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Abstract

This paper deals with the handling of deform-
able linear objects (DLOs), such as hoses, wires or
leaf springs. [t investigates the a priori knowledge
about the 6-dimensional force/torque signal for a
changing contact situation between a DLO and a
rigid polyhedral obstacle. The result is a complete
list, containing for each contact change the most
significant combination of force/torque signal
components together with a description of the
expected signal curve. This knowledge enables the
reliable detection of changes in the DLO contact
situation and with it the implementation of sensor-
based manipulation skills for all possible contact
changes.

Keywords: Non-rigid objects, Force/torque sens-
ing, Manipulation skills, Assembly

1. Introduction

Manipulating deformable linear objects (DLOs),
such as hoses, wires or leaf springs with an indus-
trial robot system involves coping with many un-
certainties. At the start of'a manipulation process, it
is hard to determine the exact shape of a DLO. The
shape depends on the object’s manipulation history
and may vary for each individual DLO. In addition,
the shape of the DLO changes due to the inevitable
action of gravity and contact forces. Unfortunately,
these variations are typically very difficult to pre-
dict with sufficient precision. In order to compen-
sate for these uncertainties, an obvious approach is
based on the use of sensors.

Kraus and McCarragher used a wrist-mounted
force/torque sensor to insert a bending beam into a
narrow slit [4]. Nakagaki et al. used a force/torque
sensor and a vision system to inserf a wire into a
hole under friction [8]. This research investigates
the solution of clearly specified single tasks, but it
is not clear how thesc methods may be re-used in
other, similar situations.

As far as rigid work pieces are concerned, much
previous rescarch addressed the problem of devel-
oping robust and flexible routines for typical as-
sembly or disasscmbly tasks. The basic idea is to

set up a library of encapsulated, sensor-based rou-
tines, which can be used as a construction kit to
efficiently solve complex assembly problems.
Hasegawa et al. presented the force-based skills
move-to-touch, rotate-to-level and rotate-to-insert,
and demonstrated their effectiveness for disassem-
bling a small valve [2]. Morrow and Khosla used
sensorimotor primitives to compose skills for in-
sertion of various plug-in connectors [7].

According to Morris and Haynes [5], the per-
formance of assembly tasks can be regarded as
stepwise increasing the number of constraints for
one of the mating parts by establishing contact with
other parts. Detecting and manipulating the contact
state of the mating parts is a key problem for de-
veloping manipulation routines. Any routine
changing the contact state of the mating parts (like
establishing point contact, transferring point con-
tact to face contact, etc.) forms a module of the
construction kit for assembly operations.!

Later research addressed the problem of finding
a universal set of manipulation skills. Morrow and
Khosla proposed a taxonomy to develop manipula-
tion task primitives for composing sets of robot
skills likely to cover a given domain [6].

Since this principle proved to be successful in
the handling of rigid work pieces, the next step was
to extend it to the handling of deformable objects.
For this purpose, Henrich et al. introduced a set of
contact states that enumerates all possible single
contact situations between a DLO and a rigid con-
vex polyhedron [3] and analyzed the possible tran-
sitions between these contact states [9]. This model
describes a DLO as an edge E with the free end-
point as one vertex V. Convex polyhedrons consist
of faces F, edges E and vertices V. Single contact
states may then be described by the respective
clementary parts in contact, e.g., V/F stands for a
vertex face contact. In the following, we always
denote the DLO contact part first. [f a contact state
remains unchanged during a small gripper move-
ment we call it stable, otherwise we call it instable.
Direct contact state transitions are given by a start-

! Those modules are called manipulation skills by other au-
thors. However, the usage of this term is not uniform.



ing and an ending state (both stable), indirect tran-
sitions are given by a starting (stable), a temporary
(instable), and an ending state (stable),

Our objective is the implementation of a com-
plete library containing a macro-operation for each
contact state transition. The basic approach is the
realization of a knowledge-based sense of touch.
For a given contact state transition, the force/torque
signal during transition is predicted. If the expected
signal is successfully detected within the real sen-
sor data, the transition is recognized. Remde [10]
followed this approach and performed an intuitive
non-vector analysis of the force/torque signals for
each transition.

