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Abstract of the Dissertation

Nonlinear Modeling on Viscoelastic Contact Interface:

Theoretical Study and Experimental Validation
by
Chia-Hung Dylan Tsai
Doctor of Philosophy
in
Mechanical Engineering
Stony Brook University

2010

Viscoelasticity is a phenomenon of time-dependent strama stress in elastic
solids. Various contact interfaces with anthropomorphid-effectors and polymeric solids
found in robots and manipulators are intrinsically vises#k. It is therefore important to
model such behavior and to study the effects of such timeldgnt strain and stress on
the stability and sustainability of grasping and manipafat Both theoretical modeling
and experimental study are presented in this dissertatiotheoretical modeling, a new
nonlinear latency model is proposed for the applicationasftact interface involving vis-
coelasticity in robotics. Latency model can describe waliaus features of viscoelastic
materials, such as stress relaxation, creep, and stréfengigy. The theoretical modeling
was supported by experiments and computational simulaEgperiments were conducted
by applying displacement-based control to study the stedagation and force-based con-
trol to explore the creep phenomenon, respectively, inrdodealidate the proposed theory.
The experimental results of viscoelastic responses wesereed, and found to match well

with the proposed model as well as simulation results.
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Chapter 1

INTRODUCTION

1.1  Contact Interface and Viscoelasticity

Viscoelasticity is a physical, and sometimes chemical phemon of time depen-
dent strain [6] and stress. Robotic contacts typically meoénd-effectors and grasped
objects that are anthropomorphic or polymeric solids [7is therefore important to model
such behavior. Viscoelastic contact interface resultsnmedidependent displacement or
force during grasping and manipulation.

In the context of robotics research, we will discuss visasktity as a property of
solids. The majority of viscoelastic solids display noehin elastic behavior, as opposed to
the linear elastic behavior. The response of viscoelastiterals in contact exhibits both
time-dependent and displacement-dependent nature thaesahanges in force or dis-
placement when contact is being made. Such time-depenelgmimses always approach
equilibrium asymptotically. Thus, theoretical modelingdaexperiments need to be con-
ducted to capture the physical response of transient wraehdo displacement is applied
while the viscoelastic material tries to achieve equilibtifrom a transient state. In the
process of achieving the equilibrium from a transient sthie latency caused by the redis-

tribution within the solid constitutes the time-dependeatiure of the response.



1.2  Outline of Viscoelastic Properties

Viscoelastic materials, specifically in the context of rob@rasping and manipu-
lation, exhibit the properties of: (Relaxation: the evolution of force in grasping while
the displacement is held constant; @kep: the evolution of displacement in contact and
grasping while the external force is held constant;3B3in History Dependence: The re-
sponse of the material depends on prior strain historyE(éjgy Dissipation: a net energy

dissipation associated with a complete cycle of loadinguaridading.

1.3  Overview of Chapters in the Proposal

The introduction to the viscoelasticity and literaturevayrare presented in Chap-
ters 1 and 2, respectively. In Chapter 3, the consistencyeqfdinameters of Fung’s model is
shown by using the experimental results. These results detnade a main difference from
the spring-damper model (e.g. Maxwell model, Kelvin modeletc). The Maxwell model
suffers from the lack of consistency in their parameters(dtative values of springs and
dampers) which varies with the change of experimental satgboundary conditions, in
addition to the material properties.

In Chapter 4, a novel “latency model” is proposed. The latanoglel is a strain-
based model. The main concept of this model is that vischelamterials always try to
achieve a new equilibrium state under different boundandd®ns. When the external
force is first applied to the material, the strain distribatinside the material is uneven and
under a transient state. With time elapsing, a new equilibrstate is reached based on
the latency model. This causes the stress relaxation aeg,cas the temporal responses
of viscoelastic contact interface. Both simulation and expental results are presented in
this chapter. Moreover, different types of relaxation aiszaolvered and discussed in this
chapter.

Based on the latency model presented in Chapter 4, more exgeghstudies are



presented and discussed in Chapter 5. The strain stiffeffexgt as been brought into the
viscoelasticity study and modeling in this chapter.

The strain creep phenomenon is studied in Chapter 6 with nmap@hd experiments
with force control. The model has also been applied to théyaiseof grasp stability in this
chapter as a practical application.

In the experimental results from different experimentshwiiscoelastic contact in-
terface, we observed that the relation between the strairsi@ain rate is nonlinear. Based
on this observation, we extend the latency model to a motestieanodel, which models
the relation between the strain and strain rate by a powefuaation in Chapter 7.

Finally, the investigations of nonlinear viscoelastic tzamt interface are summarized
in Chapter 8. In addition, two potential biomedical applicas are proposed with a brief
literature survey and preliminary. The topics of the pragsbfuture work are : (1) Bio-
inspired Tactile Sensor, and (2) Modeling of Viscoelastiotaot for Calibrating Cochlear

Models.



Chapter 2

LITERATURE REVIEW

2.1  Fung’s Model of Viscoelasticity

A popular viscoelastic model in the biomedical field is thenga model [8], pro-
posed by Y. C. Fung in 1993. The main idea of the model is to sgprtethe reacting force
as the multiplication of two independent responses: the@teal response and the elastic
response while incorporating the history of the stressaesp. The model may be written

as

©
T(t) = /_t Gt~ ol aE\A (®) ‘”(;ST) dt 2.1)

whereT (1) is the tensile stress at timg with a step increase of siZein elongation on the
specimenT(®()) is the so-called the elastic response &ft), a normalized function of
time, is the reduced relaxation function.

Tiezzi and Kao [9, 10, 11] simplified this model to study thét sontact interface
assuming no past stress history, as shown in (2.2). It wasrstit the viscoelastic model
has an important implication on the stability of grasp whiaimnot be captured by rigid or
linear elastic modeling.

9(5,t) =N (5)-g(t) (2.2)

where¥ (9,t) represents the grasping force as a function of the displectdnand time
t. theN(®(5) represents the elastic response of normal force as a fanatithe displace-

ment (or depression unto the objeal)t), represents the temporal response of relaxation
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Figure 2.1: Schematic representation of Kelvin-\Voigt mode

or creep. The important property of this model is the separaif spatial response and
temporal response as two independent functions.
Tsaiet al. [12] showed the consistency of parameters of the same \astaemate-

rial under different experimental setup.

2.2  Spring-Damper Models of Viscoelasticity

Linear model of spring and damper has been widely used in thdetimg of vis-
coelasticity [1]. In 1966, Yang proposed a viscoelastic elddr the contact problem by
assuming the elastic modulus is a function of time [13]. KeMoigt's solid model was
constructed by a spring and a damper connected in paradlghELshown in Fig. 2.1, and

the relation of stresgg, and straing, can be formulated as:

de
o= ke+ca (2.3)

Maxwell proposed in 1867 the Maxwell fluid model [15] as a $&nget of spring
and damper in series as shown in Fig. 2.2. The relation adstoe and straing, can be
formulated as.

The “generalized Maxwell model” utilizes multiple seri@rs1g-damper sets and a spring
connected in parallel. However, the problem of this modehes inconsistency of the

parameters (stiffness constants and damping factorsineotérom the model. Such pa-
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Figure 2.2: Schematic representation of Maxwell model.

rameters can have discrepancies of numerical values, ioftsvo orders of magnitude or
higher, while representing the same material with sets ppasedly similar springs and
dampers. These parameters sometimes can also preserlistiorddference in scales

under different experimental setupd. in [1, 16]).

2.3  Rheology Model of Viscoelasticity

Research of viscoelasticity also has been done from the apgatiewpoint [17,
18, 19]. Golik proposed a model based on the diffusion of $iaieide rubber under an
external force [20]. In 1974, a new concept of viscoelatstisias proposed by Golik [20].
It was concluded that creep and stress relaxation in fold&ahyers are resulted from hole
diffusion, in which the boundaries of the crystallites axsaurces and sinks with respect to
holes. Based on these studies, we construed that one causeaslastic behavior should

be the internal re-arrangement and alignment of materials.

2.4  Models from Molecular Perspective

B. H. Zimm [21] in 1956 proposed a model which represented eoekastic solid
by a chain of beads connected with ideal springs immersedaous fluid. Zimm treated
the problem as a three-dimensional chain problem with Brawmotion and a special
type of interaction. By employing Kirkwood’s general fornsah, he obtained the exact
solution of the eigenvalue problem. Before this, Alfrey [22¢sented a study of the vis-
coelastic behavior of an amorphous linear polymer from owdbe point of view. Rouse,

Jr. [23] studied three factors of linear polymeric molesuleamely, the length of poly-



mer molecules, the flexibility of the molecular chains, amel interaction of the segments
of polymer molecules. In addition, Bueche [24] derived theatmpns of a viscoelastic
polymer to predict the viscoelastic behavior of plasticgrfrmolecular viewpoint.

In [6], Meyers and Chawla suggested that a continuous dispiant of atoms or
molecules takes place with time at a constant load. This fleetranism of non-crystalline
materials is associated with the diffusion of atoms or makes within the material. This
model provides another supporting argument for stresgagtm and creep phenomena as
being due to a certain kind of continuous internal movemenlanthe configuration of the
material under grasping is held constant.

In [25], the author applied statistical solution to the raebklasticity problem. Al-
though viscoelasticity was not discussed much in this bdlo&, molecular structure of
rubber showed similar construction as the studies merdiabeve [20, 6]. Recently, Gok-
tekin [26] modified the Navier-Stokes equation with an addgl elastic term in it, which

results in a very vivid simulation of viscoelastic material

2.5 Model from Energy Perspective

In 2007, Adolf proposed the idea of “material clock” in madgl of viscoelastic-
ity [19]. The “material clock” is the model which depends dre tpotential energy of
the system, also known as “potential energy clock model.e Todel is derived from
the Williams-Landel-Ferry model (WLF), a temperature deje viscosity model. As
shown in many other studies, the same experimental setuppnoayce different results
due to this “clock” effect €9. the periodic loading-unloading experiment performed by

Viidik in 1973).



2.6  Models from the Perspective of Stress Wave Prop-
agation

Research studies have been conducted on the dynamic beb&visroelastic mate-
rials, especially the stress wave propagation. Theocadi®apadopoulou studied the prop-
agation of stress waves in viscoelastic media based on tlenKéoigt model [27]. Turhan
and Mengi proposed three types of inhomogeneities of teestwave within the viscoelas-
tic media [28]. Stucky and Lord utilized the finite elementarbng method (FEM) to ana-
lyze the properties of ultrasonic waves in linear viscagtasedia [29]. Pereira, Mansour
and Davis employed a wave propagation technique to mealserdyinamic viscoelastic
properties of excised skin when subjected to a low increaiesttain [30]. Fowles and

Williams derived two different phase velocities from consgion relations, mass and en-

ergy [31].



Chapter 3

AN EXPERIMENTAL STUDY OF GRASPING SUSHI
WITH VISCOELASTIC MODELING

In this chapter, we employ Fung’s viscoelastic model disedsby Tiezzi and Kao
to study the experimental data presented by Sakamtab [1] for grasping viscoelastic
objects using a parallel-jaw gripper. The viscoelastictaonmodeling presented in this
chapter is characterized by two separate responsescekagionse and temporal response.
Two main and intriguing results were found in the modeling analysis of experimental
data. The first is the consistency on the normalized coefiigifor the curve fitting of the
temporal response during the relaxation period of the gngsisuch consistency suggests
that the proposed model is applicable to the grasping takkrad. The other result is the
generic pattern of the elastic response deduced from theriexpntal data. The pattern
of elastic response represents different physical sigmée of grasping which involves

viscoelastic contact interface [12].

3.1 Introduction

Viscoelastic contacts can be found in many applicationsaitydife and robotic
tasks. One study of viscoelastic grasping was presentet] im Wwhich the authors per-
formed a grasping experiments with sushi using a paral&lgripper. The grasping task

as illustrated in Figure 3.1: loading, holding, and unlogdiIn the loading and unload-



ing phases, the elastic response of sushi as the grasped sbgominant. During the
holding phase in which the gripper was held stationary, theoelastic response offél ax-
ation” is dominant. Figure 3.2 and Figure 3.3 show the experinesgtap and snapshots
of the grasping task. Three groups of experiments were peéo with displacement of
the parallel-jaw gripper atm, 8mm, and 12nm, respectively. Figure 3.4 shows a typical
response of forces measured by the gripper as a functiomef fior the three displace-
ments.

The first and last phases of the grasping displayed in Figurean be controlled
arbitrarily with appropriate control algorithm, and arel@pendent of the material’s vis-
coelastic behavidr. The middle segment, in which the viscoelasticity domisatan be
modeled according to the models described in the Chapter 2

In this chapter, we will describe Tiezzi and Kao’s [10] modking with the study of
the experimental data presented in [1]. The study will fooa$oth the temporal and the

elastic responses.

3.2  Viscoelastic Modeling in Tiezzi and Kao

The viscoelastic model proposed by Tiezzi and Kao [10] dalishe representation

of the contact and grasping by the following general equatio
9(5,t) =N©(3)-g(t) (3.1)

The term to the left of the equal sign in equation (3%)J,t), represents the grasping
force as a function of the displacementand timet. The important property of this model
is the separation of spatial response and temporal respense independent functions.
On the right-hand side, thid(®)(5) represents the elastic response of normal force as a

function of the displacement (or depression unto the opjdttis elastic function can em-

1 Unless the application of the normal force is so slow as tcobeparable to the shortest time constant of
the exponentially decaying characteristics such as theqjimtion (3.3) or equation (3.6). See the following
equations and modeling.

10



Loadmgl Viscoelastic 1 Unloading

( closmg)t (stationary) (¢ openinsr)
- "1 >
25 ] | l I I Il
| : e Exp:eumentdl Resulg
: - Rop;odueod Result:
2.0 e """"""""" f """"""""" '_ """"""""" : """"
; ; ; g
d
: : o
5 § !
....R.Q..%.;U..‘g.S....‘. :....
H H |
z ;I

Figure 3.1: The three phases of a grasping task performedisin ssing parallel-jaw
gripper [1]. The grasping task can be broken into 3 phasesting holding, and unloading

Figure 3.2: The experimental setup and a typical grasp ¢ii fysa parallel-jaw gripper [1].
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(a)t = 0fs] (b)t = 3[s] (c)t = 6s]

Figure 3.3: Photos showing three instances of grasps [18. gfasping configuration and
elapsed time can be compared with Figure 3.4.

ploy various models, with typically nonlinear elastic cacttbehavior, proposed by many
researchers [32, 33, 34, 35, 36, 37, 38]. The second ternmuiatieq (3.1)g(t), represents

the temporal response of relaxation or creep. In the gradpdiEscussed here, both tem-
poral response of relaxation and creep are consideredndtes! that one function may be
constant while the other is varying in equation (3.1), foaraple, in the relaxation phase

during which the parameters of temporal function can belsthgut for curve fitting.

