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Abstract— The latency model is an analytical model for de-
scribing the behavior of nonlinear viscoelastic contact interface
in robotic grasping and manipulation. The latency model is
based on experimental observation of viscoelastic materials
which exhibit the behavior of both elastic and temporal re-
sponses when subject to external force or displacement. It is
postulated that such materials display latency in response of
external influence by the rearrangement of molecules, holes, and
structures in order to achieve an equilibrium state correspond-
ing to the instantaneous loading. As a result, we propose that
there are temporal latent activities in progress before the ma-
terial reaches the equilibrium state. In the previous study [21],
the latent activity of strain re-distribution with a prescribed
constant displacement was presented using both theoretical
modeling and experimental results. In this paper, we build upon
this latency model to study the behavior of viscoelastic materials
under different loading rates with experimental results. The
latency model is employed to explain the behavior of responses
of hard and soft viscoelastic materials typically found in robotic
contact and grasping.

I. INTRODUCTION

Viscoelasticity has been broadly studied from many differ-

ent perspectives; for example, the latency model [21], Fung’s

separation model [4], Maxwell model [13] and many other

well-known models discussed in [6], [7], [3]. Creep and

relaxation are two major phenomena of viscoelasticity when

it comes to the tasks of robotic grasping and manipulation.

There are quite a few studies in this area: Tiezzi and Kao ap-

plied Fung’s model to soft contact [19] modeling; Sakamoto

et al. designed a robotic hand based on the Maxwell model

to handle viscoelastic objects [15], as well as many other

studies of viscoelastic grasping and/or soft contact behaviors

presented in [22], [21], [14], [8], [24], [23], [9], [10], [16],

[1], [11], [12], [17], [2].

This paper builds upon the study of the latency model

proposed in [21] to investigate the behaviors of grasping

response observed in viscoelastic materials. The concept of

“latency” refers to the latent activities in progress, while

the state of viscoelastic material remains the same macro-

scopically (e.g. displacement or force remains the same after

loading or unloading). In [21], the latent activity of strain re-

distribution was studied based on experimental results when

the displacement is held constant in a grasping task.

In this paper, the strain hardening effect (or stiffening

effect) is correlated with the latent activity postulated in the

latency model, as observed from the experimental results.

Furthermore, Gardel concluded that the stiffening effect is

directly related to the concentration of cross-link struc-

ture [5], which can also correlate with the idea of uneven

strain distribution in the latency model. The strain hardening

effect in contact interface can complement the previously

proposed latency model to explain the observed behavior

under different loading/unloading rates presented with the

experimental studies in this paper.

II. THE LATENCY MODEL FOR VISCOELASTIC

CONTACT INTERFACE

The latency model is an analytical model for describing the

nonlinear contact behavior of viscoelastic materials based on

experimental observation. In the latency model, we postulate

that the strain distribution within the viscoelastic material is

a function of time. When a viscoelastic material is subject

to external displacement, the unevenly distributed strain,

from the immediate contact interface inward to core of

the material, will result in an uneven stress distribution;

consequently, a change of contact force on the contact

surface will happen [21]. Re-arrangement and re-distribution

of the transient state will ensue until an equilibrium state

is achieved. When the displacement of the deformed object

is held constant, the force will decrease exponentially as a

result of the re-arrangement. This is commonly known as

the relaxation response. Likewise, when the external force

deforming the subject is held constant, the rearrangement

will occur with a tendency to reach towards the equilibrium,

resulting in the exponential change of displacement. This is

known as the creep response. In [21], the latent activity of

strain distribution when subject to a constant displacement

was investigated.

Tsai and Kao applied the modified Fung’s model to

formulate the latency model to study the strain rate when

a viscoelastic contact is subject to a constant displacement

after the loading is completed, as follows [21]

ε̇c = mεc + l = −ν1(εc + ε0) = −ν1(εc +
N0c0

αc

) (1)

or

ε̇c = −ν1(εc +
N0(1− c1)

αc

) (2)

where m = −ν1, l = −(N0c0ν1)/αc, ε̇c and εc are the strain

rate and strain of material on the contact interface, εo is the

equilibrium strain for a given displacement, N0 is the initial

elastic response (force) due to the constant displacement after
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Fig. 1. Experimental setup for the compressive loading and unloading
tests, showing the parallel-jaw gripper, camera, and ancillary devices

loading, and c0,ν1,αc are constant coefficients pertaining to

the materials and their properties. The coefficients are defined

in the following equation [21], [18], [19], [20]

F(t) = N0(c0 + c1e−ν1t) with c0 + c1 = 1 (3)

In this paper, we study the force response based on different

loading/unloading rates. The specific stiffness, ks, in the

paper is defined as

ks =
∂σ

∂ε
(4)

where σ and ε are the stress and strain, respectively.

