
tests showed that piezoelectric substrates and metallisations would ideally require different ambient atmospheres.
For practical applications, a trade-off between degradation of the substrate and the metallisation has thus to be
found. At present, the best compromise is to use a vacuum preceded by an inert gas purge as SAW packaging
atmosphere for HT applications.
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P1-T-01

Sensitivity evaluation of a SH-SAW based micro rate sensor

Wen Wang', Shitang He'; 'Chinese Academy of Sciences, institute of Acoustics, Beijing, Beijing, China, People's
Republic of

Background, Motivation and Objective

Recently, interests for surface acoustic wave (SAW) gyroscope have greatly increased owing to its superior
inherent shock robustness, low cost and simplicity. The first purpose of this paper is to establish a theoretical
model on shear horizontal (SH) SAW gyroscopic effect. Another aim is to develop a novel SH-SAW micro rate
sensor, which utilizes two delay-line-oscillators with opposite direction on ST-900X quartz with gold
metallization.

Statement of Contribution/Methods

Fig. 1 shows the schematic and the principle of the sensor system using a differential scheme. When the sensor is
subjected to the rotation, a running wave was induced by the Coriolis force, and coupling with the carry wave,
modulating the wave velocity and producing changes at the frequency output of the oscillator. The 80MHz delay
line was fabricated for the feedback element using the lift-off technique with gold metallization on ST-900X
quartz, which supports a SH SAW propagation. SPUDT and combed transducers were used to structure the SAW
device.

Results

Fig. 2 shows the calculated interrelations among the relative sensitivity, normalized gold thickness and rotation
rate, resulting in optimal gold thickness of ~0.007, moreover, larger electromechanical coefficient (0.35%) and
high velocity (4500m/s) are observed from the SH-SAW at such gold thickness. The sensor response towards to the
external rotation was measured by the rate table. In the gyroscope experiment, high frequency sensitivity of
~2Hz/deg/sec was evaluated in the rate ranges of 0~2000 deg/sec.

Di ion and Concl

A theoretical analysis on SH-SAW gyroscopic effect was performed, the optimal design parameters was extracted.
High sensitivity was observed in the gyroscope experiment by rate table setup using the fabricated SH-SAW micro
rate sensor.
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P1-T-02

Measurement of naturally collimated propagation of SAW around the Z axis
cylinder of a quartz ball

Takayuki Yanagisawa', Tsuneo Ogi?, Noritaka Nakaso', Kazushi Yamanaka®; ' Toppan Printing Co. Ltd, Tohoku
University, JST-CREST, Japan, ZToppan Printing Co. Ltd, JST-CREST, Japan, 3Tohoku University, JST-CREST, Japan

Background, Motivation and Objective

We have discovered a phenomenon that surface acoustic wave (SAW) on a ball makes ultramultiple roundtrips,
and by using a piezoelectric single-crystal ball with an interdigital transducer (IDT), we developed the ball SAW
sensor with excellent sensitivity [1]. By moving an IDT close to each position of a quartz ball, it was found that the
optimum positions where SAW makes multiple roundtrips with the smallest disturbance were distributed with a
meander belt around the Z axis cylinder [2].

Statement of Contribution/Methods

In this study, we developed an orientation controlled ball SAW device with an IDT fabricated at the center of the
meander belt, investigated the SAW propagation path on the quartz ball using a proximate planer IDT shown in
Fig.1 (a) and measured the roundtrip signals shown in Fig.1 (b).

Results

The distributions of the amplitude at the 2nd and the 20th turns are shown in Fig.2 (a) and Fig.2 (b). They took a
meander pattern with a half width of 5°, maximum deviation angle of 2.2° and a period of 120°. This pattern was
almost identical to the previously observed meander belt. However, it should be noted that the width of
propagation path was maintained even after 20 turns, confirming the collimation of the beam.

Di ion and Concl

Fabricating an IDT at a meander belt, we developed an orientation controlled ball SAW device in which roundtrip
SAW signals attenuates exponentially without disturbance. By using this device, it is expected that the
performance and accuracy of ball SAW sensor will be enhanced.

[1] K.Yamanaka et al., IEEE Trans. On UFFC, 53, 793-801, 2006

[2] T. Yanagisawa et al. Jpn. J. Appl. Phys.47, No.7, (2008), 4081
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P1-T-03

A Wireless Pressure Sensor Based on Surface Transverse Wave

Tao Han', Xiaojun Ji', Weibiao Wang?, Hongyun Li', De Zhang®:'Shanghai Jiaotong University, China,
People's Republic of, *Shoulder Electronics Limited,Wuxi, China, People's Republic of, *Nanjing University,
China, People's Republic of

Background, Motivation and Objective

Surface acoustic wave (SAW) pressure sensors can be passive (no power required), wireless and well suited for
measuring pressure in moving objects (e.g., cars or truck tyres). The SAW pressure sensor is usually composed of a
clamped circular quartz membrane, where a one-port Rayleigh wave mode resonator is fabricated. However, the
resolution and the measurement range of the sensor are limited by the encapsulation of sensing structure, the low
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pressure sensitivity of the Rayleigh wave mode, and the not high Q factor of the Rayleigh wave mode SAW
resonator, which is related to the Cramer-Rao lower bound of the frequency estimation. In order to improve the
reliability and the accuracy of the wireless pressure sensor, in this paper, a wireless pressure sensor based on
surface transverse wave (STW) is studied.

Statement of Contribution/Methods

Combined with the perturbation theory proposed by Tiersten and the Green's function simulator, the pressure-
induced frequency shifts for STW on quartz are calculated. Some optimal cut orientation on quartz with both high
pressure sensitivity and delay temperature stability of STW are determined. In order to further improve the
sensitivity of the sensor, a novel cantilever package is proposed. The strain distribution on the substrate is
simulated by finite element method, and the performance of the pressure sensor is analyzed.

Results

The calculated results demonstrate that the cut orientation in vicinity of BT cut membrane has simultaneously both
high pressure sensitivity and delay temperature stability of STW. The pressure sensitivity is over two times that of
the ST-cut for SAW. In addition, the FEM analysis shows that the cantilever package can isolate the stress
interference, and the stress sensitivity does not change with the position imposed by the external force.