3.2.1  Elastic Response\(®(d)

The elastic response functidd(® (9), is the amplitude of the force generated instan-
taneously by a displacemeatfrom the undeformed configuration. In equation (3.2), the
parameterp andg are dependent upon the materials and geometry [39], and evaed

from the power-law equation proposed by Xydas and Kao [34].

N©(5) = P __gart (3.2)

It is noted that other models of non-linear elastic behaw&or be used in place of equation

(3.2) [36, 32, 40, 37, 38].

3.2.2  Temporal Responsej(t)

The relaxation function [10] is in the form of equation (3.83 part of equation (3.1)

n n
g(t) = _%ci e ' with vg=0 and 'Z)Ci =1 (3.3)
= i=

12
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Figure 3.4: The measurements of forces by strain-gaugeserainted on the gripper are
plotted as a function of time for total displacement ofd, 8mm, and 12n, respectively [1].
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The temporal response in equation (3.3) is normalized atyf ;¢ = 1. In the follow-
ing analysis, two exponentially decaying terms are used.Appendix A for the justifica-
tion of choosing two exponential terms. Therefore, equeat®3) used in curve fitting of
experimental data is

g(t) =co+cre ' + e (3.4)

wherecg+ ¢, +Cp = 1.

3.3  Experimental Results and Analysis

3.3.1 Experimental Setup

We use in this chapter the experimental results in [1]. Theegrments were con-
ducted by a pair of parallel-jaw gripper grasping sushi oaldet as shown in Figure 3.2.
The mass of the moving part of gripper is aroundyX#hcluding plate and wires) Strain
gauges attached on the grippers measure the forces applgdshi at a sampling rate of
200Hz “Normaki-sushi” was used in the experiments with a new st@heach exper-
iment. Experiments were conducted in three grasping dispt@nts of /m, 8mm, and
12mm, with the same maximum speed of movement and ramp-up anddamp profiles,
as shown in phase one of the three curves in Figure 3.4. FRjdrehows a typical se-
guence of the grasping task. For each displacement, sesgratiments were performed

with data recorded for analysis.

3.3.2 The Procedure of Grasping Task

As shown in Figure 3.3, the gripper was first brought to cantéth sushi. After
0.2sec, the gripper starts to grasp the sushi with a speed of moveergral to 20nm/s
until the prescribed displacement is achievedaty8mm, or 12nm. After that, the gripper
holds steadily until the time is atBs. Finally, the gripper releases the sushi with the same

speed of movement at &im/s, during which the contact is broken and the gripper moves

14



back to the starting position.

3.3.3 Elastic Response Based on Experimental Results

The force-displacement diagram in Figure 3.5 shows thdielessponse for the
entire grasping from loading to release. In the loadingestéige curve is approximately
linear. On the other hand, the unloading curve appears tohbknear and similar to a
typical response of unloading in a nano-indentation pracéaurther discussions will be
presented in the next section. In Figure 3.5, we use thrérelift legends in each diagram
to mark different sets of data. The circle on the loading eundicates the instant when the
grasping force reaches the maximum value; the circle onnleading curve indicates the
breaking of contact when the contact force sensed by thim gjeaige becomes zero; the
triangle in the plot shows the instant when the maximum gnasgisplacement is reached.

A few observations are in order:

(1) loading to the largest displacement: This is marked byfitist circle
(red circle). We noted that the maximum normal force is achhze-

fore the displacement reaches maximum, due to viscoekfétict.

(2) holding with relaxation: The relaxation curve is chdaeaized by the
exponential decay of normal force, under the condition ofstant
displacement. The elastic response (force-displacensétys a

vertical straight line.

(3) unloading to dis-engagement: The unloading segmentdmbnear

curve in the elastic response plot.

(4) the creep effect after the gripper was no longer in caniéuee creep
takes place after the contact between the gripper and sustoken,

in a gradual expansion of sushi after the external forcensoxed.

15
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The elastic responses corresponding to thengplotted in Figures 3.6) andmm

displacements are similar.

3.34 Inertia Effect of Gripper During Sushi Grasping

The force measured by the strain gauge contains not onlyotitact normal force of
grasping but also the inertial force due to the acceleratmmhdeceleration of the gripper.
The mass of the gripper is fgwith accelerations corresponding to 12mm, 8mm and 4mm
displacement being.6990m/s?, 0.7263m/s> and 07110m/s>. The inertial forces are
estimated atFomm = 9.786x 103N, Fgmm = 1.017x 102N, andFgmm = 9.954x 103N,
respectively. Comparing with the normal force from sushg itlertial effect for 1&m
experiments is less than 1%, fomB experiments is about 1%, and fomh experiments
is about 25%. It is concluded that the inertial effect does not afféet butcomes of the

experiments.
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3.3.5 Data Analysis of the Viscoelastic Relaxation Phase

As presented in Tiezzi and Kao [10], wheft) is normalized to 1 at = 0 at the
onset of the viscoelastic response, the exponentiallyyiegarelaxation” behavior can be
represented by the general function of linear combinatiexponential terms [10]. Since
equation (3.3) is normalized with time starting at O, we have shifted the time reference
of the viscoelastic phase in Figure 3.1 to stait-at0 for the relaxation segment.

Employing the ‘nonlinear least squares’ curve-fitting t@gae with ‘trust-region
reflective newton’ algorithm by using equation (3.4) and da¢a from the curve of the
“viscoelastic” phase in the experimental result with displacement equdl2anm renders

the following best-fit equation with correlation Bf = 0.9986
N'®(5) = 2.187 (3.5)
g(t) = 0.4852+0.2472e 3981% | 0.2676 0323 (3.6)

Using the parameters in equation (3.6), we can plot the giastic response of re-
laxation phase in Figure 3.4. The experimental data andflidanction are plotted in
Figure 3.8 for comparison.

In addition, the asymptotic response of the viscoelastittaxi, when the time is
elapsed for longer period, is plotted in Figure 3.9, usirgghme parameters in equation
(3.6) with the best-fit curve. This provides us with a sensthefasymptotic behavior of
grasping for the soft contact in grasping as time goes on.

Following the same procedure, the normalized temporabrespfor the Bimgrasp-

ing displacement is found witR? = 0.9941, and
N©(5) = 0.957 (3.7)
g(t) = 0.5275+ 0.2313e 3493 | 0.2417e 04241 (3.8)

The curve-fitting result for therdm grasping displacement is obtained wiRA =
0.965, and
N©(5) = 0.4254 (3.9)
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Figure 3.8: Comparison of the experimental data and besirfdtion (12nm). The exper-
imental data are shown with ‘x’; the best-fit curve is showsatid line. The result shows
good curve fitting.
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Figure 3.9: Comparison of best-fit curve with asymptotic ead the lower plot for the
viscoelastic soft contact and grasping. The experimerat th the upper half plot are
from [1]. The lower half plot illustrates the relaxation laefor with longer elapsed time to
show the asymptotic behavior.
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Table 3.1: The coefficients of the relaxation function in BgH with 12nm Displacement.
The results show 10 different sets of experimental data.

No Co C1 %1 Co Vo N(e) R2

01| 0.5007| 0.2390| 3.666| 0.2604| 0.4860| 2.285| 0.9987
02| 0.4872| 0.2506| 3.659| 0.2622| 0.4710| 1.963| 0.9983
03| 0.4817| 0.2552| 3.525| 0.2631| 0.4838| 1.434| 0.9977
04| 0.5127| 0.2391| 3.646| 0.2482| 0.4928| 1.901| 0.9985
05| 0.5016| 0.2401| 3.672| 0.2583| 0.5145| 1.991| 0.9988
06| 0.4852| 0.2472| 3.981| 0.2676| 0.5325| 2.187 | 0.9986
07| 0.4674| 0.2740| 3.743| 0.2586| 0.4704| 1.530| 0.9973
08| 0.4345| 0.2786| 3.856| 0.2869| 0.5329| 1.418| 0.9980
09| 0.4849| 0.2605| 3.699| 0.2546| 0.5016| 1.944| 0.9987
10| 0.4894| 0.2427| 3.737| 0.2679| 0.5194| 2.922| 0.9995

g(t) = 0.6186+0.1651e >80 1 0.2161~ 00421 (3.10)

3.4 Discussions

3.4.1 Different Regions of the Elastic Response

In Figures 3.5 and 3.6, several common regions with diffepdysical significance
can be categorized. To summarize the experimental residigte 3.10 is plotted to illus-
trate different regions of grasping using viscoelastictaonmodel on sushi. The entire
grasping process can be broken into six different regiorshagn in Figure 3.10.

The six regions in Figure 3.10 are labeled as “Preloadingrgég‘Loading region,”
“Transition region,” “Relaxation region,” “Unloading remn” and “Creep region.” The

details of each region will be explained in the following.

34.1.1 Preloading Phase

This segment happens at the beginning of the grasp to fi@nsit pointA at which
the loading region starts. This region is normally nonlm&#h response depending on the

nature of grasp and materials.

21



Table 3.2: The coefficients of the relaxation function in Bgtf with 8nm displacement

No. Co C1 V1 Co Vo N(e) R2

01 | 0.5143)| 0.2371| 3.758| 0.2485| 0.4561| 1.166| 0.9961
02 | 0.5188| 0.2313]| 3.725| 0.2499| 0.4779| 0.985| 0.9957
03 | 0.5101| 0.2701| 3.180| 0.2196| 0.4300| 1.089| 0.9953
04 | 0.4738| 0.2732| 3.705| 0.2529| 0.4956| 1.117| 0.9960
05 | 0.4649| 0.2506| 3.948| 0.2844| 0.4546| 0.956| 0.9955
06 | 0.5275| 0.2313| 3.493| 0.2411| 0.4247| 0.957| 0.9941
07 | 0.5395| 0.2242| 3.935| 0.2362| 0.4769| 1.336| 0.9974
08 | 0.5572| 0.2250| 3.410| 0.2178| 0.4885| 0.987| 0.9923
09 | 0.5244| 0.2415| 3.351| 0.2340| 0.4523| 1.427| 0.9965
10 | 0.5296| 0.2324| 3.725| 0.2379| 0.4829| 1.154| 0.9956

Table 3.3: The coefficients of the relaxation function in Bgtj with 4nm displacement

No.| co c1 v Co Vo NG R2

01 | 0.5281| 0.2517| 2.711| 0.2201| 0.2828| 0.4715| 0.9724
02 | 0.5692| 0.2133| 3.584| 0.2173| 0.3972| 0.4331| 0.9770
03 | 0.6030| 0.1918| 3.731| 0.2051| 0.4896| 0.6053| 0.9824
04 | 0.6006| 0.1833| 3.960| 0.2160| 0.5163| 0.6828| 0.9849
05 | 0.5721| 0.2120| 4.160| 0.2158| 0.6349| 0.3661| 0.9542
06 | 0.6186| 0.1651| 3.786| 0.2161| 0.6427| 0.4254| 0.9650
07 | 0.5743| 0.1885| 5.111| 0.2371| 0.6607| 0.3781| 0.9455
08 | 0.5617| 0.2342| 3.124| 0.2040| 0.3497| 0.4862| 0.9495
09 | 0.5353| 0.2439| 3.497| 0.2207| 0.4513| 0.4081| 0.9630
10 | 0.5139] 0.2355| 2.958| 0.2505| 0.2553| 0.5588| 0.9842
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Figure 3.10: Model of elastic and temporal responses ofpgngssushi with viscoelastic
contact interface. The schematic model illustrated typEsponse with 6 region©A, AB,
BC, CD, DE, EF.
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Table 3.4: Statistic result: mean value and standard dewmiaf normalized coefficients

Displacement Coefficient| Average| Standard Deviation
Co 0.4845 0.0215
C1 0.2527 0.0144
12mm Co 0.2628 0.0103
Vi 3.7184 0.1249
Vo 0.5005 0.0234
Co 0.5161 0.0280
C1 0.2417 0.0176
8mm C2 0.2422 0.0189
Vi 3.6230 0.2541
Vo 0.4639 0.0243
Co 0.5677 0.0342
C1 0.2120 0.0291
4mm C2 0.2203 0.0140
Vi 3.6622 0.6814
Vo 0.4681 0.1480
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3.4.1.2 Loading Phase

The region from poinA to B is the loading phase of grasping in which the normal
force is gradually increased until a prescribed value ishied. The normal force is applied
through the controller of the parallel-jaw gripper. It is@lcalled the “closing phase” in
the paper [1]. This segment looks fairly linear until it reas pointB when the maximum

force is reached in Figure 3.10.

3.4.1.3 Transition Phase

The regionBC represents the transition from the elastic loading to \a@sastic relax-
ation. Starting at poinB, the force starts to decrease while displacement is inedets
maximum atCC. At pointC, the gripper was held stationary with no change in displasgm
Depending on the characteristics of the material beingpg@sthe poinC can be higher
than pointB (as is in the case of biomedical tissues [41]) or lower thant@®(as is in this

case of grasping sushi). The transition region is nonlinear

3414 Relaxation Phase

The regionCD is characterized by the gradual decrease of the normal fehde
the grasping configuration and displacement remains uggtardemonstrating thees-
laxation behavior, as shown in Figure 3.10. Due to the viscoelasticatdieristics of the
object (in this case, the sushi being grasped), the normze fexhibits the typical behavior
of an exponentially decaying curve—corresponding to treefese in the normal force in
the vertical line segmer@D, as shown in Figure 3.10. This region is also called the “sta-
tionary phase” in the paper [1]. From equation (3.1), we edirthat the elastic response
will keep as a constant if thé keeps the same. In this segment, the equipment main-
tains the same displacemedt,which results in the relaxation response. The reduction in
force is a way of minimizing the energy through re-orienting individual particles of the

grasped object (rice and other garnish in sushi).
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3.4.15 Unloading Phase

The regionDE is the unloading stage in which the gripper retreats fronsgi@nd
finally breaks the contact at poit After the contact is broken at poiBtwhen the normal
force is reduced to zero, the gripper will continue to retrgail the original position at
O. The regionDE appears to be nonlinear, and resembles that of typical dimigan
indentation or nano-indentation. This phase correspondie reverse of the “loading”

phase. Itis also called the “opening phase” in [1].

