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Abstract— Viscoelastic materials are known to exhibit tempo-
ral response that changes force or displacement at the contact
interface under position or force control, respectively. In this
paper, we conduct experimental study using force control to
explore and observe creep phenomenon in robotic grasping in
order to better understand the nature of such contact interface,
which has been widely used in soft robotic fingers, robotic
feet, and contact surface of robotic arms. We found that
the creep response under a constant external force exhibits
the characteristics of exponentially increasing or decreasing
temporal response. Such characteristics are similar in nature to
those found in the relaxation response of viscoelastic materials
when the grasping is under position control. Two different
types of creep responses are found, depending on the state
of grasping. Both Types I and II in creep response mirror
the Types I and II in relaxation response. We also found that
different loading rates under force control result in different
elastic response, in addition to the temporal response. This is
an interesting finding because the Fung’s model postulates for
an elastic response that is independent of, and can be separated
from, the temporal response. The experimental results do not
show such independence.

I. INTRODUCTION

Viscoelastic materials display the properties of both solid
and fluid. Most biological materials are considered viscoelas-
tic. Two important phenomena of viscoelastic materials in
contact interface are stress relaxation and strain creep under
constant displacement and force, respectively. In this paper,
we conduct experimental study on the creep response of
viscoelastic contact interface by applying force control to
deform viscoelastic material and hold the force constant
in order to observe and measure the creep behavior of
displacement under constant force.

A. Literature review

Study of viscoelasticity has been approached from dif-
ferent perspectives over the decades. The Maxwell model
and the Kelvin-Voigt model are the first models being used
to describe the behavior of viscoelasticity [4]. After that,
the generalized Maxwell model was proposed and has been
widely used in modeling of linear viscoelasticity. Sakamoto
et. al applied the modified spring-damper model to the grasp-
ing analysis of a viscoelastic material in [15], as well as many
other studies of viscoelastic behaviors presented in [14], [7],
[16], [2], [13], [17], [8], [9]. Research of viscoelasticity
also has been done from the rheology viewpoint in [12],
[3], [1]. Golik proposed a model based on the diffusion
of holes inside the rubber under an external force acted
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on the material [6]. Contrary to the Maxwell model which
uses linear springs and dampers, Fung proposed an empirical
model that separates elastic and temporal responses [5].
Tiezzi and Kao first applied Fung’s model to contact interface
of soft materials [19], [21], [18], [20], [11], [26], [25]. The
consistency of the parameters in Fung’s model has been
proved in [23]. Tsai and Kao proposed a novel latency model
which postulates that the stress relaxation can be considered
as the result of uneven strain distribution before the material
reaches the new equilibrium state [22]. Moreover, Tsai and
Kao utilized the latency model to explain the phenomenon
of the response under different loading rates by external
force [24], in which different responses are shown to have
been resulted from different loading rates due to the temporal
effect.

B. Relaxation and creep responses of viscoelasticity

Two types of relaxations are defined in [22]. One is
the Type I relaxation, exhibiting decreasing stress under a
constant displacement, typically at the end of loading. The
other is the Type II relaxation with increasing stress under a
constant displacement, typically at the end of unloading. The
other important property, creep, is the displacement/strain
change when a constant force is applied to viscoelastic
materials. Creep and relaxation are like two sides of a coin.
They both show the delayed temporal response in either
displacement or force.

C. Applications in Robotics

The study of the creep phenomenon of viscoelasticity is
important because it is related to both stability and response
of a contact interface. This is particularly useful when force
control is employed in robotic grasping and manipulation.
Furthermore, it can be used to optimize the energy con-
sumption for robotic grasping. Understanding of the nature
of viscoelastic contact interface can facilitate the modeling
of robotic grasping which involves both elastic and temporal
responses, such as those in soft fingers, biomedical contacts
and tissues.