Di ion and Concl

We have developed a high sensitivity STW pressure sensor with very low temperature dependence. The geometry
of the sensor were determined by using a FEM software. The experimental data show that the pressure sensitivity
is sufficiently high and the relative frequency shift varies linearly.

This paper is supported by Natural Science Foundation of China under Grant 60774052, 50875167, and Shanghai
Rising-Star Program 08QA14037.

P1-T-04

SAW Tags Based of the Selfmatched Unidirectional Transducers

Boris Sveshnikov'; 'State University, Nizhny Novgorod, Russian Federation

Background, Motivation and Objective

Single-phase unidirectional transducers (SPUDTSs) allow reduction of the insertion loss in SAW tags. Parasitic
"double-transit" signals, caused by additional SAW reflections from a transponder, may be notably decreased there
also. However, one can achieve both these goals only with external matching circuitry, increasing the tag cost. The
possibility to develop self-matched unidirectional transducers (SMUDTs), which provide at the same frequency
self-matching and high degree of the SAW radiation directionality on substrates with strong piezoelectricity (such
as LiNbO3), has been found in 1992 [1]. Being properly designed, SMUDT provides the maximum radiation
directionality Dy.>>1 at frequency 'fm' (which doesn't coincide with the fundamental Bragg frequency 'fo'),
compensating at the same piont the static capacitance 'Co' of a transducer by its motional reactance, so that the
total SMUDT susceptance disappears under f=fm: Im{Y(fm)} = Im{Ya(fm)+i2nfmCo}= 0. Investigation of the
SAW tags using similar transducers as transponders is the present report objective.

Statement of Contribution/Methods

Flexible and reliable approach, presented at the 1999 Ultrasonics Symposium and named as SEA ("Sequential
Enumeration of Aplitudes"), is applied to simulate the SAW tags with arbitrary architectures. When finding (by
simple algorithm in the frequency domain) the spatial distribution of SAW amplitudes within a tag, one can always
verify validity of the obtained results using two fundamental principles - energy conservation law in the
hypothetical absence of dissipation and the reciprocity principle in general case. The tag time-domain response to
interrogating radio-frequency pulse with arbitrary duration is calculated afterwards by usual FFT technique.

Results

Setting the desired transduction loss level we find the corresponding Dj,«-value and optimal parameters of a
SMUDT: its aperture, number 'N' of periods and reflectivity per one period, as well as the frequency shift Af=fm-
fo. The optimal (minimizing N-value) magnitude of the phase parameter of radiation directionality (Jp|) in SMUDT
is equal to m/4 (in contrast with SPUDTS, where |¢_opt| = n/2). Under given number of the coding reflectors and
known attenuation coefficient (characterizing propagation loss and depending on the substrate type and working
frequency) one can synthesize the desired spatial distribution and architectures of all reflectors to provide the rather
uniform amplitudes of all pulses in the time domain response of a tag.
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Discussion and Conclusions

Calculations confirm efficiency of the proposed solution which simplifies the SAW tag architecture. This
circumstance may facilitate considerably manufacturig of the low-cost RFID SAW systems. Substrates supporting
the natural directionality effect represent the special interest with this view.

[1] B.V. Sveshnikov, Sov.Tech.Phys.Lett. 18(4), 1992, pp.210-212

P1-T-05

A High Efficiency Encoding SAW RFID at 920 MHz ISM Band

Along Kang', Tao Han', Haodong Wu?, Yongan Shui®’Shanghai Jiaotong University, China, People's Republic of,
2Nanjing University, China, People's Republic of

Background, Motivation and Objective

In recent years, SAW RFID provides some solutions to identify in harsh environments or where long read ranges
are required, where ordinary semiconductor based RFID technologies have been failed to be deployed. However,
SAW RFID tags had limited commercial success primarily because SAW tags could only implement a limited set
of unique ID number. One high code capacity solution proposed by RFSAW satisfies the global RFID
requirements using the international 2.45GHz ISM band with 40-80MHz bandwidth [1]. As for another ISM
frequency band at about 920 MHz, which is more common for semiconductor based RFID, only a narrow
bandwidth of 5 MHz is permitted in terms of the governmental mandated emission requirements. It is more
difficult to obtain high code capacity for SAW RFID with such a narrow bandwidth. In this paper, a new encoding
system is proposed so as to be more efficient and be suitable for the application at 920 MHz ISM band.

Statement of Contribution/Methods

According to the practical errors of RFID system, we use adequate value of the demodulation resolution so as to
enlarge the code capacity greatly. The 112 degree Y-rotated LiTaOs is utilized as the substrate. In a not very large
temperature range, the temperature calibration could be relieved, and therefore, more reflectors can be used for
encoding.

Results

In case of the lengths of the chips are 6mm and 10mm, the tags are composed of a transducer and 8-12 reflectors.
the code capacities are correspondingly 3x10° and 10*!. SAW RFID prototypes working at the frequency range of
917.5-922.5 MHz is designed and fabricated. The tags are identified experimentally as the designed code values.

Discussion and Concl

The result demonstrates that after our method, in narrow bandwidth case, even on a wafer with practical length, the
code capacity is high enough to guarantee the global application, the anti-collision and error checking
requirements.

Acknowledgement

This paper is supported by Natural Science Foundation of China under Grant 60774052,10774073 and Shanghai
Rising-Star Program 08QA14037.

[1] C. S. Hartmann. A global SAW ID tag with large data capacity, Proceedings of the IEEE Ultrasonics
Symposium, pp. 65-69, 2002.
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P1-U-01

Improvement of Subharmonic Phased Array for Crack Evaluation (SPACE) with
LiNbO3 Single Crystal Array Transmitter

Hiroaki Endo', Yohei Shintaku', Makoto Hashimoto', Yoshikazu Ohara', Kazushi Yamanaka'; ! Department of
Materials Processing, Tohoku University, Sendai, Miyagi, Japan

Background, Motivation and Objective

Closed cracks in structures cause overlooking and underestimation. Thus we developed subharmonic phased array
for crack evaluation (SPACE), and demonstrated accurate sizing of closed fatigue and stress corrosion cracks.
However, previously we used a single LiNbO3 crystal (LN) transmitter on a wedge and transmit a large amplitude
ultrasound with a fixed deflection angle. Therefore we needed to move the transmitter or exchange it, in order to
vary the deflection angle. Here we propose an improved approach with LN array transmitter which can steer the
large amplitude ultrasound.