3.4.1.6 Recovery Phase

As soon as the contact is broken, the sushi continues tareetstdts initial configu-
ration, as shown in the regideF in Figure 3.10, through the creep phenomenon [10]. At
the EF region, the sushi has no external force applied but congino@xpand while the
normal force applied is zero. Creep compliance is anotherdithe coin to the relaxation

in CD.

3.4.2 Discussions and Statistical Analysis of Temporal Rpense

The temporal functiory(t) is the reduced relaxation function which describes the
relaxation behavior of viscoelastic material. The coedfits of curve fitting using equation
(3.4) for 12mm-displacement is listed in Tables 3.1.

The statistical analysis of the normalized coefficiengf ¢, andv; Vo) in equation
(3.4) from the 10 different data sets was conducted, withltesf mean value and standard
deviation listed in Table 3.4. It is clear from Table 3.4 tha¢ standard deviation of the
coefficients and exponents are very small compared to the we#ae. Thus, the statistical
analysis of the temporary response of relaxation yielddigethat are quite consistent. This
suggests that the curve fitting employed to perform the amalyf grasping is consistent
and yield repeatable results, and seems to capture thecphofsielaxation in exponential

decay.
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The temporal response of relaxation represented by seg@ienh Figure 3.10
presents another intriguing insight. It is observed in expents that the particles (rice
grains and garnish) rearrange themselves with a reductigrasping force, while holding
displacement at constant, during the relaxation s@ige However, thisCD segment of
relaxation does not present any changes in energy due toctinaal force on the force-
displacement diagram, because the integration of areaa$ kievertheless, it is obvious
that energy changes are taking place during the relaxatioceps. So what is the seem-
ing paradox? The problem cannot be answered by the elagigyealone, but should be
tackled in a broader context using equations of thermodycgeand energy. The entropy
is increased during the grasping stage frono C, and is decreased during relaxation in
CD while the internal particles are re-arranging themselaesni attempt to minimize the
disorder. Itis conjectured, however, that the sum of entafisuch increase (fror® to C)

and decrease (fro to D) is still positive, because this is not a reversible process

3.5 Summary

In this chapter, we employ viscoelastic contact model tdyaeathe experimental
data of grasping viscoelastic objects using a parallelgaywper. Two main conclusions
are presented. The firstis the modeling of elastic and teahpesponses which can be bro-
ken into six distinct regions, each with its physical megnifihe pattern is also consistent
with the experimental data. The second result is regardiagonsistency of the normal-
ized coefficients of exponentially decaying equation ofrilaxation response. The small
standard deviation suggests that the modeling is statiltisignificant within the data
group of the same displacement. The results suggest thdttieesponse model [41, 34]

can capture the behavior of viscoelastic grasping tasle queil.
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Chapter 4

THEORY AND EXPERIMENTAL STUDY USING
THE LATENCY MODEL

In this chapter, we propose thatency model to describe the viscoelastic contact
behavior. This new model is built upon research from varields of science and engi-
neering. Experiments were conducted to validate the cterstics of the latency model.

The work contained in this chapter has been published in [2].

4.1 Introduction

Viscoelasticity is the phenomenon of time-dependentrstaaid/or stress in elastic
solids. Various contact interfaces with anthropomorphid-effectors and polymeric solids
found in robots and manipulators are intrinsically vises#k. It is therefore important to
model such behavior and to study the effects of such timedgnt strain and stress on
the stability and sustainability of grasping and manipatat Various models have been
proposed over the years to describe such behavior of tiperdkent strain and stress.
Furthermore, viscoelastic solids also display typicalhnimear elastic response. Built
upon a variety of literature, a new and practiency model is proposed in this chapter
for the application of contact interface involving viscagticity in robotics. Latency model
can describe various features of viscoelastic materiatd) as stress relaxation, creep, and

material clock. The theoretical modeling was supporteddpeements in which we found
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two types of relaxation, depending on the loading and unifgadf grasping or contact.
One type is well documented in existing literature; but thieeo type has not been, to
our best knowledge, presented before. The proposed thaaryrafy both types of time-

dependent relaxation responses.

4.2  The Latency Model

The latency model we proposed here is a analytical modeldbas¢he movement
of internal structure of material, as discussed in Secti@n K describes a latency of time
and evolution of a transient response to sudden changedeshakforce or displacement
in grasping. The external force, which can be measured iare@rents, is the result of the
normal stress on the contact surfaces. The internal strairstaess, however, will change
as the density distribution inside the material changegsponse to achieve an equilibrium

state. The latency model tries to capture such temporabnsgs of relaxation or creep.

4.2.1 The Concept of Latency Model

The fundamental concept of latency model postulates tieadiémsity distribution is
a function of time for viscoelastic material, and it is alwayoving toward the equilibrium
state. The stress distribution will also vary with the dgndistribution, and macroscopi-
cally, results in the phenomenon of stress relaxation aeionse of stress change on the
contact surface.

This modelis illustrated in Figure 4.1, which we assume tiieeblock as a uniform
viscoelastic material starting at an equilibrium state. Wae external force is applied, the
latency model displays varied gaps of density distributiothe second plot in Figure 4.1
at the end of loading phase. The uneven distribution is adiesult of thelatency with
which the effect of external load has not been evenly projeagand developed to the cen-
tral part of the material, and it results in the uneven stdestsibution inside the material.

At this moment, the maximum stress happens on the contafetceur There is a lag in
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Figure 4.1: The latency moddloading: The first subplot represents the density distribu-
tion before the external load is applied. The second sulplbie transient state when the
external force is applied, with displacement held congtart 0). The relaxation phase af-
ter that is shown in subplots 3 and 4 when equilibrium is dstaéd ¢, — ). Unloading:
The displacement of the grasppartially increased which causes another type of relax-
ation shown in subplots 5 and @ll: The forces and their magnitudes are indicated with
arrows of different lengths corresponding to their magies The force-time plots to the
left of the figure indicate the state of the latency model sitiall circle.
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Figure 4.2: Type | and Type Il relaxation curves in resporsdoading-holding and
unloading-holding conditions, respectively.

the time-dependent response that causes subsequenibatmt via mechanisms of hole
diffusion and/or chain of beads as discussed in Chapter 2. eXteznal force is plotted
with arrows acting at the contact interface with differerggnitudes, based on the latency
model. The corresponding force-time plot to the left of estette indicates the progression
of force variation with a circle in the plot. When the relaxatis in progress from the third
subplot to the fourth, the force decreases as the positibaltsconstant in grasping. The
relaxation phase will finally approach equilibrium when tensity distribution asymptot-
ically approaches uniform. At the fifth subplot, the disglaent is increased with contact
expanded. Thipartial unloading again causes transient response with unevertyddiss
tribution. As time progresses, the relaxation nature causdistribution, which in turn
causes the external force to increase.

It is important to notice these two types of relaxation basedvhether it is loading-
holding or unloading-holding. This is best illustrated iigére 4.2, in which the displace-
ment is controlled by the application of external force, lagvwn in the second half of the
plotin Figure 4.2. First, the displacement is increasedatovthe grasped object, followed
by holding the displacement at the maximum value until thg€ll” relaxation is asymp-

totically finished. The Type | relaxation is well-known analshbeen widely reported in the
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literature. This relaxation is characterized by an exptiaby decaying time-dependent
response, accompanied by a decrease in force while thedéspent is held constant.

Next, the displacement is decreased partially and helds dbading-holding phase
causes the “Type II” relaxation. Instead of a decaying raspan force, this relaxation is
characterized by the increasing force while the displacgnseheld constant. This, to our
best knowledge, has not been reported with a model.

The two types of relaxation represent the same physics, witly different initial
condition and configuration of grasping. Conceptually, titericy model can explain the
two different types of relaxation with an unified model. Asesult, the latency model can

capture both Type | and Type Il relaxation satisfactorily.

4.2.2  The Analytical Latency Model

The latency model assumes that the stress is proportiotiaé tetrain; that isge =
a &. The compressive normal force on the contact surfac€s is gcA, which has the
same magnitude as the grasp force, denotdd. 83ecauseas; is a compressive stress, we

can write the magnitude of the force
F — |Fc| — —GcA: —acgc (41)

whereg; andg; are the compressive stress and strain at contact surfapectevely,A is
the area of contact surface ang= aA is the proportional constant for strain and applied
force. Furthermore, the force function of viscoelastic enals is a combination of the
elastic responsé\(®(5), and the temporal responsg(t) [10]. The temporal function,
g(t), is an exponentially decaying function (the direction ofale depends on the type of
relaxation). Thus, we have

F(5,t) =N©(5)-g(t) (4.2)

with the temporal response being

n n
g(t):_z)ci e V' with vo=0 and _chi =1 (4.3)
= i=
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wherec; are the coefficients ang are the exponents. It is noted that the elastic response,
N, is a function of the displacement applied before the relarastarts, and should
remain constant thereafter. Thus, we canNé&t = Nop, the normal force a = O before

the relaxation starts, and simplify equation (4.2) as
F = No(co+cie ) (4.4)

In equation (4.4), the exponential function is employedd(rn from equation (4.3) by

takingn = 1 [10]. Substituting equation (4.1) into equation (4.4),ce@ derive

N
£o=——(Co+cre” ") (4.5)
Oc
The strain rate of. becomes
C dt C ac 1 ( )

Finally, we substitute equation (4.6) into equation (4ddlbtain

wherem= —v; andl = —(NpCov1)/(ac).

Figure 4.3 shows the result of equation (4.7). The trend laixegion is always
approaching the equilibrium state at the equilibrium strai, with zero strain ratest = 0)
regardless of the type of relaxation. Moreover, we notic fype | relaxation happens
when the absolute value of the strag, is greater than that of the equilibrium stragg,
As a result, Type | relaxation stays above the equilibriunmpon the horizontal axis and
Type |l stays below the horizontal axis.

Equation (4.7) can also be written as

NOCO)

c

(4.8)

-EC = _V1(£C+

When the strain rate; in equation (4.8) becomes zero, the equilibrium is reacineictlae
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Type | Relaxation
&l > Edl

Strain Rateg

Strain €

Type Il Relaxation
&l < Ed

Figure 4.3: The relationship between the strain rat@nd the straing, during the relax-
ation phase. In this figure; is the strain on contact surface whiga= 0, & is the strain on
contact surface in equilibrium state whigr— o, andt; is the relaxation time.
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strain is equal to the equilibrium strdin Therefore, we obtain

~ NoCo

o (4.9)

.£C: —Vl(gc—ee) &. Ee:

Equation (4.6) can be employed to obtain the time as a fumctistrain rate or strain on

contact surface, as follows

1. Npcpv 1 NocC
t=—In222t g1 (4.10)
V1 Oc&c Vi —&0c—NoCo

4.2.3 Computational Simulation of the Latency Model by FiniteElement Method
(FEM)

The analytical latency model described in Sections 4.2dl48.2 is a continuous
model with varying density/strain distribution. The contous latency model can be imple-
mented in numerical simulations using discrete elememstiHe purpose of discretization
for simulation, we divide the material intonodes with equal spaces between each other,
similar to the first subplot in Figure 4.1r{2odes).

The parameterg; in equation (4.9) is constant for homogeneous material.€g e

determined byNpy. Thus, we can write for each node represented in the latecgn
g§=-Vvi(&§—&) 1=2,---,n (4.11)

Equations (4.9) and (4.11) constitute the evolution of tiseadice between the nodes based
on the latency model.

The simulation was implemented using the displacementrabomt Figure 4.4(b),
similar to that in experiments. The nodes inside the mdtesriareact to the change of
displacement based on equation (4.11). S$iep-by-step algorithmis: (i) Calculate the
equilibrium strain g, base on the contact displacemeni; $ubstitutese andg; into equa-

tion (4.11) to obtain the strain ratg, of ith node; {ii) Displace thdth node based on the

1 The equilibrium strain can also be obtained from equatiof)@nd (4.1) by assumirtg— 0. The same
result for the equilibrium strairg. = —NoCo/a¢, can be obtained.
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Figure 4.4: The results of simulation using the latency nhbgemplementing the formu-
lation in Section 4.2.2.

obtained strain rate; (iv) Go back to stepif and perform the calculation on tlie+ 1)th
node recursively until the last node= n— 1 is reached.

Figure 4.4 shows the results of a simulation. The prescriligglacement sequence
is in the right half of Figure 4.4(b). The left half of Figuredda) shows the contact force.

Both Type | and Type Il relaxations are seen in Figure 4.4(a).

4.3  Experimental Validation

Experiments were conducted to validate the proposed haterodel. The experi-
ments are designed to resemble the loading-holding-uimiggmtesented in Section 4.2. In
the following sections, the experimental setup will be dssed, followed by the presenta-

tion of experimental results.

4.3.1 Experimental Setup

The experiments were conducted using a tensile testingimaahth a pair of par-
allel flat fixtures pressing upon the object, as shown in FEgub. Since the system is
identical to a parallel-jaw gripper, it will be referred te auch in this chapter. The load
cell has a range of N force with an accuracy of.@N and high repeatability. The dis-

placement measurements have an accuracy ofrifh. Multiple experiments with varying
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loading rates, stationary and relaxation phase, and umgahase were conducted. The
parameters of the experiments are tabulated in Figure 4.5.

The inertia of the fixture is compensated by the design of thugpenent in order to
minimize the effect of force measurement due to acceleratialeceleration. Calibration
experiments were conducted to measure the inertia fordeowutitcontact to identify the
amount of inertia force due to the fixture alone. The resuligcate a maximum of 85N
of inertia force (within the range of acceleration and deraion used in the experiments)
measured by the load cell, which is only slightly larger ttiag accuracy of the load cell.
Based on the parameters used in the experiments, we conblidbe inertia effect is less
than 1% of the typical range of forces; therefore, it is rggle.

The material of the grasped object is a soft silicone solfte Jilicone solid is made
of silicon powder by mixing the composition of 50% siliconewaer with 50% thinner.

The silicone is then cured for 48 hours after mixing.

4.3.2 Experimental Validation of the Latency Model

Experiments were conducted using the equipment shown ur&id.5 to compress
a parallelepiped silicone material with a size of 643 x 22mm. The video clip of the
compress-and-hold experiments is submitted with this t&ragsix still photo frames of
this video are extracted and illustrated in Figure 4.6 tasti@ correlation to the proposed
latency model in Figure 4.1. The first part of the video clipwh the setup. The second
part shows the relaxation with accelerated frame speecettheanovement of the line due
to relaxation.