In this paper, a more complete vector oriented
study based on a mathematical model is performed.
The study makes assumptions about robot motion
directions and predicts force and motion directions,
together with the expected signals, well suited for
an algorithmic recognition process.

The rest of the paper is organized as follows:
Section 2 describes the general method for force
signal analysis used to detect transitions of contact
states. The method is illustrated by two examples
in Section 3 and Section 4. Then, Section 5 pre-
sents the complete list of characteristics for each
transition. The conclusion includes a short evalua-
tion based on a primitive detection algorithm,

2. Force signal analysis of contact state
transitions

For easy detection of a given contact state tran-
sition, a clear change in the force signal at the
transition point in time is needed. This can be a
slope change or a discontinuity. Therefore, we
assume that for the robot motion, the movement is
parallel to the actual/new plane of contact or per-
pendicular to the new/actual plane of contact.
These movements will result in a constant force
before/after the transition or in a great force
change, respectively. The plane of contact is de-
fined as the contact face, or as the plane containing
both the contact edge and the DLO tangent in the
contact point.

Based on these assumptions, the force and
torque during the transition are first analyzed in a
theoretical model. The derived predicted force
signals are verified by experiment. Then, a linear
combination of the six dimensions of force and
torque containing the most significant sensor in-
formation for transition detection is specified.
Finally, the expected signal is described as a piece-
wise linear function: it is indicated whether there is
a positive-, a negative- or no discontinuity at all
{«); what the sign of the slope before (b) and after
(¢) the transition is; and whether the overall

curvature () is decreasing, constant or increasing.
This is done through the quadruple [a, b, ¢, d] with
a, b, c,de)-1,0,+1}. (For a formal definition and
an illustration, see [1].)

The categories of direct and indirect contact
state transitions are separately investigated. In the
first case, continuous slope changes that require a
more accurate analysis of the complete signal
curves are expected. In the second case disconti-
nuities at the point of transition are predicted; thus,
the analysis focuses on this specific point.

Here, one example from each of the above cate-
gories is examined in detail. As direct contact state
transition, the E/E- E/F transition is chosen, since
the analysis is clear while still demonstrating the
method. The investigation of the indirect transi-
tions is exemplified using the E/EE/VE/E
transition. For a complete analysis please, see [11].

3. Example for direct transitions

The analysis of the E/E->E/F transition is pre-
sented here as one example of a direct transition.
There are several ways to generate this transition.
The robot motion direction can vary from perpen-
dicular to parallel to the face F. Here, the motion
direction is assumed to be perpendicular to the
edge E and parallel to the face F, as illustrated in
Figure 1. The gripper is at height ¢ above the face F
and inclined at angle . The horizontal distance
between the gripper and the edge E is z. During the
transitional motion, z increases while ¢ and 8 re-
main constant. The direction 8 of the reaction force
R thus increases to a maximum of 90° and remains
constant after transition.

z

Figure 1: Direct transition E/E->E/F with motion
direction MD perpendicular lo E and parallel to F.

Interesting are the curves for the reaction com-
ponenis R, perpendicular to the face F, and R,
perpendicular to the edge E and parallel to the face
F. Both are regarded as a function of the distance z
between the gripper and the edge E (z = tan(f)+;
for z < tan( )t there is no contact).



We assume an initially straight, homogencous,
and lowly elastically deformable (deformation
class E- in [3]) DLO. Thus, the shape of the DLO
can be approximated by a cubic curve in the Carte-
sian coordinate system, with its origin in the grip-
per and the X-axis parallel to the undeformed DLO.
Friction is neglected. Detailed analysis and expla-
nations for the formulae can be found in [11]; only
final results are presented here.