III. EXPERIMENT AND ANALYSIS

In this section, we present the experimental setup first,

followed by the experimental results and analysis.

A. Experimental setup

Figure 1 illustrates the experimental setup of a robotic

parallel-jaw gripper and high-speed video camera. A grasped

object is shown between the two gripper surfaces. The force

of grasping 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 1µm.

The mass of the gripper mounted on the load cell is 14g,

which moves with an acceleration up to 5000mm/s2 in all

the experiments performed in this paper. The grasped object

has much smaller movement and thus its inertial effect is

neglected. As a result, we can estimate the maximum amount

of inertial force to be about 0.07N (during the ramp-up

and ramp-down periods). This is much smaller than the

accuracy level of the force sensor. The actual profile of

motion, measured inertial force, and the estimated inertial

force are shown in Figure 2. By comparing the data of

force with the gripper moving at the highest loading rate

versus that of stationary gripper, the same conclusion is also

reached. That is, the inertial effect due to the acceleration

at the loading or unloading in this experimental setup can

indeed be neglected.

Two different silicone solids with “hard” and “soft” tex-

ture are fabricated for the experimental study, as shown in
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Fig. 2. The profiles of motion of the gripper from which the acceleration
is determined to judge the inertial effect of gripper in experiments. The
bottom right plot shows the measured inertial force from the load cell.

Fig. 3. The left and right cylindrical specimens are “hard” and “soft”
silicone, respectively. The dimensions of both specimens are 25mm in radius
and 30mm in height.

Figure 3. Both cylindrical silicones are 25mm in radius and

30mm in height with the compositions listed in Table I.

Figure 4 shows a schematic of the experimental setup in

Figure 1 with the grasped silicone solid and the fiducial

marks, parallel-jaw gripper, and the camera.

The procedures of the 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.

2) The loading process will begin based on a loading rate

determined a priori by the amount of prescribed dis-

placement and the duration of holding (for relaxation).

Several loading rates are employed as follows: 20, 40,

60, 80, and 100mm/sec.

3) After the loading-and-hold procedure, the gripper un-

loads to break contacts, as shown in Figures 5 and 6.

The measurements of force and displacement, as well as

the video camera capture are stored for further analysis.

TABLE I

COMPOSITION OF THE SILICONE USED IN THE EXPERIMENTS

silicone powder thinner

hard silicone 90% 10%

soft silicone 50% 50%
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Fig. 4. Left: The schematic of the grippers, camera and silicone object.
Right: Still photos in grasping from the experiment showing the relation
and movement of the fiducial marks on the surface of the silicone solid,
with the displacement being held at constant for 5 seconds.

B. Experimental results and analysis

1) Evidence of latency in relaxation: Figure 4 shows two

still photo frames captured during holding after the loading

phase is completed, to demonstrate the effect of relaxation.

The first frame was captured when the loading process

ended, followed by the beginning of the holding process at

tr = 0sec. The second fame was captured 5sec after holding

at tr = 5sec. We can clearly observe in Figure 4 the change

of positions of the fiducial marks during the elapsed time.

Hence, we use this as an evidence of ongoing rearranging ac-

tivities, so called “latent activities”, during holding (constant

displacement of compression). The position change follows

an exponential function of time [21].

2) Loading phase under different loading rates: Figures 5

and 6 show, for soft and hard silicone solids, respectively,

the force measured under different loading rates, subject to

a prescribed displacement controlled sequence.
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Fig. 5. The loading-holding-unloading process on soft silicone.

The viscoelastic materials share similar properties with

elastic materials. First of all, the specific stiffness (defined

by ∂σ/∂ε in equation 4) is different between soft and hard

silicone solids in Figures 5 and 6. With the same amount of

compression, the hard silicone shows higher specific stiffness

and results in higher compression force.
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Fig. 6. The loading-holding-unloading process on hard silicone.