Figure 4.7 shows the profile of force measured by the loadvdedin the distance
between the contact surfaces is held at constant. It is teathe recorded force, when
the relaxation starts, decreases and the gap widgnd={gure 4.6) as predicted by the
latency model. This is an effective validation of the pragubatency model for viscoelastic

materials.
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pendant control
with PC interface
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movemement
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Two parallel
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{ Velocity of fixture 0 — 8.3 mm/sec
Loading rate 83 — 20 N/s
Range of force 0 — 30N
Sampling period 0.02 sec
Acceleration/deceleration 14 mm/sec’
Inertia of fixture 035N

Figure 4.5: The experimental setup on a tensile testing machith a pair of parallel flat
fixture plates.
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Figure 4.6: Still photos from the video of experiments cartdd by compressing the sili-
cone block and hold. The first still photo is when the matesias not compressed at the
beginning of the experiment. The two contact surfaces weoes in the photos. Marker
lines were labeled on the block to show the movement of lils. block was compressed
to maximum displacement in the next still photd,at Oswith a distance between the two
bottom lines being 23mm. At this point, the fixtures maintain their positions, holgithe
total distance between the contact surfaces the same. khéone still photos show the
widening of the distance between the two marker lines frof8@2m att, = Osto 2.97mm
att, = 10sto 3.04mm att, = 20sto 3.11mm att, = 40s, and asymptotically approaches
3.11mmatt, = 60s. The video clip accompanying this chapter shows this relarand
evolution clearly.
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Figure 4.7: The experimental data corresponding to Figude Zhe evolution of force
as the relaxation was taking place even though the totaristbetween fixtures is held
the same, the silicone undergoes the changes describee liatéimcy model presented in
Figure 4.1.

4.3.3 Experimental Results about Type | and Il Relaxation

To observe Type | and Type Il relaxations, repeated loadimdy@artial unloading
were applied. In the experiments, a rubber ball was usedeate $t specimen. The results
of force due to the prescribed displacements are shown uré€sgt.8, depending on loading
or unloading.

It is noted that Type | relaxation occurs when the object Id héconstant displace-
ment after a loading stage with increasing force and digpient. This is illustrated by
the exponentially decaying force in the upper-left plot afufe 4.8. In addition, this is
represented in the right plot of Figure 4.8 as correspontbniipe vertical lines moving
downward with the same displacement but decreasing fotcesnastant displacement of
20mm.

On the other hand, Type Il relaxation occurs when the digptent is held constant
after an unloading phase. This is shown by the increasingefor the upper-left plot of
Figure 4.8, and also represented in the right plot of FiguBea& corresponding to the
vertical lines moving upward with the same displacemenirtreasing forces at constant
displacement of 1&m.

Figure 4.9 shows the progression of the sequence of the imgrdrfrom 1 to 14,

corresponding to each change of force/displacement inr&ig.8.
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Figure 4.8: Experimental results illustrating Type | ang@yl relaxation under repeated
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Figure 4.9: The time sequence of force-displacement oglaihown in Figure 4.8.
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4.4 Discussions

4.4.1 Computational Simulation

The simulation which implements the latency model in Figlileassumes that the
strain rate is a function of the strain , as in equation (4li@)other words, the strain rate
will be higher when the current state is far from the equilibr state than the state which

is almost in equilibrium. We also assume that the stressojggstional to strain.

4.4.2 Solid Model

The stresses from the contact surface to the center of mbtitrease due to the
inertial force of each mass as well as latency in hole difflag20]. When relaxation
progresses, these different stresses start to becometecpsadh other via redistribution of
strain between masses, accompanied by energy dissip@hese effects were captured by

the modified Fung’s model with formulation presented in ect.2.2.

4.4.3 Potential Energy

Type Il relaxation is not commonly seen in the literature widwer, it is reasonable
when we consider potential energy of Type Il relaxation pssc When Type 1l relaxation
is accompanied by an increase in force, as shown by the sncallmterclockwise loop
in the left plot of Figure 4.10, the net energy dissipatiopasitive—which is consistent
with physical systems. If Type Il relaxation were to causeftbrce to decrease like Type
| relaxation, then it will result in a clockwise loop of neyat energy dissipation—which

violates the physics.

4.5  Summary

In this chapter, we presented a latency model to descrildetieedependent behavior

of viscoelastic materials commonly found in robotic cohiaterface or grasped objects.
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Figure 4.10: The direction of Type Il relaxation in the foidisplacement plot, showing
the loop tracing the relaxation.

Implementation of the latency model with computer simolatas well as experimental
results were presented. They are found to match with eadr atbll. Video clip from
experiments clearly depicts the relaxation response asgomential function of time. The
Type | and Type Il relaxation behaviors are represented®gxiponentially changing force
when the displacement is held constant in grasping. Type¢iskdocumented in literature;
whereas, Type Il relaxation has not been discussed prdyiduse physical significance of
Type Il relaxation (with increased force during relaxajioms discussed in relation to Type
l. The latency model unifies both types of relaxation in a nhedéh analytical formulation

which can be utilized for modeling and simulation.
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Chapter 5

EXPERIMENTAL STUDY AND MODELING OF
LOADING AND UNLOADING OF NONLINEAR
VISCOELASTIC CONTACTS

The latency model is an analytical model for describing tekdvior of nonlinear
viscoelastic contact interface in robotic grasping and imaation. The latency model
is based on experimental observation of viscoelastic nadgerhich exhibit the behavior
of both elastic and temporal responses when subject tonattésrce or displacement.
It is postulated that such materials display latency in @asp of external influence by
the rearrangement of molecules, holes, and structuresder o achieve an equilibrium
state corresponding to the instantaneous loading. As dt res propose that there are
temporallatent activities in progress before the material reaches the equilibriute sta
the previous study [2], the latent activity of strain retdimution with a prescribed constant
displacement was presented using both theoretical madafid experimental results. In
this chapter, we build upon this latency model to study thelmr of viscoelastic materials
under different loading rates with experimental resultse Tatency model is employed to
explain the behavior of responses of hard and soft viscelasiterials typically found in

robotic contact and grasping.

44



51 Introduction

This chapter builds upon the study of the latency model medan [2] to investi-
gate the behaviors of grasping response observed in vast@ematerials. The concept of
“latency” refers to the latent activities in progress, ehihe state of viscoelastic material
remains the same macroscopicalyg( displacement or force remains the same after load-
ing or unloading). In [2], the latent activity of strain résttibution was studied based on
experimental results when the displacement is held conistangrasping task.

In this chapter, the strain hardening effect bffening effect) is correlated with the
latent activity postulated in the latency model, as obsgfuem the experimental results.
Furthermore, Gardel concluded that the stiffening effedtirectly related to the concen-
tration of cross-link structure [42], which can also caatelwith the idea of uneven strain
distribution in the latency model. The strain hardeningeffin contact interface can com-
plement the previously proposed latency model to explatnabserved behavior under

different loading/unloading rates presented with the arpental studies in this chapter.

5.2 The Latency Model for Viscoelastic Contact In-
terface

The latency model is an analytical model for describing thielinear contact behav-
ior of viscoelastic materials based on experimental oladgienv. In the latency model, we
postulate that the strain distribution within the visce@ilamaterial is a function of time.
When a viscoelastic material is subject to external displec#, the unevenly distributed
strain, from the immediate contact interface inward to arhe material, will result in an
uneven stress distribution; consequently, a change ohcbfdrce on the contact surface
will happen [2]. Re-arrangement and re-distribution of tlamsient state will ensue until
an equilibrium state is achieved. When the displacementefldformed object is held

constant, the force will decrease exponentially as a redulte re-arrangement. This is

45



commonly known as theslaxation response. Likewise, when the external force deforming
the subject is held constant, the rearrangement will ocdilr atendency to reach towards
the equilibrium, resulting in the exponential change optiisement. This is known as the
creep response. In [2], the latent activity of strain distributiovvhen subject to a constant
displacement was investigated.

Tsai and Kao applied the modified Fung’s model to formulagel#tency model to
study the strain rate when a viscoelastic contact is sutjeiconstant displacement after

the loading is completed, as follows [2]

E=me+ 1 =—vi(&+ &) = —vi(&+ NO:O) (5.1)
or
b= —va(Ect M) (5.2)
wherem= —vy, | = —(NpCoV1)/0c, & ande; are the strain rate and strain of material on

the contact interface is the equilibrium strain for a given displacemeNg,is the initial
elastic response (force) due to the constant displacenfientl@ading, andcy, v1, ac are
constant coefficients pertaining to the materials and {@iperties. The coefficients are

defined in the following equation [2, 9, 10, 11]
F(t) = No(co+cre™") with cp+cp =1 (5.3)

In this chapter, we study the force response based on differ@ding/unloading rates. The
specific stiffnessk, in the chapter is defined as

_da

ke= 29
7 d¢

(5.4)

whereo andeg are the stress and strain, respectively.

5.3  Experiment and Analysis

In this section, we present the experimental setup firdg@d by the experimental

results and analysis.
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(grasped object) High Speed Camera

Figure 5.1: Experimental setup for the compressive loadimdyunloading tests, showing
the parallel-jaw gripper, camera, and ancillary devices
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Table 5.1: composition of the silicone used in the experisen

| | silicone powder thinner]

hard silicone 90% 10%
soft silicone 50% 50%

531 Experimental setup

Figure 5.1 illustrates the experimental setup of a robosialel-jaw gripper and
high-speed video camera. A grasped object is shown betweetwb gripper surfaces.
The force of grasping is measured by the load cell mountechergtipper that has an
accuracy of ®5N. The accuracy of displacement of the systemisnl

The mass of the gripper mounted on the load cell ig,1#hich moves with an
acceleration up to 5000m/s? in all the experiments performed in this chapter. The grdspe
object has much smaller movement and thus its inertial effareglected. As a result, we
can estimate the maximum amount of inertial force to be aB@nN (during the ramp-up
and ramp-down periods). This is much smaller than the acgueael of the force sensor.
The actual profile of motion, measured inertial force, arelébtimated inertial force are
shown in Figure 5.2. By comparing the data of force with thpggr moving at the highest
loading rate versus that of stationary gripper, the samelasion is also reached. That is,
the inertial effect due to the acceleration at the loadingrdoading in this experimental
setup can indeed be neglected.

Two different silicone solids with “hard” and “soft” texterare fabricated for the
experimental study, as shown in Figure 5.3. Both cylindrstidones are 25mm in radius
and 30mm in height with the compositions listed in Table 5.1.

Figure 5.4 shows a schematic of the experimental setup uré&fg 1 with the grasped
silicone solid and the fiducial marks, parallel-jaw gripmerd the camera.

The procedures of the various experiments conducted urnffieretit loading rates

are enumerated in the following.

(1) The gripperis moved to barely touch the surface of themsik solid.
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to judge the inertial effect of gripper in experiments. Thatbm right plot shows the
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Figure 5.3: The left and right cylindrical specimens arertfiand “soft” silicone, respec-
tively. The dimensions of both specimens aren®bin radius and 3éhmin height.
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The silicone solid is supported freely by strings so thailitwot fall

due to gravity, but with least amount of interference to gnag.

(2) The loading process will begin based on a loading raterdened
apriori by the amount of prescribed displacement and the duration
of holding (for relaxation). Several loading rates are eyptl as

follows: 20, 40, 60, 80, and 10Am/sec.

(3) After the loading-and-hold procedure, the gripper ad®to break

contacts, as shown in Figures 5.6 and 5.7.

The measurements of force and displacement, as well asdee eamera capture

are stored for further analysis.

53.2 Experimental results and analysis
5.3.2.1  Evidence of latency in relaxation

Figure 5.4 shows two still photo frames captured during inglchfter the loading
phase is completed, to demonstrate the effect of relaxafibe first frame was captured
when the loading process ended, followed by the beginnirtgeoholding process &t =
Osec. The second fame was captureded after holding att; = 5sec. We can clearly
observe in Figure 5.4 the change of positions of the fiduciatks during the elapsed
time. Hence, we use this as evidence of ongoing rearrangiigties, so called “latent
activities”, during holding (constant displacement of g@wassion). The position change

follows an exponential function of time [2].

5.3.2.2  Elastic and temporal responses

Corresponding to the captured video, we can plot the restifisrce versus time,

as well as the displacement versus time. These plots arensimothe two left plots in
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Figure 5.4:Left: The schematic of the grippers, camera and silicone obJight: Still
photos in grasping from the experiment showing the reladioh movement of the fiducial
marks on the surface of the silicone solid, with the disptaeet being held at constant for

5 seconds.
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Figure 5.5. The response of force versus displacementiteglm the right of Figure 5.5,

showing the history of force as a result of prescribed dsgteent profile.

5.3.2.3 Loading phase under different loading rates

Figures 5.6 and 5.7 show, for soft and hard silicone solidspectively, the force
measured under different loading rates, subject to a pbestdisplacement controlled
sequence.

The viscoelastic materials share similar properties wedktee materials. First of all,
the specific stiffness (defined IB\o/d¢ in equation 5.4) is different between soft and hard
silicone solids in Figures 5.6 and 5.7. With the same amoticbmpression, the hard
silicone shows higher specific stiffness and results indriglompression force.

Different properties are observed in Figures 5.8 and 5.kvBhow the zoom-in
views of forces, focusing on the end of loading phase in leg&.6 and 5.7, respectively.
We found that the maximum compressive forces of soft sikcdoe to different loading
rates are different, with higher loading rate producingieigmaximum compressive force,
as shown in Figure 5.8. On the other hand, the maximum comsipeeforces of the hard

silicone due to different loading rates are nearly the samshown in Figure 5.9.

5.3.2.4  Holding phase under different loading rates

Next, let us focus on the end of holding phase shown in Fighré8 and 5.11. It
appears that the asymptotic values of relaxation curvesrudifferent loading rates are
the same for both hard and soft silicone, although the resgsostart with different initial
values as shown in Figures 5.8 and 5.9. This suggests thagthigbrium state (i.e., the
asymptotic value of relaxation) is related to the held dispment, but not dependent upon
the loading rates. In other words, the asymptotic value iatb-pndependent property for

viscoelastic material with a constant displacement.
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Figure 5.5: The experimental result: (top-left) the forseadunction of time, (bottom-left)
the prescribed displacement curve, and (right) the forceigplacement. Data are plotted
corresponding to the experimental results obtained frayarei 5.4.

Table 5.2: The material property of the specimen

Vi ks(N/m?) v
Equation (5.1)| Specific Stiffness Poisson Ratig
hard silicone 0.695 1.221x 10° 0.48
soft silicone 0.493 3.497x 10 0.48
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54 Discussions

54.1 Loading rates and the latency model

From the perspective of the latency model, the reactioreforca gripper is propor-
tional to the stress on the contact surface. When the loaditegis high, the magnitude
of strain on the contact surface will be high. The result dfedent maximum force in
Figure 5.8 is due to the different loading process. When taditg rate is high, it does not
allow the material enough time to re-distribute, and theskhild-up of force away from
the equilibrium state is larger. The equilibrium state esponds to the asymptotic state of
the relaxation process. However, in the case of the hambe#i the maximum force of the
higher loading rate is only slightly larger than that of tbe/ér loading rate.