Statement of Contribution/Methods

To examine the area to which we can steer a large amplitude ultrasound, we measured the displacement
distribution on a back surface of an aluminum specimen at several steering angles using a laser interferometer.
Then, we imaged a closed fatigue crack at different steering angles.

Results

Fig. 1 shows the displacement distribution at different steering angles. Whereas the natural beam deflection by the
wedge is 45°, we confirmed that the LN array transmitter can steer ultrasound of more than 20 nm amplitude to
within 30° and 60°. Fig. 2 shows images of the fatigue crack. In the fundamental images (f), the crack was not
observed. In the subharmonic images (f/2), a crack tip was clearly visualized at optimized steering angle of 45 to
51°.

Di ion and Concl

If we use a divergent wave to detect cracks in a wide area, the wave amplitude would be too small to generate
subharmonics. However, we observed clear subharmonic images of closed cracks in a wide area without move or
exchange of transmitters. Therefore we conclude that the LN array transmitter significantly improves the SPACE.
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Fig 2 Images of the fatigue crack
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P1-U-02

Nanocomposite cerium oxide hybrid polymer matching layers with adjustable
acoustical impedance between 4 MRayl and 7 MRayI

Frank Tiefensee', Anette Jakob'; 'Ultrasound, Fr hofer-Ii for Bi dical Engineering, St. Ingbert,
Saarland, Germany

Background, Motivation and Objective

The positive effect of matching layers is widely known in ultrasound technology. New ultrasound applications in
medical diagnosis in ophthalmology, dermatology and vascular wall diagnosis use frequencies up to 100 MHz,
because high frequencies and therefore small wavelengths allow a better spatial resolution. The state of the art to
produce matching layers is to mix micro scale powders in a polymer and to adjust the acoustic impedance by the
content of the particulate component. The micro scale particles are the limitation of these matching layers, because
they lead to strong scattering at frequencies higher than 10 MHz. The objective of the presented work was to
develop a new matching layer material for high frequency applications with adjustable acoustical impedance up to
7 MRayl.

Statement of Contribution/Methods

The acoustic impedance of 7 MRayl could be reached with nano particles of cerium oxide in an epoxy
functionalized organic inorganic hybrid polymer, that can be cured thermally. The chosen particles are
commercially available and have average diameters between 10 nm and 15 nm. To avoid agglomeration of the
particles, their surface was modified prior to use. Thereafter an aqueous solution of the modified nano particles was
mixed with 3-glycidoxypropyltriethoxysilane and zirconium butylate.

Results

The acoustic impedance can be varied continuously between 4 MRayl and 7 MRayl. The acoustic impedance is a
linear function of the density with a slope of 2100 m/s. To prove the functionality of the new material 100 MHz
ultrasound transducers were furnished with the new matching layer. The amplitudes of the signals with matching
layer were about 100 % higher. The measurements also allowed to measure the attenuation factor of the material,
which was 0.5 dB/pm.

Di ion and Concl

A new way to synthesize nano composite materials for matching layers is shown. The particles in the layer
agglomerate to units of 20 nm diameter. At 100 MHz the wavelength in the material is 21 pm, so the agglomerates
don’t cause scattering. As the material is synthesized via a wet chemical approach, solvents can be used to adjust
the viscosity. The matching layers were produced with a spin coating process and the thickness could be varied
between 1 pm and 10 pm. The functionality of the material could be shown with 100 MHz transducers.
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P1-U-03

Comparison of different piezoelectric materials for acoustic microscopy

transducers

Anette Jakob', Michael Bender!, Frank Tiefensee', Robert Lemor', Qifa Zhou?, BenPeng Zhu?, K. Kirk Shungz,
Michael Bender’, Tobias Lehnert’, Michael Veith®:! Ultrasound Department, Fraunhofer IBMT, St. Ingbert, Germany,
°NIH Transducer Resource Center and Department of Biomedical Engineering, University of Southern California, Los
Angeles, California, USA, *Leibnitz Insitut fiir Neue Materialien, Saarbriicken, Germany

Background, Motivation and Objective

Acoustic microscopy allows non-invasive investigation of biological tissues and cell imaging. The small
dimensions of structures of interest require ultrasound transducers with frequencies from 50 MHz to 1 GHz to
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obtain the needed lateral and axial resolution. The ultrasound is generated with thin piezoelectric films with a
thickness from 1 pm to 25 pm. Comparing the piezoelectric parameters of different piezoactive materials leads to
lead zirconate titanate, PZT, as the best choice as transducer material, but zinc oxide based transducers are still
state of the art in acoustic microscopy because of the difficulty in fabricating high performance thin PZT films. In
this work we have compared promising PZT materials fabricated with novel technologies (sol-gel PZT and
MOCVD PZT) to ZnO. Their performance for applications in acoustic microscopy was evaluated.

Statement of Contribution/Methods

Piezo films of the following materials with similar aperture size, frequency and substrate materials have been
realized including:

ZnO by physical vapour deposition method (PVD),
PZT by metal organic chemical vapour deposition method (MOCVD) using a novel single source precursor,
PZT by ceramic powder / sol-gel solution modified composite method (sol-gel).

The films were characterized by measuring their piezoelectric parameters. After assembly the lateral and axial
resolution of transducers in an acoustic microscope were quantified.

Results

ZnO films from 1-25 pm thick on silicon and sapphire substrates were built. Reactive sputtering at 400°C led to
piezoelectric films with wurtzite lattice structure. Assembled transducers showed acceptable performance in
acoustic microscopy.