The point of contact between the DLO and the
edge E / face F has the coordinates (¢, z ), defined
as:

¢ =cos(f)t + sin(f)z
z'=cos(f)z + sin(f)¢

The DLO shape y(x) is then described by the
equation C; in the pre-transition phase
(0= z'= z%) and by C, in the post-transition phase
(z's = z'). Both equations are obtained from a gen-
eral cubic polynomial, in which all parameters can
be expressed in terms of z°, ¢’ and 3. As boundary
conditions, the known position of the gripper and
the DLO orientation forced by the gripper are used.
For C), the fixed position of the point contact at the
edge E is used additionally; for C,, it is clear there
must be a DLO tangent parallel to the face F. For
both equations, the deformation energy is mini-
mized while the overall curvature is kept positive.
C, and C; are given as:

C, :y(x) =—;Tx3 +i%x2

3 2
cot(B) g cot(B) e
27(col(B)r'—z")? 3(cot(By'~z')
The transition takes place at "time" zp or z',

when the DLO tangent at edge E is parallel to face
F:

C,iy(x)=—

. 20 cot(B) (2 +sin(®))e
2= &z, = .
3 cos(B) sin(3)

The bending moment is proportional to the sec-
ond derivative of the shape: M= M(0)=y""(0)E]
with £ describing the elasticity and [ the inertia of
the DLO. Thus, before transition the moment M is

M= EEI _ 3cos(B)z—3sin(B)

7 (cos(B)t +sin(B)z)
and after transition it is
B 2cot(B)? s 2cos(B)?
T 3(cot(B)r-z")  3tsin(B)
Dividing the bending moment M by the length
of the actual lever arm provides the actual force R.
The components of interest are the coordinates (R,
R)) of R in the initial coordinate system. Before
transition, the components
2!'003([11—32:5111{8) Iy
274327
_ 2r'sm(B)2+ 32'2005([3) Iy
2" +37

El = const

R,=

R,

are observed; after transition, they are

R,=0
e M
b (cos( B)r'=sin( B)z'Y2cot( 8) +3 tan(f))
TRy ET = const

- 3¢t sin(B)(2cot{ B) + 3 tan( B))
Figure 2 shows the curves for the reaction com-
ponents and the bending moment,
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Figure 2: Expected curves of forces Ry, R, and
moment M of a direct E/E>E/F transition, with
motion direction perpendicular to E and parallel to F
as a function of distance z between gripper and E.

For experimental verification, we take the situa-
tion from Figure 1. The Cartesian coordinate sys-
tem for measurements has its Z-axis pointing up-
wards perpendicular to the face F, its Y-axis paral-
lel to the edge E and its X-axis pointing to the right.
As DLO, we use a 30 cm steel ruler. The gripper
inclination f is 30° and the gripper is about
t =6 cm above the table with a horizontal distance
of about z =5 cm to the edge E. Thus, the angle
between the face F and the DLO tangent at the
contact point is about 57° implicating a slight ini-
tial tension of the DLO. Robot speed is 10 mm/s.
Force measurements are taken every 100 ms. The
low-pass filtered E/E->E/F transition signals are
displayed in Figure 3.

For better comparison with the theoretical re-
sults, the sensor data is inverted in accordance to
the role the components play: £, corresponded to
R,t,t, Fz to R.L and *Mv to M.

It should be pointed out that the initial tension
was artificially set to zero at the start of robot mo-
tion. This explains why the increasing part of F, is
missing, and why the initial force measurements
are higher than those after transition. Additionally,
the discontinuities in F, and F, at the beginning of
robot motion (measurement) are due to static fric-
tion. With this taken into account, the signals fulfill
our theoretical expectations.
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Figure 3: Forces Fy, Fy, Fz, moments My, M,, M,
and observation curve S of a direct E/E->E/F transi-
tion with motion direction perpendicular to E and
parallel to F.