To apply the latency model to the experimental results, vsedwnvert the measured
force into stress on the contact surfager F /A,. Next, the strain is obtained using equa-
tion (5.4) at the steady-state (asymptotic) values with kso. The following derivation
renders the nominal contact area with different loadingldisements. The variables are
corresponding to Figure 5.12 whehas the original contact areAA is the change of con-
tact area due to the Poisson effacts the Poisson ratio which is48 from the specification

of the silicone, andl, Ad, |, andAl are geometric parameters. We have

o md® VAl

2 =) (5.5)

A+AA:’ZT(d+Ad) |

The specific stiffness obtained from the asymptotic valuéiseaend of loading is

Oasym _ Fasym/An

ks —
Easym Easym

(5.6)

whereoasym andeasym are the asymptotic values of stress and strain on the cauefeice,
Fasym @andA, are the corresponding force measured by load cell and nboonéact area.
The specific stiffness is a constant where the steady-&tatpdral response is established

asymptotically. The properties of the silicone specimenligted in Table 5.2
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Following the steps above, we can obtain the strain at everpent during grasping

by the following equation:
o F/A,

Tk Tk

(5.7)

whereo is the stress on the contact surfakeis the specific stiffness of the materi&l,
is the force measured by the load cell on the gripper, An the nominal contact area.
Based on the conclusion of [12], the exponent of force relaraturve will be consistent
for the same material. Thus, we can obtainby applying curve fitting to the relaxation
curves in the form of equation (5.3). Consequently, we founghs) = 0.493 for the soft
silicone andvy(parg) = 0.695 for the hard silicone, listed in Table 5.2.

The latency model shown in equation (5.1) still requiresebailibrium strain,&,.
We note that the material will be uniformly distributed a¢ final equilibrium state. There-
fore, the equilibrium strain is

Al

Eo - |_ (58)

whereg, is the strain at equilibrium statd) is the compression displacement, dnslthe
initial length of the material.

Now we can substitute the values from the experimental tegutb equation (5.1)
and obtain the strain rate;, during the operation. Figures 5.13 and 5.14 show the mesult
of the analysis at the end of loading phase and during theatimm, respectively. (For
the convenience of reading, we plot the compression stegpoaitive in the figures which
originally is negative.) Since the loading rate of the geggpis much faster than the strain
rate inside the material, it results in larger strain on thetact surface than the equilibrium
strain at the loading phase (the first plots in Figure 5.13)e $econd plot is the internal
strain rate of material obtained from the latency model inadipn (5.1).

This phenomenon is consistent with the latency model tliaeg the re-arrangement
and re-distribution of structures and molecules in ordexcitieve a new equilibrium based

on the external force or displacement.
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54.2 Asymptotic value of relaxation and the latency model

The asymptotic value of relaxation curves is found to be #imes and depends on the
material and the total external force. If the same extemalf is applied to a viscoelastic
object, the equilibrium state will be the same when the tipygreaches infinity, regardless
of the loading rate. This also suggests that the straissttstribution will be uniform for
any isotropic material.

In Figure 5.14, the analysis of relaxation phase is showre firkt plot shows that
the actual strain (blue curve) on the contact surface Ihyitigsgreater than the equilibrium
strain (red curve). However, the strain on the contact sarfaill eventually reach the
equilibrium value. Thus, the results match with the predicof the latency model very
well.

The existence of the asymptotic value is predicted by thentat model in that the
localized strained states will return to its equilibriuratstwhen the disturbance is removed

with the change of strain given in equation (5.1).

5.4.3 Strain stiffening/hardening and the latency model

Strain stiffening, a well-known phenomenon, delineatesititrease of stiffness at
the contact interface when an external force is appliede&ubof considering the stiffening
effect being due to the change of the material property datiéfness, the latency model
provides an alternative explanation of the effect in theseesf uneven strain distribution
inside the viscoelastic material. Because the strain prtpayinside viscoelastic material
is slower than the loading rate applied by the external fcaisgresented in the preceding
experimental results, an uneven strain distribution walldneated. To this end, a higher
loading rate will result in a more uneven strain distribatioA comparison of material
movement between a high and a low loading rate is illustratdegure 5.15. We notice
that at the end of loading, the strain on the contact surfgeo(v shade area) will be

higher at the high loading rate than low loading rate, r&sylin the difference of reaction
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forces for the same amount of displacement compressions i$hHinown as the strain
stiffening effect. When time is allowed for the uneven stsampropagate and reach a new
equilibrium state, the asymptotic reaction force will tHestome the same again. This has

been presented experimentally in this chapter, as illtestrian (I11) in Figure 5.15.

5.5  Summary

In this chapter, we present the results of experimentalestiahd modeling of the la-
tency model as applied to the loading and unloading of vissbie materials in contact. We
found that the latency model is consistent with the wellsknatrain stiffening/hardening
effect. From the perspective of the latency model, thisotffan be explained by the uneven
strain distribution inside the material. We also deducenftbe experimental results that
there is an asymptotic equilibrium state of the viscoetastterial when subject to external
force or displacement. It depends on the property of the ma&tnd the external force or
displacement applied, but not on the loading rate. The ¢gtemodel can be applied to ex-
plain the experimental results of relaxation observed irspldcement-controlled grasping

task.
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and low loading rates, respectively. We observe in (I) afdlfat the strain distribution is
not even during loading and at the end of loading. With theesdisplacement being held,
the material tends to rearrange the strains when enoughdiai®wed, as shown in (III),

and the strain distribution becomes more uniform.
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Chapter 6

EXPERIMENTAL STUDY OF CREEP RESPONSE OF
VISCOELASTIC CONTACT INTERFACE UNDER
FORCE CONTROL

Viscoelastic materials are known to exhibit both elastgpmnse to external force
or displacement, as well as temporal response that chaongss dr displacement at the
contact interface under position or force control, resgelt Over the years, various
dynamic models were proposed to describe the observatitotofelastic and temporal
responses of viscoelastic contact interface. In this @rapte conduct experimental study
using force control to explore and observe creep phenomenmiotic grasping in order
to better understand the nature of such contact interfazefvihas been widely used in soft
robotic fingers, robotic feet, and contact surface of rabatms. In addition to the force-
controlled robotic gripper, we also employ high-speedorissensor system to track four
fiducial marks located throughout the grasped object tktiiae movements of elements
between two contact surfaces. We found that the creep resporder a constant external
force exhibits the characteristics of exponentially iasiag or decreasing temporal re-
sponse. Such characteristics are similar in nature to tloos®l in therelaxation response
of viscoelastic materials when the grasping is under mositontrol. Two different types
of creep responses are found, depending on the state ofrgga¥phen a constant force is

held at the end of a loading phase, Type | creep is obtainddexponentially increasing
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displacement. On the other hand, when constant force isdtdlte end of a unloading

phase, Type Il creep is found with exponentially decreasiisglacement. Both Types |

and Il in creep response mirror the Types | and Il in relaxatiesponse. We also found
that different loading rates under force control result iffedent elastic response, in ad-
dition to the temporal response. This is an interesting figdiecause the Fung’s model
postulates for an elastic response that is independenndfcan be separated from, the
temporal response. The experimental results do not sholvisdependence. The creep

phenomenon and grasp stability of viscoelasticity is gddin this chapter.

6.1 Introduction

Viscoelastic materials display the properties of bothdsahd fluid. Most biological
materials are considered viscoelastic. Two important piveama of viscoelastic materials
in contact interface argiress relaxation andstrain creep under constant displacement and
force, respectively. In this chapter, we conduct experialestudy on the creep response
of viscoelastic contact interface by applying force cohntoodeform viscoelastic material
and hold the force constant in order to observe and measareréiep behavior of dis-
placement under constant force. The experimental studatevthat the strain creep is a
temporal response which can be modeled with combinatioxdreential functions, just
as its counterpart in relaxation. High-speed camera visansor is employed to track the
movement of fiducial fixated on the surface of the graspedeisstic material to capture
the movement of fiducial marks between the two contact sesfac

The study of the creep phenomenon of viscoelasticity is mapd because it is re-
lated to both stability and response of a contact interfages is particularly useful when
force control is employed in robotic grasping and manipatatFurthermore, it can be used
to optimize the energy consumption for robotic graspingdéfstanding of the nature of
viscoelastic contact interface can facilitate the modgtihrobotic grasping which involves

both elastic and temporal responses, such as those in gtdirbiomedical contacts and

65



tissues.

6.2  Theoretical Background

As we mentioned in the previous section, creep and relaxatie both time-delayed
response of viscoelasticity. Fung’s model [8] is used ir] fbZtudy the temporal response
of viscoelastic relaxation. A fundamental assumption effflang’s model is that the elastic
response and the temporal response are independent oftaachid are separable. In this
chapter, we applied similar assumption that the elastjpoese and the temporal response

of the displacement under force control can be separatedxardssed as
5(f,t)=2®(f)-h(t) (6.1)

whered( f,t) is the displacement respondeis the external forcd, is the time,2(® (f) is
the elastic response which is a function of force, hftd is the temporal response. Based
on the experimental results, we assume that the tempogimss is the combination of a
series of exponential terms

n

h(t):_%cie"it with vo=0 and cp=1 (6.2)

wherec; are constant coefficients; are the exponents of the exponential functibms
time, andn is the number of terms used in the equation.

It is noted that the constang = 1 is assumed in equation (6.2), insteag 8f,ci = 1
used in Fung’s relaxation model. This is an expected outdoome the latency model [2],
in which the initial elastic response is affected by the mlegeneous movement of vis-
coelastic materialse(g. hole displacement in polymeric materials) due to latemdnais-
sion of strain across the material when subject to extetimattus. As the time approaches
infinity, the temporal effect will eventually decay, leagian asymptotic elastic response
that is the true value of homogeneous stress or strain. Haagmenon can also be ob-

served from the experimental results of relaxation in whighvalue of force in relaxation
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will eventually become the same asymptotic value, in sditifterent loading rates which
result in different initial forces before relaxation takgace [2]. Such results clearly illus-
trate that the initial values of force or displacement in tbl@axation or creep response do
not represent the true elastic response. The homogenemig ebsponse should be the
steady-state (or asymptotic) value after the temporatetfees out. Further discussions
will be presented in Section 6.4.4.

The response of viscoelastic materials not only is timesddpnt but also depends
on the strain history. Thus, an additional assumption te thodel is that the materials

under force/displacement start from their equilibriumfoguration.

6.3  Experimental Study

In order to conduct experiments to measure and observe ¢ep @henomenon of
viscoelastic contact interface, force-controlled robafripper is employed. The experi-

mental setup and procedures are explained in the folloneogans.

6.3.1 Experimental Setup

Fig. 6.1 illustrates the experimental setup using a rolmi@llel-jaw gripper and a
high-speed camera. A grasped object is shown between thgripyer surfaces in Fig. 6.2.
The grasping force is measured by the load cell mounted agripper that has an accuracy
of 0.25N. The accuracy of displacement of the systemusnl The resolution of the high-
speed camera is 30 Mpixel with a spatial resolution ofts0at a frame rate of 120 fps
(frame per second). A ring of LEDs is used for illuminatios,slnown in Fig. 6.1.

A rectangular parallelepiped silicone is used in the expent with a dimension of
50mm x 40mm x 25mm. Four fiducial marks of different colors are positioned oa diject
for the vision sensor to track the continuous movement. Tiwese is dyed in black using
laser toner in order to eliminate the background noise wheasured by the vision camera

sensor. This is shown in Fig. 6.2.
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Figure 6.1: Experimental setup for the compressive loadimdjunloading tests, showing
the parallel-jaw gripper, camera, and ancillary devices
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Figure 6.2: Four fiducial marks with different colors areqad on the silicone object, to

be tracked by a high-speed camera (or vision sensor). Tle& blicone block is used to
eliminate the background noise when using high-speedrvisanera sensor.
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The mass of the gripper mounted on the load cell ig,24hich moves with an

acceleration up to 108m/s? in the experiments performed in this chapter. The grasped

object has much smaller movement and thus its inertial eff@c be neglected. With the

operating parameters, we can estimate the maximum amoumerndial force to be about

0.0014N (during the ramp-up and ramp-down periods). This is muchllem#énan the

accuracy level of the force sensor. As a result, we can netiecinertial force of the

gripper and the grasped object.

6.3.2 Procedures of Experiments

The procedures of various experiments conducted undaréift loading rates are

enumerated in the following.

(1)

(2)

()

The gripper is moved to barely touch the surface of themsik solid.
The silicone solid is supported freely by strings so thailitwot fall

due to gravity, but with least amount of interference to giag in
experiments. The high-speed vision sensor is calibrated the

colors of the fiducial marks on the silicone to track theiriposs.

The loading process begins with a loading rate deterdrangriori
by the amount of prescribed force and the duration of holdireg
force after loading (for creep). Several loading rates anpleyed

in the experiments ranging fromXN /sec to 3N /sec.

When the contact force has reached the prescribed vaRiépeoportional-
integral) controller is used to maintain a constant conftaicte for

a duration of %sec. The displacement is recorded by the motion
sensor mounted on the slider and the positions of the fidotaaks

are tracked by the high speed vision sensor.
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(4) After the loading-and-hold procedure, the gripper ad®to break

contacts.

(5) The material rests for at least one minute before the@geriment
is conducted. This one-minute rest allows for the mateoiatstore
to its original equilibrium state without affecting the salguent ex-

periments.

The measurements of force and displacement, as well assvichggiured by high

speed vision sensor are presented in the following section.

6.3.3 Experimental Results and Analysis

The results of experiments with force-controlled grasmphgiscoelastic object are
illustrated in Fig. 6.3 and Fig. 6.4. The figures plot expenmtal results based on different
loading rates, and the resulting displacement of contatase measured by the gripper
(the black line in the position plot), as well as the disptaeats of the fiducial marks mea-
sured by the high-speed camera (the red, yellow, green, laedccblors, corresponding to
the color of the fiducial marks). A low-pass Butterworth filiewutilized for conditioning
the raw data obtained from load cell to filter out the highgtrency noise due to electro-

magnetic interference during experiments.