Crack free PZT films from 1-3 um thick were deposited by using MOCVD method of a novel single source
precursor. X-ray diffraction analysis revealed the epitaxial growth and chemical composition near the
morphotropic phase boundary.

Piezoelectric thick films from 1-20 pm thick with enhanced electrical properties have been fabricated on the (111)
Pt/Ti/Si02/Si substrate using a ceramic powder/sol-gel solution modified composite method. X-ray diffraction
analysis and scanning electron microscope revealed that the film was in the well-crystallized perovskite phase and
cracked free. The film exhibited good dielectric and ferroelectric properties. At 1 KHz, the dielectric constant and
the loss were 1925 and 0.015, respectively. The remnant polarization was 42.0nC/cm2 at room temperature. The
dielectric constant and the polarization of the film are much lager than those of the films reported in the literature
and previous work.

Di ion and Concl

The precursor synthesis for PZT methods is complex whereas ZnO can easily be sputtered with commercial
available targets. The new PZT films showed promising piezoelectric parameters compared to ZnO. Their
availability will lead to transducers with improved performance in acoustic microscopy.

P1-U-04

A Novel Method to Determine the Electric, Piezoelectric and Eleastic Coefficients
of Thin Piezoceramic Fibers

Thomas Rédig', Robert Dittmer', Andreas Schonecker": ' Dielectric Ceramics and Composites, Fraunhofer IKTS,
Dresden, Germany

Background, Motivation and Objective

PZT fibers are used in 1-3 composites to obtain high end ultrasound transducers. The advantages refer to improved
and adjustable acoustic impedance, bandwidth and sensitivity. The performance of the ultrasound transducer
depends on the properties of the 1-3 composite and the individual piezoelectric fibers. Consequently the electrical,
mechanical and electromechanical properties of single fibers have to be determined. The brittle nature of the
ceramic fibers and their high aspect ratio limit the use of known standard measurement methods applicable for
piezoceramics.

Statement of Contribution/Methods

A novel non-destructive and contactless method, developed at IKTS, is based on ultrasound guided waves in
solids. The piezoelectric fiber itself is used for generating and receiving ultrasound waves. Mechanical contact
points and consequently source of errors between transducer and wave path are avoided. For electromechanical
coupling two pairs of ring electrodes are applied. One set of the ring electrodes is placed on the end and the other
set is placed in the middle of the long fiber (>100 mm). The fiber segments between the two pairs of ring
electrodes are poled in parallel to the fiber direction. Applying a pulse voltage on the pairs of ring electrodes at the
end of the fiber generates an ultrasound wave propageting along the fiber as a quasi longitudinal wave.
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Results

The novel method requires a set of different measurements, e.g. delay time (pulser-receiver and transmission) and
echo signal amplitude under different electrical boundary conditions of the poled and electrical contacted segment
in the middle of the fiber. By adjusting the electrical boundary conditions the Young’s Modulus Y* and Y®,
meaning the short-circuit-conditions and open-circuit-conditions, respectively, can be determined. Applying the
known piezoelectric equations the electromechanical properties kj; und di; can be calculated. Additionally, the
calculation requires the density of the fiber and the dielectric constant of the poled fiber segment, which are
determined by standard measurement methods.

Discussion and Concl

For comparison standard electrical measurement methods are applied to 1-3 composites made of PZT fibers. A
laser vibrometer measurement is used to visualize and understand the propagation of the ultrasound wave guided
by the piezoelectric fiber. In parallel, an electromechanical model of single fibers under ultrasound wave loads has
been developed and used for the interpretations of the measurements results. The novel characterization method is
designed for single fiber measurements. The results can be used for materials development and quality control.
Improved piezoelectric fibers will significantly enhance the performance of 1-3 composites as well as ultrasound
transducer made of 1-3 composites.

P1-U-05

Modulation and Codification of Ultrasonic Signals with EMFi Transducers

Fernando Seco" 'Sistemas, Consejo Superior de Investigaciones Cientificas - CSIC, Arganda del Rey, Madrid, Spain

Background, Motivation and Objective

The electromechanical film (EMF1) is a thin polypropylene film with electret properties, high flexibility and large
bandwidth, which makes it suitable for construction of ultrasonic transducers for air applications. The limited
bandwidth of currently available transducer technology restricts the use of spread spectrum CDMA (Code Division
Multiple Access) signal processing techniques and its potential benefits to many ultrasonic applications:
simultaneous operation of many transducers, increased resistance to noise obtained through processing gain and
higher measurement accuracy. In this research we explore experimentally the benefits of CDMA modulation and
codification of ultrasonic signals with custom-built EMFi transducers.

Statement of Contribution/Methods

Our ultrasonic system consists of 20 mm x 20 mm square EMFi emitters and receivers in a direct air transmission
setup, with associated electronics (arbitrary function generator, wideband power amplifier, signal amplifier and
acquisition card). CDMA signals are created, acquired and processed in a PC. We have experimented with EMFi
emitters/receivers consisting of one to three stacked layers, to explore different combinations of transducers
bandwidth and gain.

Results

The usable frequency range of a single layer EMFi transducer in air is DC to 300 kHz, with transmitting SPL of up
to 95 dB at 30 cm; these characteristics can be changed by stacking several layers of the film.

In the experiment shown in the figure, we simultaneously transmitted two BPSK-modulated, 255 bits long Gold
code signals with central frequency 200 kHz and 1 cycle/bit, through two EMFi transducers placed side by side. In
spite of the high attenuation of ultrasound in air, the signals are easily resolved by correlation by an EMFi receiver
placed 1 m away from the emitters, achieving better efficiency than other ultrasonic transducers.

Di ion and Concl

The performance of EMFi transducers for transmission of spread spectrum signals exceeds that of commonly used
transducers (piezoelectric, capacitive and PVDF) for air applications. We are exploring modifications of the film
for custom design of transducers. Results are interesting for robot navigation and exploration, local positioning
systems, nondestructive testing, and medical ultrasound applications.