II. THEORETICAL BACKGROUND

As we mentioned in the previous section, creep and
relaxation are both time-delayed response of viscoelasticity.
Fung’s model [5] is used in [23] to study the temporal
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response of viscoelastic relaxation. A fundamental assump-
tion of the Fung’s model is that the elastic response and
the temporal response are independent of each other and
are separable. In this paper, we applied similar assumption
that the elastic response and the temporal response of the
displacement under force control can be separated and ex-
pressed as

5(f,1)=2")(f)-h(r) (1)

where 8(f,t) is the displacement response, f is the external
force, ¢ is the time, 2(¢)(f) is the elastic response which is
a function of force, and %(z) is the temporal response. Based
on the experimental results, we assume that the temporal
response is the combination of a series of exponential terms

n
h(t) = Zcie_v"’ with vo=0 and c¢p=1 )
i=0

where ¢; are constant coefficients, v; are the exponents of
the exponential function, ¢ is time, and n is the number of
terms used in the equation.

It is noted that the constant ¢y = 1 is assumed in equation
(2), instead of Y7 jc; =1 used in Fung’s relaxation model.
This is an expected outcome from the latency model [22],
in which the initial elastic response is affected by the
inhomogeneous movement of viscoelastic materials (e.g. hole
displacement in polymeric materials) due to latent transmis-
sion of strain across the material when subject to external
stimulus. As the time approaches infinity, the temporal effect
will eventually decay, leaving an asymptotic elastic response
that is the true value of homogeneous stress or strain. This
phenomenon can also be observed from the experimental
results of relaxation in which the value of force in relaxation
will eventually become the same asymptotic value, in spite
of different loading rates which result in different initial
forces before relaxation takes place [22]. Such results clearly
illustrate that the initial values of force or displacement in the
relaxation or creep response do not represent the true elastic
response. The homogeneous elastic response should be the
steady-state (or asymptotic) value after the temporal effect
dies out. Further discussions will be presented in Section I'V-
C.

The response of viscoelastic materials not only is time-
dependent but also depends on the strain history. Thus, an ad-
ditional assumption to this model is that the materials under
force/displacement start from their equilibrium configuration.

III. EXPERIMENTAL STUDY

In order to conduct experiments to measure and observe
the creep phenomenon of viscoelastic contact interface,
force-controlled robotic gripper is employed. The experi-
mental setup and procedures are explained in the following
sections.

A. Experimental Setup

Fig. 1 illustrates the experimental setup using a robotic
parallel-jaw gripper and a high-speed camera. A grasped
object is shown between the two gripper surfaces in Fig. 2.

Fig. 1. Experimental setup for the compressive loading and unloading
tests, showing the parallel-jaw gripper, camera, and ancillary devices
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Fig. 2. Four fiducial marks with different colors are placed on the silicone
object, to be tracked by a high-speed camera (or vision sensor). The black
silicone block is used to eliminate the background noise when using high-
speed vision camera sensor.

The grasping force is measured by the load cell mounted on
the gripper that has an accuracy of 0.25N. The accuracy of
displacement of the system is 1um. The resolution of the
high-speed camera is 30 Mpixel with a spatial resolution of
50um at a frame rate of 120 fps (frame per second). A ring
of LEDs is used for illumination, as shown in Fig. 1.

A rectangular parallelepiped silicone is used in the ex-
periment with a dimension of 50mm x 40mm x 25mm. Four
fiducial marks of different colors are positioned on the object
for the vision sensor to track the continuous movement.
The silicone is dyed in black using laser toner in order to
eliminate the background noise when measured by the vision
camera sensor. This is shown in Fig. 2.

The mass of the gripper mounted on the load cell is 14 g,
which moves with an acceleration up to 100mm/s in the
experiments performed in this paper. The grasped object has
much smaller movement and thus its inertial effect can be
neglected. As a result, we can neglect the inertial force of
the gripper and the grasped object.

B. Procedures of Experiments

The procedures of various experiments conducted under

different loading rates are enumerated in the following.

1) The gripper is moved to barely touch the surface
of the silicone solid. The silicone solid is supported
freely by strings so that it will not fall due to gravity,
but with least amount of interference to grasping in
experiments. The high-speed vision sensor is calibrated
with the colors of the fiducial marks on the silicone to
track their positions.
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2) The loading process begins with a loading rate de-
termined a priori by the amount of prescribed force
and the duration of holding the force after loading
(for creep). Several loading rates are employed in the
experiments ranging from 0.1 N/sec to 3N /sec.

