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Abstract— Among modeling of deformable objects, such as model to describe rheological behaviors. However, it is
human organs or tissues, various food products, and cloth, only a conceptual description and no simulation results and
accurate reproduction of rheological properties is a chaknging parameter information were given. A mass-spring-damper

issue because rheological objects always yield residual -de .
formation after arbitrary operations. In this paper, a finit e (MSD) model was introduced to model a food dough and the

element (FE) model was presented to simulate rheological Physical property was calibrated by genetic algorithm (GA)
behaviors. In order to reproduce both deformation and force optimization [6], [7]. The MSD model has an advantage

behaviors simultaneously, two sets of physical parametersere  of less computation costs [8], but the formulation was not

estimated based on the FE model and nonlinear optimizatiolA  pacad on continuum mechanics and the simulation accuracy

parameter switching strategy was then proposed to switch ta . . L
parameters from one set to the other during simulation, Expei- 1S auite limited. A two-layered Maxwell model [9] and

mental results of commercial clay and Japanese sweets maiar ~ Fung’s viscoelastic model [10] has been used respectively
were presented to validate our FE model for simultaneous to describe the force response of a “Norimaki-sushi” when

reproduction of rheological deformation and force behavies.  grasped by a robot hand. Good approximations of rheological
Contact simulations between rheological objects and exteel 4 005 were obtained. Unfortunately, both models are 1D
instruments were also presented to shown the ability of our E - .
model for dealing with arbitrary shaped objects. cases. In addition, the ISU _exoskel_eton techmque_z was used
to model a clay to simulate interaction between virtual clay
I. INTRODUCTION and a human finger [11].

Modeling of deformable objects, such as human organs or However, the above-mentioned works have focused on
tissues, various food products, and cloth, has been studietther reproduction of deformation alone [6], [7] or repro-
for over twenty years [1], [2]. In our definition, deformableduction of force alone [9], [10]. Nobody considered both
objects was roughly divided into three categories based @f them simultaneously. In many applicatiorsy., surgical
their deformation behaviors: elastic, plastic, and rhgiglal  simulation with haptic feedback or virtual manipulation of
object. Elastic or viscoelastic objects have the abilitgam- food products, accurate results of both force and defoonati
pletely recover the deformations generated during opmrsti are necessary. We have therefore focused on the simultane-
and plastic objects completely maintained those deformaus reproduction of both rheological deformation and force
tions. Rheological objects, on the other hand, have bothehaviors.
elastic and plastic properties. The deformation generatedIn this paper, we presented a two-dimensional (2D) FE
in rheological objects was partially recovered and pdytial model for simulating rheological behaviors. Two sets of
maintained. physical parameters were calculated to capture rheolbgica

Modeling of elastic or viscoelastic objects has been stldiedeformation and force respectively. A parameter switching
intensively, especially in surgical related applicati@isce strategy was then proposed to switch these two sets of pa-
most biological organs and tissues seem to be recoverabiameters during simulation. Experimental results andaszint
Some organs or tissues, however, may fail to completelimulations were presented to validate proposed FE model
recover from the deformation. Porcine brain tissue wasdourand estimated parameters.
to be one (_axample [3]. Ir_1 Vivo expenm_ental resul_ts also Il. MODELING OF RHEOLOGICAL OBJECTS
showed residual deformation presented in human liver [4]. . .

In addition, many other objects, such as clay and variofy Selection of Physical Model

food products, demonstrate rheological behaviors. Howeve In our previous work, we have used serial three-element
modeling and property estimation of rheological objects wa[12], [13], four-element [14], and five-element [15] phyadic
not studied sufficiently until now. Chugt al. has stated that model respectively to describe rheological behaviors. We
the most critical barrier against the application of robsti found that the four-element and five-element models were
and automation in food industry is a lack of understandingnore appropriate than three-element model for describing
of the food product properties as an “engineering” materiaheological forces. We have summarized the physical models
for handling operations [5]. which can be used to simulate rheological behaviors, in.[16]

Early work on the modeling of rheological objects datesVe divided the physical models into two categories: serial
back to Terzopoulost al. [2], who has used a Burgers and parallel models, as shown in Fig. 1. Both models were
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Fig. 1. Two groups of rheological models: (a) serial modafs] (b) parallel C. Boundary Constraints

models. Supposing that a 2D object was fixed on the ground
and the top surface of the object was pushed down with

constructed by a sets of basic elements connected in a sefaflisplacement function odi(t). Therefore, two boundary

and parallel configurations. According to the analysis @f thconstraints have to be imposed on the nodes of both top

constitutive laws, we found that we are always able to fin@nd bottom surfaces. By using constraint stabilizatiorhmet

a corresponding parallel model for an arbitrary serial hodéCSM) [17], these two boundary constraints can be formu-

and both models results in the same rheological behaviofgted as:

It means that only one type (either serial or parallel) of ATiin+AT (22U + g?uy) =0,
rheological model need to be investigated. In this paper, we 7 .. - T L 200 o ®3)
therefore employed a parallel five-element model (the last B (Un—d)+B [2¢(Un—d)+ ¢ (un —d)] =0,

row in Fig. 1b) to formulate rheological behaviors. where matrixA and B denotes the nodes should be con-

) ) strained on both top and bottom surfaces. Scglawvas a

B. Rheological Force and Deformation predetermined angular frequency and was set to 2000 for
A parallel five-element model consists of two elastidhoth constraints.

elements (denoted by parametéss E;) and three viscous _ _
elements (denoted by parameteis ¢y, andcs). A elastic D- 2D FE Dynamic Equations
element and a viscous element connected in serial wasLet M be the inertia matrix andA\; and A, be the
defined as a Maxwell element. Thus, the parallel five-elemeh&grange multipliers which denote a set of constraint ferce
model also could be described as two Maxwell elements ag@rresponding to both boundary constraints. Using the La-
a viscous element connected in parallel. ket 0>, ando;  grange dynamic method, dynamic equations of all nodes are
be the stress at the first, the second Maxwell element, andfatmulated as

the third viscous element, respectively. Letand € be the rheo L
stress and strain at the 5-element model. The stress-strain —F55° +AA1+BA; —Miy =0. (4)
relationship can be therefore formulated as: Combining Egs. (2), (3), (4), and consideriag = Uy, we
B _ could end up with a set of differential equations which
o1+ 0—101 =Ei¢, described the 2D dynamic behaviors of a rheological object
= _ under a pushing or pulling operation. By numerically sodvin
02+ C—Gz=E2£, (1) these equations, we could calculate the deformation and
2 forces at each nodes of the triangular mesh. In addition, the
03 = Caé, 2D FE model can be easily extended to 3D case by changing
0 =01+ 02+ 03. the triangular mesh to tetrahedral mesh and adding-thés
Using finite element (FE) method, we constructed a 2[5omponents in all the matrices and vectors.
object with a set of triangles and imposed the five-element IIl. PARAMETER ESTIMATION

model on each triangle to govern the stress-strain rehatio
ship. Using generalized Hooke’s law, 1D stress-strain-rel _ _ _ _
tionship Eq. (1) can be convert to a 2D force-displacement Generally, the properties of various materials were esti-

. Analytical Expressions of Forces

relationship as below: mated through some standard compressive or tensile tests.
_ E Mostly, such tests only provided 1D measurement data.
F1+ —lFlz ()\f'aJA +uf'aJ“)uN, In our applications, however, 2D/3D measurements are re-
_ El quired. We pushed a flat-squared object from the entire top
Fao+ c_2F2 = (A$30) + ps'23,) )y, ) surface with a constant velocity from time O tg and this
2vis visa o time period was called pushing phase. Before releasing the
Fg=(A3"J) + H3 Jp)UN, deformation, the deformed shape was maintained from time

FIe0 — Fy 4+ Fp+ Fa, tp to ty -+t and this period was called keep phase. During the



compressive test, the force responses and several deforntieel value ofzfci and used it as a constraint to minimize the
images were recorded by a tactile sensor and a calibratixice difference, we could estimate all the parameters and
camera. Using these experimental measurements, we wgield a good reproduction of residual deformation. Again,
able to estimate the physical parameters. we were not able to accurately reproduce the force response

We previously proposed an approach to estimate the pat the same time. We therefore concluded this behavior
rameters based on FE simulation and iterative optimizatioas a contradiction between accurate reproduction of force
The idea of this method is to iterate the FE simulation witllesponse and reproduction of residual deformation. This be
updated physical parameters until the difference between thavior only happens in rheological object where the redidua
simulation and experiment becomes minimal. This methodeformation exists. This is because the physical model used
was robust but time consuming. Therefore in this paper, wia our FE formulation is a linear model, especially the
introduced an efficient method to estimate the rheologicéihear viscous element. We found that this contradiction
properties by taking the advantages of analytical exppassi phenomenon will appear as long as the physical model is
of rheological forces. Note that the pushing velocity idinear and no matter how many elements included in the
constant in pushing phase and is zero in the keep phaghysical model. However, we could employ two sets of
Therefore, we can easily solve the differential equatiohs @arameters to capture force and deformation respectively,
Eq. (2) in both pushing and keep phase. Finally, we have ttes discussed in [17]. The estimation process of two sets of
expressions of rheological forces in both phases as followparameters can be summarized as the following four steps:

2 &, 1) Estimation of Poisson’s ratiy by minimizing the
F(t) = Zlci(l—e G )Myp+03p, (0<t<ty), (5) difference of deformed shape in keep phase;
i= 2) Estimation of the first set parameters by minimizing
the force difference based on Egs. (5) and (6);

N

Ei(

_5 _Eo
Ft)=Y c(l-e @ Pe s TIMyp, (tp <t <tptth), 3) Calculating the value of 3¢ using Eq. (7).
1= (6) 4) Estimation of the second set parameters by minimizing
where the force difference with knowiy3c; as a constraint.
y 1 D. Parameter Switching Strategy
My=ydr +yudu = I+ Ju-
Y T 14y (1-2y) 2(1+y)™ As discussed in the last section, two sets of parameters

Vector p consists of velocities at individual nodes in thewere necessary to accurately reproduce both rheological
pushing phase. Note that the Poisson’s ragiocan be force and deformation. We could use both sets of pa-
determined in advance by using the experimental data &2meters as input to simulate the rheological objects, as
deformed shape in the keep phase, as discussed in [17]. Tof@sented in [17]. However, this is time-consuming since
vector p can be then obtained from the simulation result§vo geometrically identical objects need to be simulated
during pushing operation with knowp Using Egs. (5) and inside the simulator. In this paper, we therefore proposed
(6), we can easily calculate the force responses during boghparameter switching strategy to switch these two sets of

pushing and keep phases. parameters from one set to the other. As shown in Eq. 7,
_ _ , _ since the residual deformation was dominatedytyci, we
B. Analytical Expression of Residual Deformation have therefore proposed a dual-moduli viscous element as

According to the discussions of our previous work [16]shown in Fig. 2a. The stress-strain relationship of the -dual
we found that the residual deformation was dominated by theoduli viscous element was formulated as:
sum of the viscous modulj3c and force history through

pushing and keep phases. The residual deformatjgfao) a(t) = (ka+c)e(t), (®)
can be formulated as: where scalarsx and ¢ were parameters to be determined.
1 tp+Hk i 1 i :
Mytin (60) = —5 / P it ) Switch functionk takes the following value
2i=1Gi /o K — { —1 criterion is satisfied; ©)
C. Parameter Estimation L1 otherwise

Using Egs. (5) and (6), we can estimate parameters
Ej, Ep, €1, €2, and cz by minimizing the force difference

during pushing and keep phase. Instead of using iterative FE T

simulation, we calculated all the force data directly frdre t K\OL, ¢ E, X
force expressions. This method could result in an optimized } o o WL(}_O
solution within only several seconds depended on the initia ¢

setting. The estimated parameters from this optimization —

provided accurate force results but we failed to reproduce (@) b
residual deformation. In order to accurately capture resid

deformation, the sum of the viscous mOdEﬁci has to be. Fig. 2. (a) the dual-moduli viscous element and (b) pardlalement
close to the value calculated from Eq. 7. If we predeterminedodel with two dual-moduli viscous elements.

~



TABLE |
ESTIMATED PARAMETERS FOR BOTH MATERIALS

) E1 Eo C1 C2 ay az
Material 4 (Pa) (Pa) (Pa) (Pas) (Pas) (Pas)
Clay 0.2902 F731x 10* 8.0952x 10* 1.1247x 107 5.9559x 10° 2.0444x 10P 1.0179x 10°

Sweets 0.3474 3787x 10* 2.5865x 10* 2.7672x 107 6.0402x 10* 2.7657x 10 6.4650x 10°
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Fig. 4. Validation results of both materials with the timétemion.
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(b-1) deformed shape (b-2) typical force response dth . | f h in Fi 3. Th
(b) experimental measurements with Japanese sweets material and the typlca orce responses were shown in Fg. s. ese

measured data were then used to estimate the physical

Fig. 3. deformed shapes and typical force responses of tmercial parameters and the estimated results for both materials wer
clay and Japanese sweets material. given in Table 1.

B. Validation Results
Introducing two dual-moduli viscous elements into the par-

allel 5-element model, as shown in Fig. 2b, we could modi
the FE model by replacing the first two equations of Eq. (2

1) Validation with Time Criterion: Using the proposed
E model and estimated parameters, we could simulate the
. . . ehaviors of above two objects. At first, we used simulation
with the following two equations: time as a criterion to start the parameter switching. The sim
£ E; Fy— (A%, + pfa3,)i ulation results compared with experimental measurements
Y kar+c b 192+ Hr U, were demonstrated in Fig. 4. We were able to accurately
E> (10) reproduce both rheological forces and deformation simulta

- _ () 8a da :
F2+K02—|—C2F2 (A2793 + 12" Ju)Un neously.