286 Institute of Electrical and Electronics Engineers



Rome, Italy September 20-23, 2009

Correlation of two Gold codes with EMFi transducer, f0: 200 kHz
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P1-U-06

A study of time stability of piezoelectricity in porous polypropylene electrets

Hidekazu Kodama', Yoshinobu Yasumo?, Munehiro Date?, Eiichi Fukada®; 'Kobayasi Institue of Physical Research,
Kokubunji, Tokyo, Japan, *Kobayasi Institute of Physical Research, Kokubunji, Tokyo, Japan

Background, Motivation and Objective

Porous polymer electrets show a large piezoelectricity in a thickness mode. Time stability of piezoelectricity in
porous polypropylene electrets was studied by dielectric, elastic, and piezoelectric properties.

Statement of Contribution/Methods

A porous polypropylene provided by Yupo Corporation was used. Aluminum electrodes were deposited on both
surfaces of the sheet. The sample was charged by corona discharge. Frequency spectra of relative complex
permittivity.

Results

Fig. 1 shows frequency spectra of real and imaginary parts of relative permittivity measured before charging, just
after charging and after 2 days passed from charging. The real part at 1 kHz increased from 1.20 to 1.39 by
charging and further increased to 1.44 after 2 days passed from charging. As shown in fig. 2, real and imaginary
parts in charged samples show a resonance due to a thickness mode around 250 kHz. The peak of the imaginary
part moved to higher frequency and its height decreased after 2 days passed from charging. The spectra gives k, =
0.080, c33 = 0.633 MPa just after charging and k, = 0.074, ¢33 = 0.681 MPa after 2 days passed from charging where
ki is the electromechanical coupling factor and c;; is the elastic constant. The approximate piezoelectric constant
di; was 350 pC/N just after charging and decreased to 317 pC/N after 2 days passed from charging.

Di ion and Concl

The results suggest that pores account for 67 % of a thickness before charging, decrease to 44 % by charging, and
further decrease to 39 % after 2 days passed from charging. A decrease of k, suggests a decrease of an electric
charge in a sample. A decrease of ds; is mainly caused by both a decrease of electric charge and an increase of
elastic constant.
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P1-U-07

Characteristics of Thin Film Piezoelectric Ultrasonic Transducer Array by
Chemical Solution Deposition

Jaakko Palosaari', Jari Juuti', Frode Tyholdt?, Niels P. @stbe?, Andreas Vogl?, Erik Poppe?, Sigmar Gudbjérnsson®,
Erling Ringgaard*, Bertil Hok®, Per-Erik Fiigerman®, Per Gloersen’, Henrik Raeder®, Heli Jantunen'; ‘Microelectronics
and Materials Physics Lab., EMPART Research Group of Infotech, University of Oulu, Finland, >SINTEF, Norway,
3Star-Oddi Ltd., Iceland, *InSensor A/S, Denmark, *Hék Instrument AB, Sweden, "Mandalon Technologies AB, Sweden,
"Infineon Technologies SensoNor AS, Norway, *Sonitor Technologies AS, Norway

Background, Motivation and Objective

Small, cost-effective and low voltage transducers are needed in wide range of modern applications. Different types
of micro-electro-mechanical systems (MEMS) have been utilized in, for example, sensors, micropositioning and
ultrasonic transducers. Among different designs of force and displacement productions piezoelectrics offer great
advantages in terms of energy density, compactness, simplicity, operation frequency and accuracy. In this paper,
thin film piezoelectric ultrasonic transducers with a two electrode design manufactured via chemical deposition
(CSD) on a silicon wafer are introduced and their characteristics are measured. The aim is to realize ultrasonic
transducers feasible for animal monitoring in biological research.

Statement of Contribution/Methods

The transducers were fabricated on a silicon wafer by CSD where PZT was deposited with a total thickness of ~2
um. Afterwards, a cavity was wet etched underneath the piezoelectric layer creating a bending membrane with a
total thickness of ~13 pm. Different transducers with cavity sizes from 0.056 mm? to 0.154mm? were manufactured
and electrical and electromechanical properties were measured as a function of frequency with a fiber-optic laser
vibrometer (OFV-5000 Polytech GmbH, Germany) and network analyzer (3577A Hewlett Packard, USA).

Results

The measured resonance frequencies for the transducers varied from ~780 kHz to ~2000 kHz and the
displacements from ~100 nm to ~290 nm. These displacements resulted to effective piezoelectric coefficients
from ~100 nm/V to ~290 nm/V. Q factors from 70 to 135 were obtained from the transducers resonance
oscillations.

Di ion and Concl

Piezoelectric transducers have successfully fabricated via CSD for 1 MHz range. Simulated cavity sizes
corresponded well with the measured resonance frequencies. High Q factor and low voltage operation enable long-
term reliability for the transducer.

P1-U-08

Lead-free piezoelectric thick films based on potassium sodium niobate solutions

Karsten Hansen', Konstantin Astafiev?; 'InSensor A/S, Kvistgaard, Denmark, 2Fermperm Piezoceramics A/S,
Kvistgaard, Denmark

Background, Motivation and Objective

Lead-based piezoelectric materials such as lead zirconate titanate (Pb(Zry,Ti; )O3 or PZT) and lead meta-niobate
(PbNb,Og) are the most widely used materials nowadays in the market for piezoelectric application, including
recently developed thick films based devices, because of their excellent piezoelectric properties, good
reproducibility, and low production cost. At the same time, the high lead toxicity, problems with the recycling and
disposal of piezoelectric devices containing lead have inspired wide investigations of the lead-free piezoelectric
materials. The necessity in development of biocompatible piezoelectric materials for the medical applications has
additionally motivated an activity in the field of lead-free piezoelectrics.

Statement of Contribution/Methods

In present work, the processing route for (Kg.assNagassLioo3)(NbosTag2)O5 (KNN) based lead-free piezoelectric
ceramic powder, which can be sintered at lower temperatures and therefore used for the thick film production, has
been developed. The possibility of screen printing lead-free piezoelectric thick films has been demonstrated by
manufacturing a number of different structures on two types of substrates: alumina substrates for showing the
compatibility of KNN and the screen printing technology, and porous substrates (acoustically engineered KNN
bulk ceramics) for manufacturing a lead-free thick film based high frequency transducer.
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Fine powder of Li- and Ta-modified KNN, and other commercial available ingredients were used to manufacture a
paste, which is compatible with the screen printing technique. The lead-free thick films were pressed in green state
with a cold isostatic press (CIP) to obtain high green state density. Problems with humidity, moisture and
polarisation are discussed, evaluated and a well suited solution is obtained.