3) When the contact force has reached the prescribed
value, a PI (proportional-integral) controller is used
to maintain a constant contact force for a duration of
9.5sec. The displacement is recorded by the motion
sensor mounted on the slider and the positions of the
fiducial marks are tracked by the high speed vision
Sensor.

4) After the loading-and-hold procedure, the gripper un-
loads to break contacts.

5) The material rests for at least one minute before
the next experiment is conducted. This one-minute
rest allows for the material to restore to its original
equilibrium state without affecting the subsequent ex-
periments.

The measurements of force and displacement, as well as

videos captured by high speed vision sensor are presented in
the following section.

C. Experimental Results and Analysis

The results of experiments with force-controlled grasping
of viscoelastic object are illustrated in Fig. 3 and Fig. 4. The
figures plot experimental results based on different loading
rates, and the resulting displacement of contact surface
measured by the gripper (the black line in the position plot),
as well as the displacements of the fiducial marks measured
by the high-speed camera (the red, yellow, green, and blue
colors, corresponding to the color of the fiducial marks).
A low-pass Butterworth filter is utilized for conditioning
the raw data obtained from load cell to filter out the high-
frequency noise due to electromagnetic interference during
experiments.
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Fig. 3. The results of loading-holding-unloading experiment under a lower
loading rate with force control. The loading rate is 1.96 N /s. The four lower
curves of displacement correspond to the four fiducial marks in Figure 2 of
the same color.

1) Different Loading Rates: Experiments with different
loading rates are performed, with results plotted Figs. 3 and
4. The holding force of the experiments were maintained
by a PI force feedback control algorithm at 2N. The charts
on the right of Figs. 3 and 4 demonstrate the change of
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Fig. 4. The results of loading-holding-unloading experiment under a higher
loading rate with force control. The loading rate is 2.71N/s.

displacements and fitted curves based on (1) under a constant
holding load. We can observe that, at begin of the holding, a
lower loading rate causes a larger initial displacement, while
a higher loading rate has a smaller initial rate. A further study
of the effect of loading rate will be discussed in Section IV-
B.

2) Repeated Loading-Holding-Unloading: Experiments
are also conducted with repeated loading-holding-unloading
in order to examine the response of creep due to reversed
direction of loading-holding and unloading-holding. Fig. 5
and Fig. 6 present the experimental results at a lower and a
higher loading rate, respectively. The upper and lower values
of holding forces were set at 4N and 2N, as shown in the
figures. The creep phenomenon in higher loading rate is more
pronounced than that in lower loading rate. Furthermore, two
different types of creep are observed. Further explanation
and the definition of two types of creep responses will be
presented in Section IV-A
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Fig. 5. Repeated loading-holding and unloading-holding experiment with
a lower loading rate of 0.092N /sec

3) Displacement Sensor vs. Vision Sensor: With the vi-
sion sensor, we can track the movement of materials away
from the contact surface. The comparison shows the order
of displacement in the plots. However, all four displacement
curves show consistent trend of movement, including the
exponential creep responses.

IV. DISCUSSIONS

Based on the preceding presentations of experimental
results, some important results are discussed here.
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Fig. 6. Repeated loading-holding and unloading-holding experiment with
a higher loading rate of 0.85N/sec

A. Type I and Type II Creep

Fig. 5 to Fig. 6 plot the results of experiments with
repeated loading-holding and unloading-holding grasping
tasks. In the figures, the displacement evolution (creep
response) of the viscoelastic object depends on whether
the object is under loading or unloading before holding at
constant force. We defined them as Type I and Type II creep
phenomena, respectively, as illustrated in Fig. 7(a).