The transition occurs around measurement 90,
and can easily be observed in the moment and in
both force curves. For detection, the directions of
the reaction force at the beginning of robot motion
and of the resulting moment are chosen. The direc-
tion of the reaction force changes and the statically
observed component suffers an additional decreas-
ing effect. As both the moment and the initial reac-
tion force component signals vary the same way,
they are combined into one linear combination to
be observed for detection. In the example situation,
the observation direction is given as:

S =%(cos(57°)Ft +0F, +sin(379)F, )
€
V2

The predicted curve is describable as piecewise
linear function by: no discontinuity (a = 0}, nega-
tive slope (b=-1), transition, constant slope
(¢ = 0), increasing curvature (d = +1).
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Figure 4: Forces Fy, Fy, F;, momenis My, M,, M.,
and observation curve S of a direct E/F->E/E transi-
tion with motion direction parallel to F and perpen-
dicular to E.

For the backwards transition E/F=E/E, an in-
verted behavior is predicted. However, the experi-

mental results in Figurc 4 do not exactly fit this
prediction. In fact, all measurements are artificially
set to zero at the start of robot motion, and there is
a remaining tension after the robot motion stopped,
explaining why the constant parts all have the same
initial value, why decreasing part of F, is missing
and why the F. component value ends higher than
it starts.

The discontinuity in F, at the beginning of robot
motion is due to static friction and can be ne-
glected. Additionally, the £, (R;) force signal
seems shifted to the right. In fact, the sliding fric-
tion force is opposed to the reaction component £,
(Ry), with their growth-behavior inverted.

The transition is situated around measurement
30. It can easily be detected in both the moment A,
(M) and F, (Ry) force curve. Still, the direction of
the reaction force at the beginning of robot motion
is chosen for detection. In the initial situation, it
does not contain the F, (R,) component. As both
the moment and the initial reaction force compo-
nent signals vary in the same way, after linear
combination, the transition is still detectable. In our
example situation, the observation direction is:

S= %(OFI +0F, + 1}«;)+%(@M,¥ ~ 1M, +0M,)

The expected curve can be described as piece-
wise limear function by: no discontinuity (a = 0),
constant slope (b=0), transition, positive slope
(c = +1), increasing curvature (d = +1).

4. Example for indirect transitions

As analysis of direct contact state transitions has
been demonstrated, the next case is indirect transi-
tions. The E/E,->E/V->E/E, transition is presented
here as one example.

For this investigation, we use a DLO deform-
able only in the plane perpendicular to the first
obstacle edge E,. The gripper is moved with con-
stant speed parallel to E, in the direction of E,, and

the angle between E, and E, is ¢ See Figure 5.
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Figure 5: Situation of an indirect transition
E/E1+2>EN->E/Es. The DLO is deformable within
only one plane perpendicular to the Edge E;.



Before transition, the rcaction force R,, perpen-
dicular to E; and the DLO tangent at the contact
point, is quite obvious. After transition, reaction
force R» remains, perpendicular to E; and the DLO
tangent at the contact point. The base directions R
and Ry, are defined, parallel to R, and parallel to E;
in the direction of E;, respectively. Thus, R, and R;
can be expressed as components of R, and Ry
Force R, produces a moment My around an axis
parallel to E,, and R, produces a moment M,
around an axis perpendicular to E, and the DLO
tangent at the contact point.
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Figure 6: Expecled curves of forces Ry, R, and
moments My, M, of an indirect transition
E/E42>EN—>E/E; as a function of the distance z
between gripper and Edge Es. The DLO was de-
formable in only one plane.

Before the transition, all force and moment
components are constant and Ry, and M, are known
to be zero. At the transition point, the DLO shape
is assumed to remain constant (the DLO is only
deformable in the plane perpendicular to the edge
E;). Thus, the initial bending moment M) remains
constant, as does the initial force component R;.
The reaction force R» has a non-zero Ry, component
because the R, component is equal to R, resulting
in a non-zero M, moment component. After the
transition, all force and moment components de-
crease with decreasing deformation of the DLO.
The expected signal curves are shown in Figure 6
and can be described as follows: no discontinuity
(a = 0) or positive discontinuity (a = +1), constant
slope (6=0), transition, negative slope (c=-1),
decreasing curvature (d =-1).