Lead-free thick films prepared have been characterised using several methods. The ferroelectric activity of the
piezoelectric material has been determined by the Sawyer-Tower setup. di; piezo-meter, impedance analyser and
pulse echo system (in case of the acoustic transducers) have been utilised in order to measure the chosen properties
of the material and the test devices. Microstructure characterisation has been carried out with a scanning electron
microscope.

Results

The measured (effective) ds; piezoelectric coefficient of the investigated lead-free KNN thick films is equal to 80
pC/N. Moreover it has been demonstrated that the developed material is fully compatible with the screen printing
technology.

Discussion and Conclusions

According to the best knowledge of the authors these results are the most successful and one of the few published
results on lead-free piezoelectric thick films.

P1-U-09

Ultrasound-Assisted Hydrothermal Method for piezoelectric materials

Peter Bornmann', Takeshi Morita?, Yoichi Kadota?, Ryo Ageba’; 'University of Paderborn, Germany, *The Univ. of
Tokyo, Japan

Background, Motivation and Objective
Piezoelectric ceramics are used in many technical applications, e.g. fuel injection systems and positioning devices.
Due to legislative lead free piezoelectric ceramics are requested because they are not harmful. Compared to
conventional ceramics the production is more complex and takes longer times. This process, namely the
hydrothermal method, can be considerably improved by ultrasound assistance. Another application for the
hydrothermal method are PZT thin films.

The aim of this research topic is to build a system for the ultrasound-assisted hydrothermal method to produce lead
free piezoelectric ceramics of high quality which are producible at moderate costs. Another aim is to improve the
production of PZT thin films.

Statement of Contribution/Methods

The synthesis is carried out under high pressure and high temperature in a pressure vessel. For applying ultrasound
directly to the solution the transducer has to be resistant against the corrosive KOH and has to be able to apply
sufficient acoustic power under the mentioned conditions. Especially the high temperature is a challenge for the
transducer because of depolarization effects in the piezo ceramics and because of increasing performance of the a
conventionally built transducer.

Regarding these requirements a transducer from Hastelloy C-22 was designed which is resistant against KOH.
Conservation of prestress was achieved using aluminium washers which compensate the prestress loss.

For withstanding higher temperatures, PIC 181 ceramics were chosen which have a Curie-temperature of 330°C
and are designed for high-power acoustic applications.

To achieve high output velocity the horn of the transducer was optimized concerning amplitude magnification.

Results

First tests using the ultrasound-assisted hydrothermal method have shown that shortened reaction times were
achieved while a fine-grained powder was produced what leads to ceramics and thin films of higher quality.

The improved transducer design showed good performance under load. Due to the aluminium washers the
performance did not decrease by elevating the temperature up to 140°C.
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Discussion and Conclusions
The advantages of the ultrasound-assisted hydrothermal method have been proven in first tests.

Lead free ceramics and PZT thin films of high quality could be produced while the reaction time was shortened.
The results also showed that further advancements are possible by increasing the acoustic power applied to the
solution.

In respect thereof the improvements in the transducers design were successful. The built transducer generates high
acoustic power under load and its performance does not decrease at elevated temperatures.

For further improvements the parameters of the sound field will be optimized. Therefore simulations and
measurements will be done to find out which sound field parameters are best for the process (e.g. standing waves,
streaming effects and cavitations) and how these parameters can be adjusted.

P1-U-10

Transparent Ferroelectric Polymer Films for Flexible Electronics

Yoon young Choi', Jongin Hong?, Kwangsoo No'; 'Department of Materials Science and Engineering, Korea
Advanced Institute of Science and Technology(KAIST), Daejeon 305-701, Korea, Republic of, *Department of
Chemistry, Imperial College London, South Kensington Campus, London SW7 24Z, United Kingdom

Background, Motivation and Objective

Great attention has been shown to ferroelectric polymers because they are cheap, lightweight, flexible and easily
processed. Among them, poly(vinylidene fluoride-trifluoroethylene), [P(VDF-TrFE)] has stable ferroelectric B-
phase at room temperature that exhibits strong ferroelectric properties; and may be applied to transducers,
actuators, sensors and nonvolatile memory devices. Recently, organic flexible electronics are being developed for
practical applications including computer displays and radio frequency identification tags. However, there is not
much investigation of flexibility and transparency in [P(VDF-TrFE)] films. Therefore, we fabricated [P(VDF-
TrFE)] thin films on transparent indium tin oxid (ITO)/polyethylene terephthalate (PET) substrates and thereby
evaluated an effect of fabrication condition on optical and ferroelectric properties.

Statement of Contribution/Methods

We prepared different concentrations of [P(VDF-TrFE)] solutions, and polymeric films were deposited on the
ITO/PET substrates by a spin-coating technique and subsequently annealed at different temperatures. The films
were analyzed by Fourier Transform infrared (FTIR) spectroscopy, UV-VIS spectroscopy, atomic force
microscopy (AFM) and piezoelectric force microscopy (PFM).

Results

Both concentration and annealing temperature significantly affected the optical and ferroelectric properties. Figure
1 shows surface morphology and piezoelctric response of the [P(VDF-TrFE)] film annealed at 90 °C for 2hours.
We could confirm successful polarization of the box patterns on the film.

Discussion and Concl
More detailed results will be discussed in the conference.