6.3.3.1 Different Loading Rates

Experiments with different loading rates are performedhwesults plotted Figs. 6.3
and 6.4. The holding force of the experiments were mainthliryea PI force feedback con-
trol algorithm at 2N. The charts on the right of Figs. 6.3 antid&monstrate the change of
displacements and fitted curves based on (6.1) under a ovhstiging load. We can ob-
serve that, at begin of the holding, a lower loading rate eaadarger initial displacement,
while a higher loading rate has a smaller initial rate. Atiertstudy of the effect of loading

rate will be discussed in Section 6.4.3.
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correspond to the four fiducial marks in Figure 6.2 of the saoter.
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6.3.3.2  Repeated Loading-Holding-Unloading

Experiments are also conducted with repeated loadingifiglanloading in order to
examine the response of creep due to reversed directioading-holding and unloading-
holding. Fig. 6.5 and Fig. 6.6 present the experimentalltesi a lower and a higher
loading rate, respectively. The upper and lower values tdihg forces were set atM
and 2N, as shown in the figures. The creep phenomenon in highemigadie is more
pronounced than that in lower loading rate. Furthermore,diiferent types of creep are
observed. Further explanation and the definition of two sypiecreep responses will be

presented in Section 6.4.2
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Figure 6.5: Repeated loading-holding and unloading-hgldikperiment with a lower load-
ing rate of 0092N /sec

6.3.3.3 Creep response

As we discussed earlier, creep response is due to the tehiyedwavior of viscoelas-
ticity, captured by equation (6.2). In this chapter, we d®bowo exponential terms for
curve fitting withn = 2 in (6.2). The explanation of this choice is expounded inApe

pendix. Note that in [12, 2, 43], two exponential terms wedemed also. It seems to
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suggest that such approximation and curve fitting with twoosential terms is valid for

both relaxation and creep.

6.3.3.4 Displacement Sensor vs. Vision Sensor

The displacement of the contact surface is measured by thiement of the gripper.
This is shown in black line in the plots. In addition to thepd&cement measurement
afforded by the sensor on the gripper, the high-speed végasor is utilized in experiments
to track the movements of the four fiducials. With the visiemsor, we can track the
movement of materials away from the contact surface. Theyaoison shows the order of
displacement in the plots. However, all four displacememtes show consistent trend of

movement, including the exponential creep responses.

6.4 Discussions

Based on the preceding presentations of experimental sesalhe important results

are discussed here.

6.4.1 Exponential creep response

As in the relaxation of viscoelastic contact interface [2243], the temporal re-
sponse of creep can be represented by curve fitting of expetahdata using two expo-
nential terms. This is due to the fact that relaxation anégrare two complementary
effects, with the former being the temporal behavior unaerstant displacement and the
latter under constant force. Since similar time-depenfiegné behaviors were observed in
[12, 2, 43] with different materials, such as silicones dfaitent compliance/composition
and different soft rubbers, we believe that the creep resppresented in this chapter is a

general response of soft materials.
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6.4.2 Type | and Type Il Creep

Fig. 6.5 to Fig. 6.6 plot the results of experiments with @pd loading-holding

and unloading-holding grasping tasks. In the figures, tepldcement evolution (creep

response) of the viscoelastic object depends on whetheolijeet is under loading or

unloading before holding at constant force. We defined thefyae | and Type Il creep

phenomena, respectively, as illustrated in Fig. 6.7(a).

(1)

(2)

The Type | creep occurs under a constant external forcerapres-
sion, at the end of a loading process in segment (1) in Figag.7
The Type | creep is characterized by an exponential incesashe
displacement, illustrated by segment (2) in the figure. €kgonen-
tial increase is partly due to the latency of temporary raspas that
in the relaxation [12, 2, 43]. The nature of Type Il creep orse

gives rise to the following constraint equation in (6.2)

<0 for i=12---,n (6.3)

In comparison, the Type Il creep occurs under a consteietr-e
nal force in compression, at the end of a unloading process, r
resented by segment (3) in Fig. 6.7(a). The Type Il creep d@s-ch
acterized by an exponential decrease in the displaceniiastrated
by segment (4) in the figure. This exponential decrease idypar
due to the latency of temporary response as that in the tejaxe-
sponse [12, 2, 43]. The nature of Type |l creep response gises

to the following constraint equation in (6.2)

¢G>0 for i=12---,n (6.4)

It is noted that Type | and Type Il creeps are with oppositadseof displacement

evolution. This is akin to that in the Type | and Type |l relaga [12, 2, 43].
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Figure 6.7: Two types of creep responses under force corfplype | creep is the creep
under constant force after loading; while Type Il creep idanmconstant force after partial

unloading. (b) The loading and unloading curves mainly delpen the elastic property of

the material. The amount of creep (horizontal red lineskedép on the speed of sound in
the material. The segment numbers, 1 through 5, correspoeaich other.

76



Fig. 6.7(b) illustrates the two types of creep responsesemted in Fig. 6.7(a) by
plotting the history of loading-holding-unloading on tleede-displacement plot. The seg-
ment numbers in Fig. 6.7(b) correspond to those in Fig. §.A®can be seenin Fig. 6.7(b),
clockwise loop is traced starting from loading, followedType | creep when the force is
held at constant. After that, segment 3 represents partiabding followed by Type I
creep when the force is held at constant. The issue of optioiz of energy consumption
when performing a stable grasping task, using a force-altgphent plot such as Fig. 6.7(b),

will be a topic of our follow-up research.

6.4.3 Effect of Different Loading Rates

Fig. 6.8 is an illustration of the response of viscoelasbictact interface under three
different loading-unloading rates, as explained in théofeing. The origin of the plot in

Fig. 6.8 indicates the initial state of the material.

(1) When a quasistatic loading-unloading is applied witlyVew load-
ing rate, the loading and unloading curves nearly coincile @ach
other. The loading and unloading curves will cycle betwéendri-
gin and the “point of pure elastic response” shown in Fig. §l8s

is shown by the dashed blue lines.

(2) If the loading-unloading rate is increased, the loadingve will
shift to the left as illustrated by the green arrows showrhwiite
“increasing of loading rate.” The unloading curve will ghib the
right, causing the gap between the two curves to widen to f@rm

clockwise loop. This is shown by the dashed green lines.

(3) When an even higher loading rate is applied to the mate¢halre-
lationship between the grasping force and displacemehtallibw

the blue solid curve. When the grasping force has reacheddike m
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Figure 6.8: The ideal loop of a force-controlled loadindelirog-unloading test. Different
loading rates will result in different loops. Three loopduddash loop, red dash loop
and blue solid loop, represent three loading rates: quascsa low rate and a high rate,
respectively. The loading and unloading curves depend @mldwstic property of the ma-
terial. Different loading rates will result in differentdps. The blue dash line shows
guasistatic loading/unloading curve with purely elaséisponse, without the temporal re-
sponse of creep. With the increase of loading rate, the mgaaind unloading curve will
shift as indicated by the green arrows to the dashed grees lifhe loading-unloading rate
corresponding to the solid line is the highest amongst trexthates.
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mum, the force is held constant. At this point, the creepstlt, as
indicated by the red arrow at the top of the figure moving freift |
to right and reaching the point at top right, indicated by ‘theint
of pure elastic response” in the figure. When the graspingf@c
released, the material will follow the unloading curve Litite force
returns to zero. Finally, the material will slowly go backit®initial

state, following the red arrow at the bottom of the loop.

Two observations are in order from Fig. 6.8. First, the arethe loop increases with
the increase of loading rate. In other words, the energypdis=d during the operation is
higher with a high loading-unloading rate in grasping. Selty the higher loading rate
will result in a “stiffer” loading-unloading curve. This phomenon is known as the “strain
stiffening” (or strain hardening) effect. The higher loading rate will be accompanied by
a lower value 0fZ(® for the same holding force in force control experiments. e-&r®
can be regarded as a compliance function of the materiat, lniter 2(® representing a

stiffer material. Therefore, if we lét= 0 in (6.1) and (6.2), we will have
5<f,o>:_@<6>(f).h(0):_@<e>(f>.Z)ci (6.5)
i=

Different value of2(®) shows different elastic property of the material, consistéth the
results presented in [43]— the higher loading rate leadsstdfar response, also known as

thestrain stiffening effect.

6.4.4  Asymptotic Value of Displacement in Creep

Based on equation (6.2), the temporal response of the despkaat will converge
exponentially to an asymptotic value during the creep pernepresented by the horizontal
arrows at top and bottom of the loop in Fig. 6.8. When the timgr@gches infinity, the
transient temporal response will fade out and only the ielassponseZ(®, will remain.

Consequently, the point at the top right of the loop in Fig. @@resents the pure elastic
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response.

5(f,00) = 2'9(f)-h(e0) = 2®(f)co = 2'° (6.6)

We also observed that the steady-state creep responsesala@yerges to an asymp-
totic value regardless of the loading rate. This shows ti@astatic state of the same input

is consistent. The difference only happens when the maigitaa dynamic transient state.

6.4.5 Grasp Stability with Creep Response

The time-dependent displacement response of creep underdontrol can signif-
icantly affect the stability of a robotic grasp. In this sent we study how the creep phe-
nomenon can affect the grasp stability by using the frictiomt surface [44].

Limit surface is a surface defining the stable region of tatigeforce and normal
moment in grasping with finite area of contact. As long as tttaa tangential force and
normal moment fall within the region of limit surface, it Wilot slide; in other word, the
contact is stable. The tangential friction force and monagatdefined and derived in the

following equations

fi = — / / KV p(x,y) dxdy (6.7)
mo—— [ [ ulr x9lp(xy) cay (6.8)

wheref; is tangential forcey is the coefficient of frictiony is the unit vector of velocity,
p(x,y) is the pressure distributiom,, is normal moment, andis the position vector.

Fig. 6.9 illustrates the contact between a flat, rigid swfaed a soft silicone material
with center of rotation (COR) along x-axis. We define the undteealong the direction
of the velocityv as

1 -y X

7= — D= 6.9)
(dCI’ +X) +y (dCI’+X) y

We apply the general pressure distribution [10] in (6.10)asguming that it is only a
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function ofx with k = 4.1

P(x) = Ci :lw {1— (%)k} % (6.10)

whereN is the normal forcel. andW are the length and width of the contact ar€gajs
a coefficient, a function dk, that adjusts the profile of pressure distribution to sgatilsé
equilibrium condition at the contact interface.

The limit surface can be obtained by scanning the COR along<tagis, corre-
sponding to the experiment. This friction limit surface hwitreep response is shown in
Fig. 6.10. Since the normal force is held constant, the tatmgeorce will not be affected
by the creep phenomenon. However, due to the expansion tdataarea, the margin of
limit surface also expands with time, making the contacterstable. This proves that the

creep phenomenon can enhance the stability of a soft contact

6.5 Summary

In this chapter, we present an experimental study to exathaereep phenomenon
of viscoelastic materials using a parallel-jaw gripperemidrce control, equipped with a
high-speed vision sensor system to track the fiducial mar¢atéd on the surface of the
grasped object. We found that the creep response undeacbesternal force features the
characteristics of exponentially increasing or decregpg@mporal response. Such charac-
teristics are similar in nature to those found in relaxabbwiscoelastic materials when the
grasping is under position control. Two types of creep aseoled, and both Types | and
Il in creep response mirror the Types | and Il in relaxatiospanse. In addition, it appears
that different loading rates under force control resultiffedent elastic respons&(©. Itis
found that force control with creep response can enhancgdbdity of soft contacts. This
is a subject of future investigation because the Fung’s immaktulates an elastic response

that is separable from and independent of the temporal nsgpo

1 Hertzian pressure distribution is a special case wher2. Softer materials usually have higher values
of k. As a result, we chode= 4.
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Figure 6.9: (a) Rectangular parallelepiped viscoelastioosie, with a dimensions df x
W x H. (b) The dimensions of the rectangle contact arela isW. The coordinate is
centered at the center of the contact area. COR indicate®tiierof rotation, and is
the distance from COR to the center of the contact area. Therveis the position vector,

andv is the unit vector along the direction of the velocity.
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Figure 6.10: Evolution of the limit surface as a function iofi¢ in the case of a constant
normal force. In this analysis, we let coefficient of frictigu, equal to 07, and the constant
normal force N, equal to 2N. The contact area changes based on (6.1) argbRo&tio.
The length of the contact area evolves from2&2to 4239, and the width of the contact
area evolutes from 288 to 2650

83



Chapter 7

STUDY OF THE RELATIONSHIP BETWEEN THE
STRAIN AND STRAIN RATE FOR VISCOELASTIC
CONTACT INTERFACE IN ROBOTIC GRASPING

In this chapter, a nonlinear latency model is presented sord®e the relationship
between the strain and strain rate of the temporal respamsgsotic grasping that involves
viscoelastic contact interface. The results from expenisiand simulation are presented,
and are found to match well with each other. The nonlineaniat model was able to
adequately represent both Type | and Type Il relaxationaesps. For the successive
loading and holding with a soft contact, the model describesbehavior of step-wise
increase of equilibrium strain and a polynomial relatiagpshetween the strain rate and
the strain. The nonlinear latency model can successfuigipt and model the behavior
of anthropomorphic soft contact interface in grasping amahipulation when the grasped

object is held in certain posture of prehension with rephliading and/or unloading.

7.1 Introduction

Viscoelastic materials display the properties of bothteda®lids and viscous fluids.
As a result, viscoelastic materials exhibit both elasticegr or nonlinear) response and
temporal response when subject to external stimuli, sudbras or displacement. Most

biological materials are considered viscoelastic. Vitaste materials exhibit two impor-
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Figure 7.1: (a) Type | and Type Il relaxation as observed erpntally in association with
the latency model. (b) The latency model with linear relaginip between strain and strain
rate [2].

tant temporal responses when subject to displacement acelifocontact interface. They
arestress relaxation andstrain creep, respectively. In this chapter, the nonlinear relation-
ships between the strain and strain rate of viscoelastiena#g are studied and derived
based on the linear latency model presented in [2]. Furtbensimulation studies using
the latency model also produce results of stress relaxatonstrain creep responses that
correlate well with the experimental data.

Stress relaxation and strain creep are two well-known ptigseof viscoelastic mate-
rials. Stress relaxation, normally calledaxation, depicts the varying contact force/stress
with time when a constant displacement is applied to the ma{d]. Two types of re-
laxations are defined in [2] and shown in Figure 7.1. Typedxation exhibits decreasing
stress under a constant displacement, typically at the éfmhding. Type Il relaxation
exhibits increasing stress under a constant displacenypitally at the end of unloading.
(See Fig. 7.1.) Creep response, the other important propsrtie displacement/strain
change when a constant force is applied to viscoelasticrialte Creep and relaxation

illustrate the delayed temporal responses with the agpicaf displacement or force.