Different properties are observed in Figures 7 and 8 which

show the zoom-in views of forces, focusing on the end of

loading phase in Figures 5 and 6, respectively. We found

that the maximum compressive forces of soft silicone due to

different loading rates are different, with higher loading rate

producing higher maximum compressive force, as shown in

Figure 7. On the other hand, the maximum compressive force

of the hard silicone due to different loading rates are nearly

the same, as shown in Figure 8.
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Fig. 7. The zoom-in views of the force and displacement curves towards
the end of the loading phase in Figure 5 for the soft silicone.

3) Holding phase under different loading rates: Next, let

us focus on the end of holding phase shown in Figures 9

and 10. It appears that the asymptotic values of relaxation

curves under different loading rates are the same for both

hard and soft silicone, although the responses start with

different initial values as shown in Figures 7 and 8. This

suggests that the equilibrium state (i.e., the asymptotic value

of relaxation) is related to the held displacement, but not

dependent upon the loading rates. In other words, the asymp-

totic value is a path-independent property for viscoelastic
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Fig. 8. The zoom-in views of the force and displacement curves towards
the end of the loading phase in Figure 6 for the hard silicone.

material with a constant displacement.
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Fig. 9. The zoom-in views of the force and displacement curves towards
the end of the holding phase for the soft silicone in Figure 5.

IV. DISCUSSIONS

A. Loading rates and the latency model

From the perspective of the latency model, the reaction

force on a gripper is proportional to the stress on the contact

surface. When the loading rate is high, the magnitude of

strain on the contact surface will be high. The result of

different maximum force in Figure 7 is due to the different

loading process. When the loading rate is high, it does not

allow the material enough time to re-distribute, and thus the

build-up of force away from the equilibrium state is larger.

The equilibrium state corresponds to the asymptotic state

of the relaxation process. However, in the case of the hard

silicone the maximum force of the higher loading rate is only

slightly larger than that of the lower loading rate.

To apply the latency model to the experimental results,

we first convert the measured force into stress on the contact
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Fig. 10. The zoom-in views of the force and displacement curves towards
the end of the holding phase for the hard silicone in Figure 6.

TABLE II

THE MATERIAL PROPERTY OF THE SPECIMEN

ν1 ks(N/m2) ν
Equation (1) Specific Stiffness Poisson Ratio

hard silicone 0.695 1.221×105 0.48

soft silicone 0.493 3.497×104 0.48

surface, σ = F/An. Next, the strain is obtained using equa-

tion (4) at the steady-state (asymptotic) values with ε = ksσ .

The following derivation renders the nominal contact area

with different loading displacements. The variables are cor-

responding to Figure 11 where A is the original contact area,

∆A is the change of contact area due to the Poisson effect, ν
is the Poisson ratio which is 0.48 from the specification of

the silicone, and d, ∆d, l, and ∆l are geometric parameters.

We have

A+∆A =
π

4
(d +∆d)2 =

πd2

4
(1−

ν∆l

l
)2 (5)

The specific stiffness obtained from the asymptotic values at

the end of loading is

ks =
σasym

εasym

=
Fasym/An

εasym

(6)

where σasym and εasym are the asymptotic values of stress

and strain on the contact surface, Fasym and An are the

corresponding force measured by load cell and nominal

contact area. The specific stiffness is a constant where the

steady-state temporal response is established asymptotically.

The properties of the silicone specimen are listed in Table II

l
l+∆l

A
A+∆A

d d+∆d

Fig. 11. Change of nominal contact area due to the Poisson effect
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Fig. 12. This figure shows an example of the strain on the contact surface
of soft silicone at the end of loading phase. The loading rate is 100mm/s.

Following the steps above, we can obtain the strain at

every moment during grasping by the following equation:

ε =
σ

ks

=
F/An

ks

(7)

where σ is the stress on the contact surface, ks is the specific

stiffness of the material, F is the force measured by the load

cell on the gripper, and An is the nominal contact area. Based

on the conclusion of [22], the exponent of force relaxation

curve will be consistent for the same material. Thus, we can

obtain ν1 by applying curve fitting to the relaxation curves in

the form of equation (3). Consequently, we found ν1(so f t) =
0.493 for the soft silicone and ν1(hard) = 0.695 for the hard

silicone, listed in Table II.