(A) Morphology  (B)Amplitude  (C) Phase

FIGURE 1. Morpholegy and domain switching of the P(VDF-TtFE) film annealed at %0 °C
(Secalebar: 1 pm)
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P1-U-11

Processing of Fine PZT Fibers by Sol-gel Method and Preparation of
Piezocomposites

Serkan Tekdas', Ebru Mensur Alkoy?:'Gebze Institute of Technology, Kocaeli, Turkey, 2Sabanci University,
Istanbul, Turkey

Background, Motivation and Objective

Lead zirconate titanate is the most widely used ferroelectric material in ultrasonic transducers, non-volatile random
access memory devices, microelectromechanical devices, sensor and actuator applications due to its high dielectric
constant, high electromechanical coupling coefficient, and large remnant polarization. PZT in fiber form is
appealing because of its increased anisotropy, improved flexibility and strength over monolithic PZT ceramics.
Fiber composites have also been studied for biomedical ultrasound transducer applications. In this study, fine PZT
fibers were obtained by sol-gel method and fiber/epoxy piezocomposites were prepared and characterized.

Statement of Contribution/Methods

PZT sol-gel solutions were obtained from lead acetate trihydrate, titanium isopropoxide and zirconium n-butoxide
in n-butanol. 2-methoxyethanol was used as the main solvent. Acetic acid and water were added to the precursor
solution with various ratios to initiate the gelation process. Gelation was carried out at 80°C. Fine PZT fibers were
drawn out by hand using a glass rod. Fibers were dried at room temperature and sintered at 700°C. PZT nano-
powders were fabricated from the same solution and pellets were prepared by dry pressing.

Results

XRD pattern of the crashed PZT fibers exhibits a pure tetragonal perovskite phase. The effect of various gelating
additives on the microstructure and electrical properties were investigated. The gelation and fiber drawing times
were also determined for different solutions. The optimum gelation recipe was PZT sol:acetic acid:water ratios of
2:1:1 where longest (30-40 cm) and uniform PZT fibers with an approx. sintered diameter of 10 micrometer was
drawn(Fig.1). The viscosity of the gel was 5x104cP. Piezocomposites were prepared by embedding the fibers into
an epoxy matrix. Dielectric constant and loss of PZT pelets were measured as 552 and 2%, respectively. The
piezoelectric ds; coefficient was found to be 152 pC/N. Ferroelectric, dielectric and piezoelectric measurements
were done systematically for composites and pellets prepared under various conditions.

Discussion and Conclusions

The content of the gelling sol was found to be critical on the uniformity and microstructure of the fibers and their
electrical properties. Fine, uniform fibers and piezocomposites were prepared and characterized successfully.

P1-U-12

Fabrication and characterization of large area 1-3 piezo-composites based on
PMN-PT single crystals for transducer applications

Mai Pham Thi', Hung Le Khanh', Anne-Christine Hladky-Hennionz, Didace Ekeom?, Pascal Tran-Huu-Hu*, Marc
Lethiecq®, Franck Levassort*:' THALES Research & Technology France, Palaiseau, France, ’IEMN-UMR CNRS 8520,
Lille, France, *Microsonics, Saint-Avertin, France, “UMR Imagerie & Cerveau, Université Frangois Rabelais, Tours,
France

Background, Motivation and Objective

SONAR applications usually require both large area piezoelectric elements and high piezoelectric properties.
Piezoelectric single crystals (PSCs) fulfil this second requirement, but are difficult to fabricate in large sizes while
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keeping homogeneous properties. Moreover, 1-3 piezo-composites based on PSC fabricated by the « dice and fill »
method (DFM) enable the electromechanical properties to be improved, but their size is often limited by that of the
original bulk PSC samples. Recently, an alternative process to DFM based on a lamination technique (LMT) has
been developed [F. Wang et al., Materials Chemistry and Physics, vol. 105, pp. 273-277, 2007]. It is well adapted
to produce large area samples. The aim of this study is to apply the technique to transducers.

Statement of Contribution/Methods

1-3 piezo-composites were fabricated by DFM and LMT with two piezoelectric materials (PMN-PT ceramic and
single crystal) and epoxy resin. Design of these composites was performed with finite element analysis (ATILA).
Particular attention was paid to sample characterization. An original technique of electrical impedance fitting with
FEA was used to determine the properties of both components in their operating conditions. Slight differences
were observed between the properties of constitutive materials in a bulk form and in the composite. Moreover, the
LMT leaded to a non perfect alignment of the piezoelectric rods in the composites and this effect was quantified by
FEA in terms of electromechanical performance.

Results

The measured thickness coupling factors of the composites obtained by both methods are between 60 and 80%
according to the chosen constituents. Several single element transducers with a center frequency around 1 MHz
were fabricated. Their characteristics were compared and results showed that sensitivity of the 1-3 LMT piezo-
composite based transducer was slightly lower than that of the DFM one, but sufficient to find applications where
large area apertures are required

Di ion and Concl

1-3 composite transducers have been fabricated by the dice-and-file technique and by the lamination technique.
Their performances confirm the utility of the new fabrication method.

P1-U-13

Microstructure of Piezoelectric AIN Films Deposited by AC Reactive Sputtering
Shawn Tanner', Valery Felmetsger':'PVD Products Group, Tegal Corporation, San Jose, CA, USA

Background, Motivation and Objective

Piezoelectric AIN films with a high degree of c-axis texture are widely used in resonator-based applications such as
BAW and FBAR filters both as the active layer and as the seed layer for metal electrodes. Crystal orientation
evaluated by X-ray diffraction (XRD) rocking curves and theta-2theta scans is a critical parameter in sputter
process optimization, determining the potential of a given film for application in electroacoustic devices. XRD
characterization, however, provides incomplete information as this method can be insensitive to details of the grain
structure and, especially, the occurrence of structural defects such as inversion domains which may influence the
piezoelectric response. Therefore, in this study, we employed a combination of methods including defect selective
chemical etching for comprehensive characterization of the AIN films.

Statement of Contribution/Methods

An ac (40 kHz) reactive sputtering process by a dual cathode S-gun magnetron was used to produce 1000 nm thick
AIN films on low doped silicon wafers and on molybdenum (Mo) electrodes. 50 nm thick Mo films were deposited
by a dc powered S-Gun on top of 25 nm thick AIN films serving as a seed layer to enhance Mo [110] texture. XRD
rocking curve, texture measurements, scanning electron microscopy (SEM), and defect selective etching were
employed to evaluate the suitability of a given set of process parameters for the active device layer and seed layer.