1) The Type I creep occurs under a constant external
force of compression, at the end of a loading pro-
cess in segment (1) in Fig. 7(a). The Type I creep
is characterized by an exponential increases in the
displacement, illustrated by segment (2) in the figure.
This exponential increase is partly due to the latency
of temporary response as that in the relaxation [23],
[22], [24]. The nature of Type II creep response gives
rise to the following constraint equation in (2)

<0 for i=12,,n 3)

2) In comparison, the Type II creep occurs under a
constant external force in compression, at the end of
a unloading process, represented by segment (3) in
Fig. 7(a). The Type II creep is characterized by an
exponential decrease in the displacement, illustrated by
segment (4) in the figure. This exponential decrease is
partly due to the latency of temporary response as that
in the relaxation response [23], [22], [24]. The nature
of Type II creep response gives rise to the following
constraint equation in (2)

¢i>0 for i=1,2,---.n 4

It is noted that Type I and Type II creeps are with opposite
trends of displacement evolution. This is akin to that in the
Type I and Type II relaxation [23], [22], [24].

Fig. 7(b) illustrates the two types of creep responses
presented in Fig. 7(a) by plotting the history of loading-
holding-unloading on the force-displacement plot. The seg-
ment numbers in Fig. 7(b) correspond to those in Fig. 7(a).
As can be seen in Fig. 7(b), clockwise loop is traced starting
from loading, followed by Type I creep when the force is
held at constant. After that, segment 3 represents partial
unloading followed by Type II creep when the force is held

—=
Type I Creep

Displacement

Force

Displacement -
Fig. 7. Two types of creep responses under force control. (a) Type I creep
is the creep under constant force after loading; while Type II creep is under
constant force after partial unloading. (b) The loading and unloading curves
mainly depend on the elastic property of the material. The amount of creep
(horizontal red lines) depends on the speed of sound in the material. The
segment numbers, 1 through 5, correspond to each other.
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Fig. 8.  The ideal loop of a force-controlled loading-holding-unloading
test. Different loading rates will result in different loops. Three loops: blue
dash loop, red dash loop and blue solid loop, represent three loading rates:
quasi-static, a low rate and a high rate, respectively.

at constant. The issue of optimization of energy consumption
when performing a stable grasping task, using a force-
displacement plot such as Fig. 7(b), will be a topic of our
follow-up research.

B. Effect of Different Loading Rates

Fig. 8 is an illustration of the response of viscoelastic
contact interface under three different loading-unloading
rates, as explained in the following. The origin of the plot
in Fig. 8 indicates the initial state of the material.

1) When a quasistatic loading-unloading is applied with
very low loading rate, the loading and unloading curves
nearly coincide with each other. The loading and
unloading curves will cycle between the origin and the
“point of pure elastic response” shown in Fig. 8. This
is shown by the dashed blue lines.

2) If the loading-unloading rate is increased, the loading
curve will shift to the left as illustrated by the green
arrows shown with the “increasing of loading rate.”
The unloading curve will shift to the right, causing
the gap between the two curves to widen to form a
clockwise loop. This is shown by the dashed green
lines.

3) When an even higher loading rate is applied to the
material, the relationship between the grasping force
and displacement will follow the blue solid curve.
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When the grasping force has reached the maximum,
the force is held constant. At this point, the creep will
start, as indicated by the red arrow at the top of the
figure moving from left to right and reaching the point
at top right, indicated by the “point of pure elastic
response” in the figure. When the grasping force is
released, the material will follow the unloading curve
until the force returns to zero. Finally, the material
will slowly go back to its initial state, following the
red arrow at the bottom of the loop.
Two observations are in order from Fig. 8. First, the area of
the loop increases with the increase of loading rate. In other
words, the energy dissipated during the operation is higher
with a high loading-unloading rate in grasping. Secondly,
the higher loading rate will result in a “stiffer” loading-
unloading curve. This phenomenon is known as the “strain
stiffening” (or strain hardening) effect. The higher loading
rate will be accompanied by a lower value of 29 for the
same holding force in force control experiments. Here, 2
can be regarded as a compliance function of the material,
with lower 2(¢) representing a stiffer material. Therefore, if
we let 1 =0 in (1) and (2), we will have

5(£,0)= 79 -h0) = 2I(f) Vi ()
=0

Different value of 2 shows different elastic property of
the material, consistent with the results presented in [24]—
the higher loading rate leads to a stiffer response, also known
as the strain stiffening effect.