85



>
[ §
x
. 1 -
Type | Relaxation - S
gi i /trélCD
Equilibrium ;
Strain £l :
Type Il Relaxation \ |
|gll < |Ee| :
tr:0—>

Figure 7.2: The nonlinear latency model

7.2  Theoretical Background

Based on the experimental observation and the fundamemeaépbin physics, we

postulate the following two aspects of viscoelastic contahaviors.

(1) The two viscoelastic phenomena, stress relaxation tach £reep,
are caused by unbalanced stress states within the matebigics
to transition of external stimuli. Such response in sonerdiure
was referred to as hole displacement, especially in polynmea-
terials [20]. The velocity of stress propagation inside thaterial
determines the time constants of exponential decay or rdovt

stress relaxation or strain creep.

(2) The material, given enough time, will always approaahequilib-
rium state at which internal stress is balanced and stregsgation

ceases. This state is called the equilibrium state.
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The latency model [2] proposed by Tsai and Kao is describatiéjollowing equa-

tions

~ NoCo
ac

Ec=—Vi(&c—&) & €= (7.1)

whereg. is the compressive strain measured externally at the coimtigcface,&; is the
strain rate, and is the strain when equilibrium state is reached. The parem®et, No, Co
anda. are constants pertaining to material properties [2].

The latency model elucidates a process for viscoelastienai to reach equilib-
rium after being subjected to external stimuli. When a newildgum state is reached,
the strain becomes the equilibrium stradns &, with the strain rate becoming zews= 0.
In [2], stress relaxation was discussed and modeled by asguwmne exponential term in
the exponentially decaying temporary response. Based datdrecy model with this as-
sumption, an intuitive and straightforward linear relaship (with a closed-form solution)
between the strain and strain rate can be obtained, as shotg.i 7.1. The temporal
response in Fig. 7.1 is a function of the timeavith 0 <t < co.

The experimental results suggest that the relationshipméimear, as shown in the
nonlinear latency model in Fig. 7.2. As a result, we propbsgallowing empirical model
to represent the nonlinear polynomial relationship betwide strain and strain rate in the

following equations with respect to odd or even exponent

. —v(e—¢&)" if nis odd
E= (7.2)
—[sgn(e — &)|v(e — )" if niseven

wherege is the equilibrium strainy andn are constants of the empirical polynomial func-
tion, ande is the instantaneous strain at any point within the matetgl (7.2) shows that
the magnitude of strain rate can be determined from the custeain,e, and the equilib-
rium strain,&. In other words, if the current strain is further away frore gquilibrium

strain, a larger magnitude of strain rate will be expected.
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In this chapter, we adopt odd exponents in equation (7.2}Herconvenience in

analysis. Withn being odd, we can re-write (7.2) as follows
E=-v(e—g&)" (7.3)

Egs. (7.2) and (7.3) extends the linear model in Fig. 7.1¢tuoke the nonlinearity observed
in experiments. The experimental study will be presente®antion 7.3. This model
has two assumptions. First, the material is assumed to bed@meous. Second, every
infinitesimal element within the material is assumed to heawelar property, such that we
can apply the empirical model from the exterior contactaefto the core of the material.

The solution of the differential equation in (7.3), befoeaching the equilibrium
statege, can be obtained as follows.

() Whenége > &o:

s:se—[(n—l)(vt—l-c)]lfln with c:(ge(%goi)l_n (7.4)
(I When & < &:
s:£e+[(n—1)(vt+c)]lf1n with C:(eo(%eei;—” (7.5)

wheregy = €(0) is the boundary condition, which represent the initialisti@hent = 0.

Egs. (7.4) and (7.5) are the solutions of the differentialagigpn of the nonlinear la-
tency model. The solutions of the strairis a function of time, the exponent and the
coefficientv. Whent — o, the second term on the right-hand side of the equal sign will
vanish, resulting ire = &.. Physically, this means that the strain will converge asytap
ically to an equilibrium strain when time approaches injinithis is consistent with the

latency model and observation based on the experimental dat

7.3  Experimental Study

A tensile test machine is employed to conduct experimentsniasuring and ob-

serving the temporal responses of viscoelastic contaetfate. The experimental setup
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and procedures are explained in the following sections.

7.3.1 Experimental Setup

Experiments were conducted using a tensile testing maatiihea pair of parallel
flat fixtures pressing upon the object, as shown in Fig. 7.3= §ystem is identical to a
parallel-jaw gripper, and will be so referred to in this cteap The load cell has a range
of 2kN force with an accuracy of.2N and high repeatability. The displacement mea-
surements have an accuracy of #&nm. Multiple experiments with varying loading rates,
stationary and relaxation phase, and unloading phase weducted. The parameters of
the experiments are tabulated in Fig. 7.3.

The inertia of the fixture is compensated by the design of thugpeent in order to
minimize the effect of force measurement due to acceleratialeceleration. Calibration
experiments were conducted to measure the inertia fordeutitcontact to identify the
amount of inertia force due to the fixture alone. The resuligcate a maximum of 85N
of inertia force (within the range of acceleration and deraion used in the experiments)
measured by the load cell, which is only slightly larger ttia& accuracy of the load cell.
Based on the parameters used in the experiments, we conbltdbe inertia effect is less
than 1% of the typical range of forces; therefore, it is rggle.

The material of the grasped object is a viscoelastic sofheuball with a radius of

35mm.

7.3.2 Procedures of Experiments

The procedures of various experiments conducted withréiffieloading rates are

enumerated in the following.

(1) The gripper is moved to barely touch the surface of theogtastic

object.
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pendant control
with PC interface
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movemement
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Two parallel
fixture plates

Velocity of fixture 0 — 8.3 mm/sec
Loading rate 8.3 — 20 N/s
Range of force 0 — 30N
Sampling period 0.02 sec
Acceleration/deceleration 14 mm/sec*
Inertia of fixture 035N

Figure 7.3: The experimental setup of a tensile testing maackith a pair of flat parallel
fixture plates.
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(2) The upper fixture moves in vertical direction for loadingloading,
and holding by following a prescribed control sequence spldice-

ments.

(3) The gripper unloads and breaks contact.

Two different tests were conducted. In the first test, as shiovwrig. 7.4(a), the fix-
ture moves to compress the viscoelastic object in an inaneofeésmm with the displace-
ments of 5, 10, 15, 20, and &%n. At the end of each loading sequence and increment,
the fixture was held at that displacement for 10 seconds. i$tsisown in the bottom plot
of Fig. 7.4(a). In the other test, the fixture first compregbedobject to a displacement of
25mm. After that, the displacements were reversed to go throhgldéscending order of
25, 20, 15, 10, andmm. The fixture was also held at each displacement for 10 seconds
at every step and with the same loading/unloading ratem&0@nin. This is shown in the

bottom plot of Fig. 7.4(b).

7.3.3 Experimental Results and Analysis

The experimental results of the two tests are presenteds Fi4(a) and 7.4(b). The
normal forces at the contact surface are measured anddgiottiee top plots in Figs. 7.4(a)
and 7.4(b).

To obtain strains and strain rates from the experimentallisesve assume a linear
relationship between the straig, and stressg, for the sake of convenience in analysis;
that is,

E=—=—"— (7.6)

whereA is the area of contact at the exterior surfatas the measured force, arklis
the Young’s modulus of the material which has an averageevafl28 x 10* Pa. The area

of contact grows with the amount of depressidnof the fixture onto the surface of the
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Figure 7.4: Experimental results from a tensile test witlaia of flat parallel fixture plates.
(a) loading and relaxation; (b) loading followed by suceessnloading and hold. Bother
Types | and Il relaxation are present.
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object, and can be written as follows
A= ma’® = m[(r)2— (r —d)? (7.7)

wherer is the radius of the balg is the radius of the contact area, ahis the displacement
(or depression) in the vertical direction, as shown in Fi§. 7

Finally, we can calculate the strains and strain rates agifurs of time

_ f(t)
‘U = Bz (r—dn)2 (7.8)

de(t)

The strains and strain rates can be calculated based on #seired force and displacement,
and are plotted as blue curves in Fig. 7.6(a) and Fig. 7.6(b).
Next, we chos@& = 5 in (7.2) because it is the lowest order of polynomial whits fi

the experimental results the best. The nonlinear latenaeitzecomes
£=—v(e—¢g)° (7.10)

The least-square (LS) curve fitting technique is appliedgi&q. (7.10) with the results
plotted as red curves in Fig. 7.6(a) and Fig. 7.6(b). Thematars are listed in Table 7.1
for loading and Table 7.2 for unloading.

The fitting results indicate that the equilibrium straigs,are consistent for the same
displacement in both continuous loading and continuousagihg experimental results.
In addition, we found that the parameter,in the continuing loading experiment in Ta-
ble 7.1 shows consistent decrease with the increase inspameing equilibrium strain,
g. This trend, however, is not repeatable in unloading (Tak}. It may be due to the
different mechanisms of loading and unloading. For loading test machine gave a direct
displacement for compression. But for unloading, the grippeved backward and let ma-
terial expand freely. We believe this may be a reason forrtberisistent phenomenon of

between the two sets of parameters in Tables 7.1 and 7.2.
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Figure 7.5: A model of a nonlinear viscoelastic ball makimptact with a parallel-jaw
gripper. The contact area is assumed to be circular. Thetpltte left of the grasped
object is the plot of equivalent latency model.

Table 7.1: fitting results of Fig. 7.6(a) (loading)= —v(& — &)°

] curve #\ 1 \ 2 \ 3 \ 4 \ 5 \
e —0.1661] —0.2193] —0.2623 | —0.3031| —0.3144
v 41x10° | 26x10° | 20x10* | 1.4x10* | 1.2x 10°

Table 7.2: fitting results of Fig. 7.6(b) (unloading)= —v(& — &)°

] curve #\ 1 \ 2 \ 3 \ 4 \ 5 \
e —0.3144 ] —0.3031] —0.2623] —0.2193] —0.1661
v 14x10° [ 14x10°P [ 14x10° | 7.0x10* | 2.8x 10*
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Figure 7.6: Plots (a) and (b) are the analysis of strain ratsus strain of the experimental
results (a) and (b) in Fig. 7.4, respectively. The blue moare the values calculated from
the experimental results, using (7.6) and (7.7). The redesuare the best fit using (7.10).
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7.4 Simulation

Based on the model presented in (7.2), we use MATLAB to siraula¢ force re-
sponse with the same displacement profile as that in the iexgets, shown in Figs. 7.4(a)
and 7.4(b). As the fixture of the tensile machine moves thmwice ofd, the movement is
kinematically identical to each contact surface movindgwaitdistance ofl /2, with respect
to the plane of symmetry in the middle of the ball, as illustdan Fig. 7.5. The procedures

of simulation are presented in the next section.

7.4.1 Simulation Procedures

(1) First, we divide the material ints segments axially, as illustrated

in Fig. 7.7.

(2) The displacement of contact surface is updated with tbgrpss of
compression. We assume the displacement will eventuakybely
distributed when time approaches infinity. As a result, theilé-
rium strain, & at thei-th element equals the displacementi-ah
node divided by the original length froirth node to the symmetric

center.

(3) The model in (7.10) is applied to each of the segments ftioen
contact element from the exterior surface to the plane ofnsgtry.
The strain of each element changes according to the comdsyp

strain rate calculated by (7.10).

(4) The force at the contact interface will simply be equahi product
of the stress at the contact interfacg, (the first element), and the

contact areaA. That is,

F=o01xA=(Ee)) x {mr?—(r—dy)?}  (7.10)
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Figure 7.7: This diagram shows the discrete model used isithalation. The object is
divided intom segmentsrf = 8 in this figure). When an external forde, is applied, the
stress/strain wave will propagate toward the plane of sytrynad the grasped object, con-
sistent with the latency model illustrated in Figure 7.5otder to apply the modelin (7.10)

to the simulation, we estimate the equilibrium strédffte, of thei-th element by assuming
the strain between theth element and plane of symmetry is uniformly distributed.
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7.4.2 Simulation Results

Fig. 7.8 shows the results of simulation based on the modsemted in (7.10),
corresponding to the experimental results in Fig. 7.4(&e procedures of simulation are
described in the previous section. It can be seen from thétsethat the trend of Type
| relaxation in simulation is similar to that of the experim@ results. In addition, the
amount of relaxation in each step also matches quite well thi¢ experimental data in
Fig. 7.4(a). This suggests that the proposed model can reafite relaxation responses
of such grasping task adequately. We note that the unloaxing at the end of Fig. 7.8
(att = 53sec) drops faster than the experimental results, which is grlybdue to the
different mechanisms in loading and unloading as discusse¢ke end of the previous
section. Overall, the simulation employed here can capherelaxation responses of
successive loading, and can model the nonlinear latenppnse well. This simulation tool
will be useful in studying the robotic grasping or prehendiwat involves soft viscoelastic

contacts.

7.5 Discussions

Based on the preceding presentation of the results of expetahstudy and sim-
ulation using the nonlinear latency model, observation asililts are presented in the

following.

7.5.1 Amount of relaxation versus displacement

As experimental results in Fig. 7.4(a) and Fig. 7.4(b) shevwgrger amount of re-
laxation is always resulted when the displacement of laadifarger. This is due to the

higher equilibrium strainge.
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Figure 7.8: The results of simulation corresponding to Fig(a).
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7.5.2 Results in Tables 7.1 and 7.2

In Table 7.1, it is observed that the magnitudes of the dauilin strain, |&|, in-
crease as the loading-holding procedure repeats itseti 8teps 1 to 5. This causes a
larger amount of relaxation, as alluded to in Section 7.5 &ddition, the values of the co-
efficient, v, decrease as the loading-holding process progresses tepsikto 5. It is also
noted that with the increase of the magnitude of the equulibistrain,| &g/, the coefficient,
v, decreases.

In Table 7.2, itis observed that the magnitudes of the dayiilin strain|&g|, decrease
as the unloading-holding procedure repeats itself fromssgeto 5, after the initial loading
to the maximum displacement of &%n. The values of the coefficient, decrease when the
unloading-holding cycles start after step “2”. (Step 1 sliading process.) The values of
the equilibrium strains at the various displacement stepshee same as the corresponding

onesin Tables 7.1.

7.6  Summary

In this chapter, a contact model for nonlinear viscoelastterials is presented with
both simulation and experiments. The model describes tagaeship between the strains
and the strain rates of infinitesimal element within the makeThe proposed model postu-
lates that the values of strain will asymptotically reacteguilibrium strain. The nonlinear
latency model attempts to characterize the path by whiclstizen varies from the ini-
tial value to the equilibrium strain, with successive loaygiunloading, and holding—a
situation which occurs often in robotic grasping and malapon involving soft contacts.
The simulation tool developed based on the latency modedapsgo match well with the
experimental results.