Results

Rocking curves of the AIN (0002) diffraction peak of 1000 nm films deposited at various process conditions have
full width at half maximum (FWHM) in the range of 0.65 to 4.0 degrees. XRD theta-2theta scans show only [0001]
oriented grains to be present regardless of the rocking curve FWHM. Defect selective etching in hot phosphoric
acid reveals the presence of inversion domains which can adversely affect device performance. The inversion
domain density doesn’t correlate well with the FWHM measurements and processes which produce low FWHM
don’t necessarily produce low inversion domain density. SEM cross sections reveal changes in the grain structure
as well. Films with the lowest rocking curves have larger grains, less visible grain boundaries and increased
inversion domain density. Films with the lowest inversion domain density have more visible grain boundaries and
narrower columnar grains.
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Discussion and Conclusions

The implication of these results for the use of AIN as the active layer in piezoelectric devices is not completely
clear to us at this point. For seed layer applications however, results indicate that the lowest FWHM AIN films,
regardless of the inversion domain density, produce superior results for metal electrode crystal alignment which
leads to superior AIN active layer alignment. Using this result, 50 nm Mo electrodes with FWHM of 2.0 degree
were produced. Additionally, we have improved our AIN active layer and seed layer technology through the use of
a combination of evaluation techniques.

P1-U-14

Piezoelectric Composites: Electromechanical Properties and Design Maps
T Venkatesh':'Stuny Brook University, Stony Brook, New York, USA

Background, Motivation and Objective

Piezoelectric composites have been recognized for their potential towards providing an optimum combination of
mechanical and piezoelectric properties in transducers, particularly for biomedical applications. While some
models have been developed to study the effective properties of select classes of piezoelectric composite materials,
a comprehensive study that provides a quantitative comparison of the fundamental properties and the performance
characteristics of all the principal composite classes (where in the constituents exhibit zero-, one-, two- or three-
dimensional spatial connectivity) is not yet available. Hence, the objective of our present study is to develop a
comprehensive model to predict the complete electromechanical properties of particulate, short-fiber, long-fiber,
layered, and networked piezoelectric composites.

Statement of Contribution/Methods

A unique three-dimensional finite element model has been developed to fully capture the complete
electromechanical response of five types of piezoelectric composites (i.e., particulate, short-fiber, long-fiber,
laminate, and networked composites) where in the constituent phases could, in general, be elastically anisotropic
and piezoelectrically active. Furthermore, the effects of fiber shape, fiber distribution, poling orientations, grain-
size and porosity shape, orientation and distribution have been modeled as well.

Results

Overall, it is demonstrated that the geometric connectivity of constituent phases in a composite has a significant
influence on the fundamental electromechanical properties and the performance characteristics of a piezoelectric
composite. Significant influence of the fiber shape on some of the piezoelectric properties of composites has been
noted. The distribution of fibers tends to influence the magnitude of interfacial stresses that could develop at the
fiber/matrix interface. Changes in poling directions of the matrix and the fiber phases can result in composite
materials with multi-directional sensitivity. Furthermore, the orientation, shape and distribution of porosity could
have a significant influence on the piezoelectric properties of the composite system as well.

Di ion and Concl

By constructing piezoelectric composite materials design maps, the long-fiber composites (with their highest
piezoelectric coupling constants) and networked composites (with their highest piezoelectric charge coefficients)
are, respectively, identified are being most suitable for ultrasonic imaging and hydrophone applications.
Furthermore, grain-size modifications of the constituent phases can significantly enhance the -effective
piezoelectric properties of a composite such as coupling constants and charge coefficients of a composite while
maintaining suitable acoustic impedance, esp., in the case of the networked composites.

P1-U-15

Tapered transmission line implementation of graded matching layers for

thickness mode piezoelectric transducers

Sivaram Nishal Ramadas', Richard L O'Lcary', Anthony J Mulholland?, Anthony Gachagan', Gordon Hayward',
Alexandre Troge®, Richard A Pethrick®" ! Centre for Ultrasonic Engineering, University of Strathclyde, United
Kingdom, *Department of Mathematics, University of Strathclyde, United Kingdom, *Department of Chemistry,
University of Strathclyde, United Kingdom

Background, Motivation and Objective

Conventionally, in order to acoustically match thickness mode piezoelectric transducer to a load medium, multiple
quarter wavelength (QW) matching layers are employed at the front face of the device. Typically a number of
layers, 2-4 in number, are employed resulting in discrete impedance steps within the acoustic matching scheme.
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This can result in impedance matching with limited bandwidth characteristics. This paper investigates the
application of tapered transmission line filter theory to implement a graded impedance profile, through the
thickness of the matching layer scheme, to solve the impedance mismatch problem whilst accounting for enhanced
transducer.

Statement of Contribution/Methods

Firstly, the theory to calculate the reflection and transmission coefficients of such tapered impedance profile is
presented. Examples include, but are not limited to, exponential, triangular and Chebyshev taper profiles.
Simulated pulse-echo insertion loss into water, using both approximate analytical and Finite Element (FE)
techniques were used to study different profile designs and the effect of filter design parameters on device
bandwidth are also discussed.

Secondly, matching layers with a broad range of acoustic properties for application in piezoelectric probe
assemblies are manufactured using a methodology based on photopolymerisation of epoxy resins. The
photopolymerisation allows for the rapid fabrication of polymer materials by successive photocuring of thin layers
of polymer. The method is elegant in implementation, since the layers can be readily deposited directly onto the
front face of the transducer element, eliminating additional bond lines. Indeed, by employing different monomers
and dispersing particles into the monomers prior to polymerization, a stratified structure can be produced with the
desired acoustic impedance profile.

Results

Finally, results from a range of key prototypes are presented in order to demonstrate the effectiveness of this
approach - device fractional bandwidths exceeding 80% are demonstrated, for a nominal 1IMHz thickness mode
transducer design. Comparison of various graded matching layer devices; along with conventional QW matching
layers are presented.

Di ion and Concl

The use of t