Iterative FE analysis for non-invasive material modeling of a fingertip
with layered structure
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ABSTRACT

We propose a method to estimate material constants of living soft
tissue. It allows modeling of non-linear material properties of soft
tissue even for subsurface layer in non-invasive manner. It employs
medical imaging modality and iterative finite element (FE) analy-
sis. The iterative FE analysis determines material constants so that
the error between measured MR volume data and synthesized MR
volume data is minimized. The synthesized MR volume data is ob-
tained by transforming the pre-compression MR volume according
to the displacement field computed by FE analysis. The proposed
method was applied to a silicon rubber phantom and an index fin-
ger of male subject. The former showed good performance of our
method that estimated material constants with the accuracy of 7%.
The latter revealed an essential feature of a fingertip: the cortical
layer is more rigid than the inner layer that is consistent with the
previous researches.

Keywords: soft tissue, material constant, Ogden model, iterative
FE analysis, MRI

1 INTRODUCTION

Neural impulses emitted form the tactile receptors evoke the sense
of touch. In order to gain quantitative understandings in the mech-
anism of touch, it is fundamental to understand the subsurface me-
chanical behavior of a fingertip in contact with an object, since the
mechanical stimulus is the main trigger for the emission of the neu-
ral impulses. Mechanical characterization of a fingertip is therefore
one of the key elemental technology in the studies of haptics.
Pawluk and Howe investigated dynamic lumped element re-
sponse of the human finger pad [1]. A quasi-linear visco-elastic
model was employed that successfully explained the reaction force
against dynamic indentation with a flat probe. They also investi-
gated dynamic, distributed pressure response [2] under the same
conditions. A modified contact model of a rigid plane and a linear
viso-elastic sphere was introduced to explain the feature of the dis-
tributed pressure response. On the contrary, Nakazawa et al. char-
acterized impedance of a finger pad under step and ramp shearing
force [3]. The Kelvin model was employed to explain the dynamic
characteristics of finger pad. They concluded that the stiffness in
the shearing direction changes depending on the finger, applied nor-
mal force, and the direction of the shearing force. These researches
have tried to model the mechanical behavior of finger pad from a
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macroscopic point of view; i.e. they assumed that the finger pad
is represented as a mass-spring-dumper system. They are not thus
appropriate for the precise modeling of the subsurface mechanical
behavior.

The rapid progress in computational power allows us to conduct
finite element (FE) analysis of massive mechanical structures. This
technique is being applied to the studies of haptics, because of its
ability to simulate and predict subcutaneous mechanical behaviors
[4, 5, 6]. In these researches, fingertips have multi-layered structure
represented as a set of finites elements. Precise material character-
ization of each layer is crucial for the realistic simulation of the
mechanical behaviors.

Maeno et al. constructed a cross-sectional finger model with
three layers: epidermis, dermis and subcutaneous tissue. All the
three layers were assumed to be linear elastic and isotropic medium
with different material constant determined from a cadaver tissue
[4]. Therefore, it is difficult to take individual differences into their
model.

Dandekar et. al created three-dimensional FE models of primate
fingertips with five layers: epidermis, dermis, adipose tissue, fi-
brous matrix and bone [6]. Same as Maeno’s model, all the soft tis-
sue were assumed to be linear elastic and isotropic medium. They
performed forward FE analyses and compute the surface deflec-
tion under line loadings, changing the ratio of elastic moduli by
a factor of 10. The optimal ratio of the elastic moduli was deter-
mined so that the error between the measured deflection and the
computed surface deflection is small enough. The absolute values
of the elastic moduli are then obtained by adapting the computed
force-displacement relationships to that obtained by experiments.
Though their models have capability to conduct subject-specific
analysis, it is limited to the range of small deformation, since the
surface deflection was at most 1.0 mm in their analysis.

We intend to conduct finite element analysis for three-
dimensional fingertips both for haptics study and for product de-
sign. At least dozens of subject-specific FE models with precise
subcutaneous geometries and material properties are required to
compute the mechanical behavior of fingertips. In this paper, we
propose a method to estimate material constants of living soft tis-
sue. This method allows non-invasive and non-linear material mod-
eling even for layered structure, since it employs medical imaging
modality and iterative FE analysis.

2 METHOD

2.1 MRI Based Elastographiesin theLiterature

Recent progress in diagnostic imaging modalities allows us to de-
velop new elasticity imaging techniques. Magnetic resonance elas-
tography (MRE) is one of the promising method [7]. It visualizes
strain waves that propagate within soft tissue by using MRI. We
can estimate distribution of the stiffness even for subsurface tis-
sue, since the wavelength visualized by MRE is proportional to the
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Figure 1: Overview of the iterative FE analysis.

stiffness. However, damping and reflection of the strain waves that
induce fatal estimation error are not negligible when applying this
technique to actual fingertip.

Quasi-static MRE is another elasticity imaging method [8]. It
employs a discrete constitutive equation of linear elasticity to re-
construct the stiffness distribution from the strain image visualized
by MRI. It was found, however, that in this method, since the con-
stitutive equation assumes small deformation, we can not consider
non-linear characteristics of fingertip.

2.2 Proposed Method — Iterative FE Analysis

In order to compute deformation of fingertip under arbitrary load-
ing conditions, we have to take subcutaneous structures as well as
non-linear material characteristics of soft tissue into considerations.
The estimation method of material constants presented in this study
accounts for these requirements. Shown in Figure 1 is the overview
of the proposed method. It is divided into following three proce-
dures.