For the experimental verification shown in Fig-
ure 7, we take the situation from Figure 5. The
Cartesian coordinate system used has its X-axis
parallel to edge E; in the dircction of E; and its Y-
axis in the plane of the outlined face. The angle o
between the edges E| and E, is 45°. The gripper is
about 6 cm above the table with a horizontal dis-
tance of about 12 cm to the edge E,. All other pa-
ramcters are as in Section 3. Thus, the angle be-
tween the face F and the DLO tangent at the con-

tact point is about 15°. For better comparison with
the theoretical results, the sensor data is inverted
according to the role the components play: £, cor-
responds to Ry, -F, and F, to Ry, -M, to My, and
finally, -M, and M, correspond to M, .
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Figure 7. Forces F, Fy, Fz, moments Mx, M, M.,
and observation curve S of an indirect
E/E1=>EN->E/E; transition. The DLO was deform-
able in the Y-Z-plane

Again, the measurement components are all arti-
ficially set to zero at the start of robot motion,
which explains why the constant portions all start
with the same value,

At first sight, the signals are as predicted. Upon
more detailed viewing, a slight discontinuity in the
moment component —-M, (M)) and in the force
component F, (R,) is visible, although these com-
ponents are expected to be continuous. In fact, at
transition, the steel ruler used as DLO is slightly
deformed out of the main deformation plane. As
the overall bending is not increased, it cannot be
expected that the value of the initial moment com-
ponent is maintained when the axis is moved. The
initial force component changed accordingly.

The transition is situated around measurement
58 and can easily be detected by looking for dis-
continuities. Changing the assumption about DLO
deformation at transition, the explanation above is
used to make transition detection using discontinui-
ties more robust by taking advantage of the in-
creasing effect of subtracting a negative from a
positive discontinuity.

For detection, both the difference between the
initial force direction R, and the resulting force
direction Ry, and that between the initial moment
axis M) and the resulting moment direction M,
have to be observed. Both differences exhibit the
same discontinuities. Unfortunately, neither the
slope nor the overall curvature can be determined
after transition. In our sample situation the
observation dircction is given as:



S= —sin(15°)F, + cos(15%)F))

1
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The expected signal curve can be described

piecewise linear function by: positive discontinuity
(a=+1), constant slope (h=0), transition, un-
known slope (¢ = ?), unknown curvature (d = ?).

5. Complete list of characteristics

Using the same method as described in Section
2 and illustrated in Sections 3 and 4, a significant
observation direction together with a piccewise
linear function approximating the characteristic
signal curve is determined for each of the 21 con-
tact state transitions plus variants. To completely
list the observation directions, the following is
defined:

Rg as reaction force direction of face F, per-
pendicular to this face F,

Re as reaction force direction of edge E, per-
pendicular to edge E and the DLO tangent
at the contact point,

Ryxp as starting reaction force direction

Rxr as expected reaction force direction after
transition

Ry 1 as reaction force component appearing at
transition and perpendicular to Ry

My  as moment axis of the reaction force Fx

Mxy as starting moment axis

My as expected moment axis after transition

My, 1 as moment axis of the reaction force Ry ;

These general directions can be obtained auto-
matically from transition-specific geometric data,
either provided by a robot simulation system or by
the user. For a specific transition situation, the
directions are calculated as a linear combination of
the sensor’s six measurement dimensions. The
complete list of transition characteristics is given in
table 1.

To handle more than one contact at a time, e.g.
establishing contact while maintaining the actual
contact situation unchanged, required to achieve
complex assemblies, it may become necessary to
observe only the force and moment opposed to the
motion direction.

6. Conclusions

All contact state transitions are implemented us-
ing Adept’s V+ robot language on a Staubli RX130
with a 90M31A force/torque sensor from JR3.