The latency model shown in equation (1) still requires

the equilibrium strain, εo. We note that the material will be

uniformly distributed at the final equilibrium state. Therefore,

the equilibrium strain is

εo =
∆l

l
(8)

where εo is the strain at equilibrium state, ∆l is the compres-

sion displacement, and l is the initial length of the material.

Now we can substitute the values from the experimental

results into equation (1) and obtain the strain rate, ε̇c, during

the operation. Figures 12 and 13 show the results of the

analysis at the end of loading phase and during the relaxation,

respectively. (For the convenience of reading, we plot the

compression strain as positive in the figures which originally

is negative.) Since the loading rate of the grippers is much

faster than the strain rate inside the material, it results in

larger strain on the contact surface than the equilibrium strain

at the loading phase (the first plots in Figure 12). The second

plot is the internal strain rate of material obtained from the

latency model in equation (1).

This phenomenon is consistent with the latency model that

utilizes the re-arrangement and re-distribution of structures

and molecules in order to achieve a new equilibrium based

on the external force or displacement.
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Fig. 13. This figure shows an example of the strain on the contact surface
of soft silicone during the relaxation phase. The loading rate is 100mm/s.

B. Asymptotic value of relaxation and the latency model

The asymptotic value of relaxation curves is found to be

the same, and depends on the material and the total external

force. If the same external force is applied to a viscoelastic

object, the equilibrium state will be the same when the time

approaches infinity, regardless of the loading rate. This also

suggests that the strain/stress distribution will be uniform for

any isotropic material.

In Figure 13, the analysis of relaxation phase is shown.

The first plot shows that the actual strain (blue curve) on

the contact surface initially is greater than the equilibrium

strain (red curve). However, the strain on the contact surface

will eventually reach the equilibrium value. Thus, the results

match with the prediction of the latency model very well.

The existence of the asymptotic value is predicted by the

latency model in that the localized strained states will return

to its equilibrium state when the disturbance is removed with

the change of strain given in equation (1).

C. Strain stiffening/hardening and the latency model

Strain stiffening, a well-known phenomenon, delineates

the increase of stiffness at the contact interface when an

external force is applied. Instead of considering the stiffening

effect being due to the change of the material property

called stiffness, the latency model provides an alternative

explanation of the effect in the sense of uneven strain dis-

tribution inside the viscoelastic material. Because the strain

propagation inside viscoelastic material is slower than the

loading rate applied by the external force, as presented in the

preceding experimental results, an uneven strain distribution

will be created. To this end, a higher loading rate will

result in a more uneven strain distribution. A comparison

of material movement between a high and a low loading

rate is illustrated in Figure 14. We notice that at the end

of loading, the strain on the contact surface (yellow shade

area) will be higher at the high loading rate than low loading

rate, resulting in the difference of reaction forces for the
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Fig. 14. This figure illustrates the idea of the latency model with different
loading rates. The left and the right columns show the change of the strain
on the contact surface with high and low loading rates, respectively. We
observe in (I) and (II) that the strain distribution is not even during loading
and at the end of loading. With the same displacement being held, the
material tends to rearrange the strains when enough time is allowed, as
shown in (III), and the strain distribution becomes more uniform.

same amount of displacement compression. This is known

as the strain stiffening effect. When time is allowed for the

uneven strains to propagate and reach a new equilibrium

state, the asymptotic reaction force will then become the

same again. This has been presented experimentally in this

paper, as illustrated in (III) in Figure 14.

V. CONCLUSION

In this paper, we present the results of experimental studies

and modeling of the latency model as applied to the loading

and unloading of viscoelastic materials in contact. We found

that the latency model is consistent with the well-known

strain stiffening/hardening effect. From the perspective of

the latency model, this effect can be explained by the

uneven strain distribution inside the material. We also deduce

from the experimental results that there is an asymptotic

equilibrium state of the viscoelastic material when subject to

external force or displacement. It depends on the property of

the material and the external force or displacement applied,

but not on the loading rate. The latency model can be applied

to explain the experimental results of relaxation observed in

a displacement-controlled grasping task.
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