N . 2) Validation with Criterion of Contact Detection: Con-
The parameter switching should happen in the moment ; .
when the deformation started to recover. Thus, the criteri fact between an object and an external instrument often
used in Eqg. 9 could be time or some eveﬁts which can eagwappens In many applications, such as surgery operation and
distin uisﬂ.the recovery moment. In the rest of this pa e!HXOd grasping. During the contact modeling, we found that
gul y N . !1S PAPEL, o moment of losing contact could serve as a good criterion
we will introduce two such criterions: simulation time and

contact detection for parameter switching. The process of contact modeling
’ was presented in [18]. Using the estimated parameters of
IV. EXPERIMENTS AND VALIDATION sweets material (as listed in Table 1), we performed a cantac

simulation between a rheological object and an external
instrument. The simulation results compared with experi-
Two rheological objects made of commercial availablenental measurements were shown in Fig. 5. We successfully
clay and Japanese sweets material were used in our expeeiproduced both rheological force and deformation behavio
ments. The flat-squared objects were pushed with a constdmyt using the proposed parameter switching strategy.
velocity of 02m/s by a linear stage. Some markers were We also conducted simulations with irregular shaped ob-
drawn on the object surfaces for easy comparison of internglcts. For example, a semi-circular object was deformed by
deformation. The force responses were measured by a tac@lesquared instrument. Total simulation time is 16 seconds.
sensor. Initial, deformed, and recovered shapes werededor The instrument was moved down 25mm in first 4 seconds
by a calibrated camera. Deformed shapes of both materialéth a constant velocity. Then, the instrument was stopped

A. Experimental Results and Estimated Parameters
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/\ —Experiment In addition, we also investigated the rheological behavior

‘ of a circular object operated by two external instrumenti wi

008 i one at the top and the other at the bottom, as shown in Fig.

N 5 8 with parameter switching and in Fig. 9 without parameter

zz: ‘ i’ns switching. The bottom instrument was static and the top

ol instrument was moved down to push the object. Figure 8b

001 — showed that the object had already deformed and contacted

055570 aar a0t 0ot 05 0 d o4 % i 1o a0 T o 20 with the bottom instrument due to gravity before the top
(c) (d) instrument touch the object. The final recovered shape was

also not symmetrical relative to the horizontal axis duehto t

Fig. 5. Validation results of Japanese sweets material willerion of g ravity in both figures. The deformation behaviors showed
contact detection. Simulation results (red line) compawéh experimental

measurements (black line): (a) the initial shape and usitf the object that our FE model worked in a natural way.
and instrument, (b) the deformed shape when the deformaiganholding,
(c) the final recovered shape, and (d) the rheological fosteatiors. V. CONCLUSIONS AND FUTURE WORKS

In this paper, a parallel five-element physical model was
used to describe the rheological behaviors and a 2D/3D FE
and maintained the deformed object for 4 seconds. The i@ynamic model were formulated to simulate such behaviors.
strument moved back to the original position within anotheBy taking the advantage of parallel configuration of the
4 seconds. After the instrument was moved back to thi/e-element model, analytical expressions of rheological
original position, the object still had 4 seconds to recoveforce and residual deformation were formulated and an
The estimated parameters of sweets material were useddflicient approach for estimating physical parameters was
this simulation. Some snapshots of simulation results wetRen presented based on these expressions and nonlinear
shown in Fig. 6, where the parameter switching strategy wasptimizations. To accurately reproduce both rheologieal d
applied. To demonstrate the function of parameter switghinformation and force simultaneously, two sets of physical
strategy, snapshots without parameter switching were alg@rameters were estimated. One of each captures deforma-
given in Fig. 7. In this case, we could obtain accuratgon and force respectively. A parameter switching strateg

force results but the deformation behaviors were not as Weas then proposed to switch these parameters from one
expected. At simulation time.8s, the instrument and object

had lost contact in Fig. 6d but still in contact in Fig. 7a. The
final recovered shapes of both cases were also quite differen
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Fig. 6. Simulation snapshots of a semi-circular object pdstiown by a  Fig. 8. Simulation shapshots of a circular object operatgd two
flat squared instrument with parameter switching strategy. instruments with parameter switching strategy.
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set to another when a criterion was satisfied. Experimental
results using commercial available clay and Japanese swed?]
materials were given to validate proposed FE model and
estimated parameters. Finally, contact simulations batwe
rheological objects and external instruments were pregent{10]
to demonstrate the ability of our FE model for dealing with
arbitrary shaped objects.

In the future, nonlinear modeling, such as geometricdlll
nonlinearity, will be introduced into our FE model to cover
large deformation and rotation behaviors. In addition, enorj12]
rheological materials, including biological organs ostiss,
will be tested to further validate our FE model and parameter
estimation method. [13]
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