In a first version, a primitive algorithm is used
to scarch for the predicted characteristics in the
sensor data. At each step, a window consisting of

the last NV + A/ measuring points is considered. The
lincar regression D over the first N measurements
as well as the standard error ¢ is calculated. If
morc than R% of the next M measurements have a
distance to D greater than o, and if those measure-
ments diverge in the right direction, it is assumed
that the transition has taken place. Of course, the
linear regression is checked for the expected slope
before enabling the evaluation of the final detec-
tion condition. Other detection algorithms can be
found in [10] and [12].

Transition Observation Signal

Force | Moment

N->V/F Rit Mer | (0,0,1,1)

N->E/F Rt Mpr [ (0,0,1,1)

N=>FE/E Rt Mer | (0,0,1,1)

V/EDN Reo Mgy | (0,-1,0,1)

E/F>N Req Mro | (0,-1,0,1)

E/EDN Reo Meo | (01,0,

V/F>V/EDN Reo Meo | (-1,0,2,7)

E/E>E/V2N Rey Meo | (1,022

E/E2E/VON Reo Meo | (-1,02,D)

E/E>V/EDN Reo Meo | (<1227

V/F>E/F Rro Mz (0,1,1,1)

E/F>V/F Rio My | (0,-1,-1,1)

E/E2E/F Re o Mgy | (0,-1,0,1)

E/F>E/E' Rro Mo (0,0,1,1)

E/EDE/F Rep Mg (0,1,1,1)

E/FE/E’ Rro Meo | (0-1,-1,1)

E/E\>E/VOE/E; | Ray | Ma. | (1,02,
_REI “MEI

E/E>E/VOE/F Rey Mg —Mg| (1,0,2,7)
,RE

E/F\>E/VE/F, | Rey | Mpy | (1,02,
—Rpy ~Mp,

E/F>E/N->E/E Rey |Me—Me| (1,0,2,7)
“RF

VIF\DVIEDVIFY | Rey | My | (1,0,2,2)
—Rp M|

VIF|2>VIE2> VI, | Ry Mpy | (-1,0-1,-1)
-Re1L

V/F\2>V/E>V/Fy | Ry Mg | (1,0,-1,-1)

+ R
E/EV/E>VIF | Rei— | None | (-1,2,0,7)
Ry
VIF>V/E>E/E Re,— | None | (1,029
Ry

[: motion direction parallel to F

2: motion direction perpendicular to F

3: DLO perpendicular to motion direction
4: DLO pointed in motion direction

5: DLO pointed opposed to motion direction
Table 1: Transition characteristics

The robustness of detection is tested for scveral
examples. As a DLO we use a polyamide hose
(20 cm long, 6 mm outer and 4 mm inner diame-
ter). Stainless steel obstacles were designed to




combine many (even complex) contact state transi-
tions. See Figure 8. To reduce friction, a steel ball
of 6 mm diameter is fitted to the end of the DLO.

Figure 8: A successful VIF3V/E->V/F transition

Transitions characterized by a constant slope be-
fore transition can reliably be detected by our
primitive detection algorithm. Series of experi-
ments show that reliability of detection is better
than 95% with no observable friction, whereas it
rapidly drops below 50% with increasing effects of
static friction during movement. (DLO sticks to the
obstacle, bends, snaps forwards, ...) Most of the
practice-relevant transitions (like establishing con-
tact, indirect loss of contact or indirect contact
change) belong to this category.

The direct loss of contact, the transition
E/F->E/E with motion direction perpendicular to F,
the E/F->V/F transition, and the E/E>E/F transi-
tions are not correctly detected by the algorithm, as
the expected force signals before transition are not
really linear. However, we believe that most of
these transitions can be detected by a more sophis-
ticated detection algorithm.

Nevertheless, as all possible contact state transi-
tions are available in a library of V+ macros, pro-
gramming some DLO manipulation tasks is
becoming easier. The programmer no longer needs
do cope with a huge amount of raw sensor data.
This is all transparently done by the library. Robot
programs for assembly tasks may to a certain de-
gree even be generated automatically from some of
the task's geometric data and its contact state tran-
sition map using those manipulation skills.
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