Future study will be focused on the physical meaning of thgoaent,n, of the

nonlinear latency model and its correlation to the matesiaicture or property of soft
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contacts.
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Chapter 8

CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

Various topics of viscoelastic contact have been invejand presented both the-

oretically and experimentally. The conclusions are sunuedras follows:

(1)

(2)

Stress relaxation and strain creepare two sides of the same coin in viscoelastic con-
tact interface. They both represent the same latent behafiascoelasticity. Stress
relaxation happens when a constant displacement is agpleediscoelastic material.
On the other hand, strain creep occurs when a constant ®eplied to the mate-
rial. The temporal responses of both stress relaxation taaith €reep can be obtained
analytically with curve fitting by the Fung’s model with twamonential terms in the
temporal function. This demonstrates that the materiasistently exhibits tempo-
ral responses which can be captured by this model, as reflecthe experiments of

stress relaxation and strain creep.

Strain stiffening refers to the phenomenon for viscoelastic materials to ll#fer-
ent instantaneous elastic modulus when subject to difféoaling rates of external
stimuli. Theinstantaneous elastic modulus of the materials usually increases when
the loading rate is high. Based on both theoretical modelhthexperimental stud-

ies, it is believed that the stiffening phenomenon resutismfthe latent behavior of
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®3)

(4)

viscoelastic materials. In other word, the strain stiffgnis due to the strain on the
contact surface which has not been propagated througheutisboelastic material
yet. The actual strain on the contact surface is larger tharstrain is supposed to
be in an equilibrium state. Macroscopically, the materradvgs the phenomenon of

becoming stiffened.

A novel viscoelastic model, tHatency model is proposed. The latency model was
inspired by experimental observation of latent behavioristoelastic response, and
derived by applying the Fung’s model. The analytical equrathat describes the con-
sistent relation between strain and strain rate was deriSetdsequently, the latency
model was extended to model the strain and strain rate in Bnean relation. The
experimental results and simulation show the consistefidpeo parameters of the

latency model.

The study ofgrasp stability of soft contact shows that, theoretically and experimen-
tally, the grasp stability is improved by using soft contastead of rigid contact with
a force control manipulation. The analysis of grasp stighi based on the limit

surface and pressure distribution of a soft contact.

The topics with theoretical modeling and experimental issidvere conducted in

the context of the research project between Stony Brook armdkaEniversities under

NSF-JST international research collaboration betweeffeBsors Imin Kao and Makoto

Kaneko. Some experiments have been conducted at Dr. KankMmiratory in Osaka

University and at Dr. Korach'’s laboratory in State Universif New York at Stony Brook.

8.2 Future Work

Based on the preceding research studies and results, fesegarch topics for vis-

coelastic applications are proposed: (1) bio-inspiredileasensor, and (2) modeling of

viscoelastic contact for calibrating cochlear models.

103



} Epidermis

= Dermis

—

Pacinian corpuscle Ruffini's corpuscles Merkel's disks Free nerve endings

Figure 8.1: Schematic drawing of skin. [3]

8.2.1 Bio-Inspired Tactile Sensor with Viscoelastic Propéres

Human'’s tactile senses has two different kinds of recepfast adapting receptors
(FA) and slow adapting receptors (SA), which are similahmtivo different time constants
of the relaxation/creep characteristics of viscoelasttamal from the experimental results
presented in previous chapters.

To build a human-like tactile sensor, a specimen made absié polymer with strain
gauges embedded is shown in Fig. 8.2. Four specimen wereforatie experiments, and
their composition and dimensions are listed in Table 8.2

Preliminary experiments of pressing the specimen wittedsfit shapes of indenters
have been conducted, with the results shown in Fig. 8.4. €helts show that, due
to stress concentration, the strain gauge signals quigdglr the saturation limit while
indenting with a sharp tip. With a blunt tip, the signals anéhim measurable range. But
interestingly, both types of stimuli caused the temporapomse, that is, the strain creep,
when the indenter is removed.

Future investigation includes:

(1) Experiments with different frequencies of stimuli: Té&epected results should have
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Table 8.1: The Major Classes of Somatic Sensory Receptors [3]

| Receptor Type | Location | Function | Rate of Adaption|
Meissner’s CorpusclesEpidermis Touch, Pressure (Dynamic) Rapid
Pacinian Corpuscles Dermis | Deep Pressure, Vibration (Dynamic) Rapid
Merkel's Disks Epidermis Touch, Pressure (Static) Slow
Ruffini’s Corpuscles | Dermis Stretching of Skin Slow

(A)

Figure 8.2: Manufacturing of human-like tactile sensor) Paur silicone polymer into the
mold as the bottom layer and place four strain gauges as shifter the bottom layer is

cured, pour a top layer of silicone polymer on it to completeuanan-like tactile sensor;
(B) Different compositions of silicone polymers are used gking the tactile sensors with
different dimensions.

Table 8.2: The Composition and Thickness of the Specimens

| Specimen# Silicone:Thinner| Thickness|

1 5:5 4mm
2 7:3 4mm
3 5:5 8mm
4 7:3 8mm
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Figure 8.3: lllustration showing two different types of erdors.
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Figure 8.4: The signals captured by a strain gauge subjediffeyent indentation. The
sharp contact and blunt contact are illustrated in Fig. 8.3
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different responses under different stimuli with differ&equencies. It should be fea-
sible to identify the characteristics of the material byrakang the dynamic damping

effect.

(2) Research results from literature suggest that fingerpeips human tactile sensation.
In the future work, contact surface similar to human fingetpecan be added on the

surface to quantitatively examine the relation betweeh $ungerprint and signals.

8.2.2 Modeling of Contact Mechanics for Calibrating CochlearModels

Mammal hearing systems can sense and discriminate the sédifterent frequen-
cies and intensities quite well. The sense of hearing igateil when oscillations in air
pressure are converted into fluid pressure and travel doevimtier ear. In the inner ear,
cochlea is the organ where mechanical energy from vibratoxdmembranes and hair bun-
dles, in the form of sound waves, transforms into neuralagrAs a result, understanding
intrinsic properties, such as the mechanical propertiescamtact interface, of cochlear
membranes is essential for understanding cochlea. Thissfutork will focus on develop-
ing a novel methodology, which takes the special propediegscoelasticity into consid-
eration, to determine the mechanical properties of coctmeaanbranes, such as hardness
and elastic modulus. Furthermore, the proposed reseaclsetks to apply the techniques
for calibrating cochlear models of human inner ear.

Cochlea is snail-shaped organ in the inner ear as shown ir8Fg.[4]. As shown
by the illustration, the tectorial membrane (TM), hair dalihdles, and Basilar membrane
(BM) are connected together; therefore, the dynamic regsom® coupled and challenging
to model. Cakt al. [45] used Navier-Stokes fluid and Voigt solids to construcbahlear
model. Shoelsost al. [46] mapped the shear modulus of the TM using atomic force mi-
croscopy (AFM), and presented the evidence of inhomoggireitM elasticity. Nanoin-
dentation is a popular methodology to measure the mecHammgerties of materials, and

there are numerous advantages of nanoindentation, subbh eagability of measuring the
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Figure 8.5: (A) The cochlea is located in the inner ear. (B) dfgan of Corti. [4]

mechanical properties of a localized area and substragetefDliver and Pharr proposed
an empirical model by using a power law function to descriteerelation between strain
and stress in a nanoindentation test [47]. The model is baseth elastic solution and
works well for hard ceramic materials. AFM and the modifiedWFRtomic force acoustic
microscopy (AFAM), are broadly used as an important toohfi@asuring mechanical prop-
erties [5, 48]. Taber and Steele modeled the cochlea withagkt rigid-walled tube and
modeled membranes with viscoelastic, orthotropic, tapplate with hinged edges [49].

Fig. 8.6 illustrates experiments of nano indentation withA&M. The Hertzian con-
tact model is usually applied for the contact mechanics. ehlity, pressure distribution
of a contact interface differs with different propertiesnoéterials. Although the Hertzian
contact model has been widely used and accepted, a moreayeraiel is necessary in
the study of bio-tissues. In [34], Xydas and Kao observed aengeneral formulation
of pressure distribution with viscoelastic contact, anopsed the contact model, which
subsumes the Hertzian contact model, as follows:

p(r) :Ck% [1— (f)kr (8.1)

a

wherep(r) is the pressure as a function of radius in a polar coordintis, the normal
force, a is the radius of contact are&y is a coefficient, a function df, that adjusts the

profile of pressure distribution to satisfy the equilibri@ondition at the contact interface,
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Figure 8.6: The diagram illustrates how an atomic force ascopy (AFM) measures the
surface roughness or mechanical properties of materials.
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Figure 8.7: The pressure distribution of viscoelastic aonbased on equation (8.1) for dif-
ferent values ok. Ask — oo, the distribution becomes uniform with normalized maximum
pressure of 1.0. Selected value<pfis tabulated in Table 8.3.

and is:
3 kr(§)

K= 51\ r(2)
20 ()T (%)
wherel is the Gamma function, arklis a positive real number, although integer values

(8.2)

are often used. It is apparent from equation (8.2) @ais only a function ofk.> The
pressure profile varies with differekt and can be plotted in a normalized coordinate as
shown in Fig. 8.7. In this model, Hertzian model is a specakecwherk = 2. In general,
softer materials usually tend to have higher valuels of

Future investigation includes:

(1) The contact of bio-tissue always involves not only etastsponse but also temporal
responses. A relevant viscoelastic model is essentiah®istudy. An application
of the latency model for the investigation of contact meatgunsing probe tip and

bio-tissue is shown in Fig. 8.8

(2) As opposed to the deterministic modeling, stochastideting is usually more accu-
rate, especially for biological contact interface; howeterequires large computing
power and time. A standard AFM process is shown in Fig. 8.6e @md of the can-

tilever is mounted on the AFM, while the other end has a naradesprobe attached.

1 : - Ve fatmay — _ 31(&) _
Equation (8.2) can also be expressed in an alternative fatmQy = AL becausd (z+1) =

i
zl(2).
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Table 8.3: Table of values @ for selected values & The values ok can be integer or
real numbers, depending on the characteristics of the ralstand geometry of contact.

L K[G
1.8 | 1.6080
2 | 1.5000
3| 1.2405
4 11441
10 | 1.0274
100 | 1.00032

The real surface is not truly smooth on an atomic scale. Cacmeembranes also
have asperities as illustrated in Fig. 8.6. The roughneassffact the measurement of
force and displacement of the probe tip. As a result, a sgiich@odel is necessary for
the measured data corresponding to the surface roughnessptinized stochastic

model with adjustment of parameters can be obtained basegp@amrimental results.
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Appendix A

JUSTIFICATION OF CHOOSING TWO
EXPONENTIAL TERMS IN RELAXATION

The question we are trying to answer is: “What is the reasenalonber of exponen-
tial terms required in equation (3.3) to render a good cuttied?” We justify the choice
of two exponential terms by comparing the results and adgqoiitting of equation (3.4)
with one to four exponential terms. The results of a typial & data are listed in the

following:

f(t) = 1.0870+0.7820e 202 (A1)
f(t) = 0.9987+0.4780e 2672 1 0.5144e 05143 (A.2)
f(t) = 0.8852+ 0.4264e 4002 | 0 3421¢ 0889

+0.3399¢ 01758 A3)
f(t) = 0.8597+0.3866e +29% 4 0.2227e 14000

+0.4255¢ 703543 | 0 09962 85x10 (A.4)

The graphical results of curve fitting is shown in Figure AliLis obvious from visual
inspection that all equations in (A.2) to (A.4) render vepod fit, except equation (A.1)
which has only one exponential term. In addition, the catieh factor R?) of the curve
fitting with two or more exponential terms aR® > 0.9988, confirming the good curve
fitting as seeing visually in Figure A.1. If we define the timenstant of each of the

exponential term ag = 1/v;, we can obtain the shortest time constants for each of the
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Table A.1: Time constants of each exponential term in eqonat{A.1-A.4)

Eq | exp.terms| 11 (sec)| 12 (sec)| 13 (sec)| 14 (sec)
(A.1) 1 0.8278| N/A N/A N/A
(A.2) 2 0.2723| 1.9436| N/A N/A
(A.3) 3 0.2494| 1.1241| 5.6883| N/A
(A.4) 4 0.2378| 0.7143| 2.8209| 11628.0

curve fitting in equations (A.1) to (A.4) in Table A.1.

Sincert; is the shortest time constant, it affects the exponentiehyilag response
of relaxation most dominantly. It can be seen from Table Adt &is long as two or more
exponential terms are adopted, the resultg;oflo not vary too much. As a result, two

exponential terms are used in modeling.
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Figure A.1: Overlaid plot of curve fitting using different miber of exponential terms in

equation (3.3), whera is the number of exponential terms. It is evident that when2,
the curve fittings are practically the same over the spaneofithe interval.

119



Appendix B

JUSTIFICATION OF CHOOSING TWO
EXPONENTIAL TERMS IN CREEP

As an illustration for the choice of the parametan equation (6.2), we apply curve
fitting to the experimental results in Fig. 6.4 by using egqua{6.2). The creep response,

based on different choice af= 1,2, 3, are listed in the following for comparison.

d(t) = 6.480—0.6787e 5901 (B.1)
d(t) = 8.100—0.5977¢ 08222 _ 1 733¢ 0.00780% (B.2)
dt) = 7.622—0.5973e 082%% _ (77197001161

—0.4833¢0:009946 (B.3)

The graphical results of curve fitting are plotted in Figurgé.B:he normalized coefficients
of curve fitting andR? are summarized in Table B.1. It is obvious from visual insjoect
that the good curve fitting results can be obtained with twaonore exponential terms
(n>2).

Therefore, we choose to use= 2 in equation (6.2) for the analysis of the creep

response.
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Table B.1: The normalized results of curve fitting using (6.2)

] \ n=1 \ n=2 \ n=3 \
D(® 6.48 8.10 7.62
Co 1.00 1.00 1.00
c; | —1.05x10 1| —7.38x102| —7.84x 102
Co N/A —214x101[ —101x101
C3 N/A N/A —6.34%x 102
vi | 591x101 | 823x10 1 | 824x101
Vo N/A 781x10°3 | 1.16x10 2
V3 N/A N/A 9.95x 103

| RP | 09162 | 09411 | 09411 |
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Experimental Result
6 — one exponential term
= WO exponential terms
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Figure B.1: The plots of curve fitting using different numbéerponential terms in equa-
tion (6.2)
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