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Abstract—Microbubbles (MBs), generally of 1−4 µm diameter,
are useful in contrast ultrasound imaging. MBs can also be
used as a therapeutic agent for sonothrombolysis when combined
with ultrasound and thrombolytic drugs. Recently, large MBs
(10−20 µm diameter) produced by flow focusing microfluidic
devices (FFMDs) have been demonstrated to exhibit enhanced
bioeffects for sonothrombolysis applications. However, one re-
maining problem that limits the adoption of this technology is
the lack of dynamic monitoring and control of MB diameter.
In this study, we demonstrate the regulation of MB diameter
in real-time by the incorporation of proportional-integral (PI)
feedback control system into an FFMD with an integrated micro
Coulter particle counter. With this controller, MB diameters were
produced between 14 and 24 µm.

Index Terms—Ultrasound, microbubbles, sonothrombolysis,
microfluidics, micro Coulter particle counter, feedback control
system

I. INTRODUCTION

Deep vein thrombosis and pulmonary embolism (DVT/PE)
affect an estimated 300,000 to 600,000 people annually in the
US [1]. Sonothrombolysis, using ultrasound, MBs, and throm-
bolytic drugs, has been investigated as a potential therapeutic
approach for DVT and PE. Clot lysis rate was improved by
sonothrombolysis in both in vitro and in vivo studies [2]–
[4]. A recent study demonstrated that large MBs (10−20
µm diameter) produced by a catheter-mounted flow focusing
microfluidic device (FFMD) exhibited a 4-fold increase in in
vitro clot lysis rate versus a clinical dose of recombinant tissue
plasminogen activator (rtPA) alone [5]. However, to enable
future clinical translation, there must be a means to remotely
perform real-time control of MB diameter of the FFMD. To
address this limitation, a method to measure MB diameter is
required.

Previous studies in our laboratory demonstrated that an
FFMD design with an integrated micro Coulter particle
counter (µCPC) placed within the expanding nozzle can
measure MB diameter between 8 and 20 µm and production
rate up to 3.25 × 105 MB/s [6]. This design detected the
impedance change when MBs pass through the electrodes,
enabling the computation of MB diameter using the change
in voltage output measured across a Wheatstone bridge. To
control the MB diameter in real-time, a closed-loop control
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system in microfluidic device [7], [8] must be implemented to
automatically adjust operational parameters.

In this study, a feedback control system was implemented
in an FFMD fabricated with an integrated µCPC to monitor
MB diameter in situ.

II. METHODS

A. Device fabrication and MB production

An FFMD was cast in polydimethylsiloxane from a custom
SU-8 mold, as in [9]. Electrodes were fabricated using a
standard lift-off technique [10], [11] and the substrate with
electrodes was bonded to the FFMD using plasma-activated
bonding approach.

MBs were produced inside the FFMD with a continuous
phase and a dispersed nitrogen phase. The continuous phase
was comprised of 4% (w/v) bovine serum albumin, 10%
dextrose (w/v) in 0.9% saline. The continuous phase was
provided with flow rates between 18−26 µL/min using a
syringe pump (PhD 2000, Harvard Apparatus, Holliston, MA)
and the nitrogen was provided with pressure between 9−15
psi (62-103 kPa) by an electronic regulator (PC-series, Alicat
Scientific, Tuscon, AZ).

B. Signal processing

The newly produced MB passed across the detection region
and introduced an impedance change between the electrodes.
The impedance change was detected by a Wheatstone bridge
and amplified by a differential amplifier (LM6171, Texas
Instruments, Dallas, Tx) [6]. The bridge was excited by a 4
Vpp, 1 MHz sinusoidal signal. The modulated signal was de-
modulated by quadrature demodulation [10] using MATLAB
(Mathworks, Natick, MA) processing. The maximum voltage
of the demodulated signal for each MB were selected by a peak
detection algorithm in MATLAB and averaged over the whole
record sampled at 20 MHz for 32768 data points, denoted as
V̄max.

Under the flow rates mentioned above, MB electrical signal
V̄max and simultaneous high-speed images were acquired. The
optical diameters were fit by a cubic function of V̄max which
was used for calculation of electrical MB diameter.
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Fig. 1. (A) A benchtop FFMD with µCPC produces MBs of 17.8 µm. (B)
Simultaneous demodulated signal is extracted from the modulated signal. The
maxima marked by diamonds are selected and averaged over the sampling.
(C) Diameters of MBs have a cubic function relation with time-averaged
maximum voltage V̄max. Original data under two flow rates are plotted and
the dashed line is the fitting result. The dash-dotted bounding box refers to
the optical image in (A) and electrical signal in (B).

C. Feedback control system

During MB production, the electrical MB diameters were
sampled. A real-time proportional-integral (PI) control system
in LabVIEW (National Instruments, Austin, TX) was used
to adjust the input gas pressure every 200 ms, enabling the
production of MBs with desired setpoint diameter. A change in
gas pressure resulted in an immediate change of MB diameter,
which is superior to that achievable using liquid flow rate
adjustment through long tubing.

III. RESULTS
MBs with diameter between 13 and 28 µm were produced

by the FFMD with µCPC at production rates between 45×103

and 140 × 103 MB/s.
40 electrical signal and high speed camera images were

acquired for validation, as presented in Fig. 1A and 1B. Each
pulse in 1B represents a passage of a MB through the detection
region and V̄max was computed in MATLAB. Production rates
of MBs were calculated by the time interval between two
pulses and the electrical diameters Delectrical by a fitting cubic
function of V̄max were compared to corresponding optical

TABLE I
CHARACTERIZATION OF FEEDBACK CONTROL SYSTEM

Setpoint diameter (µm) 20 22 24

Rise time (s) 1.6 4.7 4.6

RMSEa in 15−36 s (µm) 0.065 0.13 0.21

Maximum error (µm) 0.23 0.46 0.55

Pressure change in 15−36
s (psi)

0.070 0.14 0.19

aRoot mean squared error.

Fig. 2. Production of MBs was controlled by a PI controller from electrical
diameter of 18 to 20, 22 and 24 µm. The solid lines are the measured
diameters.

MB diameter. The root mean squared error (RMSE) between
Delectrical and the optically measured diameter was 0.43 µm,
and the coefficient of determination, R2, was 0.98 for MBs
produced under 5 flow rates.

The electrical measurement of Delectrical can be imple-
mented in real-time. Therefore, a feedback control system was
designed to monitor and regulate the MB diameter. Fig. 2
illustrated the step response of MB production from 18 to 20,
22 and 24 µm , respectively. The setpoint diameter affected
the response in diameter, summarized in Table I. Once the
diameter stabilized (e.g. between 15−36 s), the fluctuation and
RMSE in measured diameter increased with greater setpoint
diameter.

IV. DISCUSSION AND CONCLUSIONS

The time-averaged maximum voltage is a function of the
MB diameter, which enables the real-time sizing of MB. This
leads to the possibility of implementing a feedback control
method to control MB diameter, even at high production rates.

The limits of the operational parameters have not yet been
fully evaluated. However, when the MB diameter was large,
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the ripple in MB diameter and tendency of increasing pressure
indicated that it required quick and precise regulation from
electronic pressure regulator. It was also observed that the
input pressure to maintain a certain MB diameter was not
always constant, potentially limiting the production time of
fixed-diameter MBs. To maintain MBs of 24 µm, assuming the
start pressure is 12.5 psi, the lasting time can be estimated by
pressure change in Table I to be approximately 300 s, avoiding
an excess of regulator’s adjustable range below 15 psi.
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