C. Asymptotic Value of Displacement in Creep

Based on equation (2), the temporal response of the
displacement will converge exponentially to an asymptotic
value during the creep period, represented by the horizontal
arrows at top and bottom of the loop in Fig. 8. When the
time approaches infinity, the transient temporal response will
fade out and only the elastic response, 9<6), will remain.
Consequently, the point at the top right of the loop in Fig. 8
represents the pure elastic response.

We also observed that the steady-state creep response
always converges to an asymptotic value regardless of the
loading rate. This shows that the static state of the same
input is consistent. The difference only happens when the
material is in a dynamic transient state.

D. Grasp Stability with Creep Response

The time-dependent displacement response of creep under
force control can significantly affect the stability of a robotic
grasp. In this section, we study how the creep phenomenon
can affect the grasp stability by using the friction limit
surface [10].

Limit surface is a surface defining the stable region of
tangential force and normal moment in grasping with finite
area of contact. As long as the actual tangential force and
normal moment fall within the region of limit surface, it will
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Fig. 9. (a) Rectangular parallelepiped viscoelastic silicone, with a dimen-
sions of L x W x H. (b) The dimensions of the rectangle contact area is
L x W. The coordinate is centered at the center of the contact area. COR
indicates the center of rotation, and d,, is the distance from COR to the
center of the contact area. The vector r is the position vector, and V is the
unit vector along the direction of the velocity.

not slide; in other word, the contact is stable. The tangential
friction force and moment are defined and derived in the
following equations

t=— [ [uvpxy)dsdy )

m, = [ [ ulexSlpCey)ddy (8)

where f; is tangential force, u is the coefficient of friction,
¥ is the unit vector of velocity, p(x,y) is the pressure
distribution, m,, is normal moment, and r is the position
vector.

Fig. 9 illustrates the contact between a flat, rigid surface
and a soft silicone material with center of rotation (COR)
along x-axis. We define the unit vector along the direction
of the velocity Vv as

. 1 —y ] H

V= —e—— ; I= ©))
V (dcr +X)2 +y2 |:(d”+x) y

We apply the general pressure distribution [19] in (10) by
assuming that it is only a function of x with k = 4.!

N PNIE
LxW [1 (L) ]
where N is the normal force, L and W are the length and
width of the contact area, C; is a coefficient, a function of
k, that adjusts the profile of pressure distribution to satisfy
the equilibrium condition at the contact interface.

The limit surface can be obtained by scanning the COR
along the X-axis, corresponding to the experiment. This
friction limit surface with creep response is shown in Fig. 10.
Since the normal force is held constant, the tangential force
will not be affected by the creep phenomenon. However, due
to the expansion of contact area, the margin of limit surface
also expands with time, making the contact more stable. This
proves that the creep phenomenon can enhance the stability
of a soft contact.

p(x) =Cy (10

"Hertzian pressure distribution is a special case when k = 2. Softer
materials usually have higher values of k. As a result, we chose k = 4.
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Fig. 10. Evolution of the limit surface as a function of time in the case
of a constant normal force. In this analysis, we let coefficient of friction,
1, equal to 0.7, and the constant normal force, N, equal to 2N. The contact
area changes based on (1) and Poisson ratio. The length of the contact area
evolves from 42.22 to 42.39, and the width of the contact area evolutes
from 26.38 to 26.50

1.4

V. CONCLUSIONS

In this paper, we present an experimental study to examine
the creep phenomenon of viscoelastic materials using a
parallel-jaw gripper under force control, equipped with a
high-speed vision sensor system to track the fiducial marks
located on the surface of the grasped object. We found that
the creep response under constant external force features
the characteristics of exponentially increasing or decreasing
temporal response. Such characteristics are similar in nature
to those found in relaxation of viscoelastic materials when
the grasping is under position control. Two types of creep
are observed, and both Types I and II in creep response
mirror the Types I and II in relaxation response. In addition,
it appears that different loading rates under force control
result in different elastic response, 29 Tt is found that force
control with creep response can enhance the stability of soft
contacts. This is a subject of future investigation because the
Fung’s model postulates an elastic response that is separable
from and independent of the temporal response.
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