MR Compression Test Compress the fingertip inside MRI in or-
der to visualize three-dimensional deformation of the subcuta-
neous structure, as shown in @ of Figure 1. The compression
force is measured by using MR compatible force sensor [9],
at the same time. Let us call the obtained volume data of the
compressed fingertip as measured volume.

FE Model Generation Generate a subject-specific FE model with
precise subcutaneous geometries from the pre-compression

MR volume data as shown in (@) of Figure 1. The same bound-
ary conditions as the MR compression test are assigned to this
FE model. The material constant of each anatomical part is
initialized to reasonable value.

Iterative FE Analysis Compute the deformation of the FE model
under given conditions as shown in (3 of Figure 1, and trans-
form the pre-compression MR volume according to the com-
puted displacement field as shown in @ of Figure 1. Let us
call the transformed MR volume data as synthesized volume.

Then update the material constants so that the error be-
tween the measured volume and the synthesized volume is
decreased, and iterate these procedures (&), ® and @ of Fig-
ure 1) until the error is minimized. The resultant material con-
stants are the final estimates.

This method has remarkable advantages over the other MRI
based elastographies described in Section 2.1. Firstly, it allows es-
timation of material constants taking large deformation and non-
linear material properties into consideration even for the subsurface
tissue. This is because of the medical imaging modality and FE
analysis employed in this method. MRI allows us to observe defor-
mation of subsurface tissue directly, while FE analysis allows us to
introduce complicated mechanics of soft tissue such as large defor-
mation, non-linear material properties and contact problem into the
estimation.

Secondly, since the material constants are determined so that the
error between the measured volume and the synthesized volume is
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Figure 2: Schematic illustration of two-dimensional simplex.

minimized, the reproducibility of FE analysis where the estimated
material constants are assigned is maximized.

Finally and equally important for numerical simulation such as
FE analysis, errors in computed deformation are evaluated in detail
by comparing a measured volume and a synthesized volume. Ac-
curacy of FE analysis is typically evaluated by relation between in-
dentation depth and resultant reaction force, although deformation
and other mechanical quantities such as stress/strain are computed
for every node. Different from such local evaluation, this method
allows us to evaluate entire deformed profile of soft tissue; i.e. it
enables global evaluation.

2.3 Implementation Details

This section describes implementation details of the iterative FE
analysis.

We employed normalized mutual information [10] (NMI) and
sum of squared differences [11] (SSD) for similarity measure of two
volumes. The NMI is effective for the comparison of two volumes
with different intensity pattern, while the SSD is effective for that
with similar intensity pattern. We used either of them depending
on the quality of the obtained MR volume. The optimization of the
iterative FE analysis is thus amounts to a problem of finding the
maximum of NMI or minimal of SSD between a measured volume
and a synthesized volume.

Downhill simplex method [12] is employed for the optimization
of the similarity measure. It is a numerical optimization technique
widely used in a problem that has non-smooth evaluation function
or has difficulty in the direct computation of the derived function.
This optimization method is appropriate for the iterative FE analy-
sis, since analytical computation of the derived function is difficult
in general.

Figure 2 shows a schematic illustration of two-dimensional sim-
plex. This method has two termination criteria: (1) diameter of the
simplex and (2) difference of the function value. The optimization
is iterated until the first criterion is less than tolx and the second
criterion is less than tolf. By using notations in Figure 2, the for-
mer and the latter is described as Equation (1) and Equation (2),
respectively.

tole=max (abs (X2 —x1) ,abs (X3 —x1),abs (y2 —y1),abs(y3 —y1))

@

tol f = max(abs(e; —ey),abs(e3 —ey)) 2

The iterative FE analysis was implemented using a general-
purpose non-linear FE analysis program ABAQUS (ABAQUS,
Inc.) and a high-level program language MATLAB (The Math-
Works, Inc.). Forward FE analysis is performed using ABAQUS,

Figure 3: Silicon rubber phantom with three layers.

while the other processes, volume transformation, computation of
volume similarity, and optimization of volume similarity is per-
formed using MATLAB.

3 EXPERIMENTAL FOR A SILLICON RUBBER PHANTOM

3.1 MR Compression Test

We conducted iterative FE analysis for a three-layered silicon rub-
ber phantom. Since the material property of each layer was iden-
tified by a separate uni-axial compression test, we can evaluate the
accuracy of the iterative FE analysis. Figure 3 shows the silicon
rubber phantom with the dimension of 12 x 12 x 70 mm. It has the
same three-layered structure along the longitudial direction. Me-
chanical behavior of the center cross section of this phantom is rep-
resented by a plane strain model, if the boundary conditions are also
identical along this direction. We imaged two-dimensional center
cross section slice instead of three-dimensional data for this reason.

This phantom was glued to a base plate that was inserted into a
small saddle coil placed at the center of a 4.7 T, 230 mm bore MRI
scanner (Unity INOVA, Varian, Inc.). The high magnetic field of
this scanner ensured high signal-to-noise ratio of the obtained data.
The image data was obtained with a spin echo multi slice sequence
(SEMS) with TR/TE of 500/19 msec, whose field of view (FOV)
was 25 x 25 mm and image size was 256 x 256 pixel. Resolution
of the image data was thus 0.998 um/pixel. It took about 12 minutes
to obtain one slice.

A mechanical compressor and an MR-compatible force sensor
[9] were employed for the compression test. Both are highly MR-
compatible: completely free from magnetic materials and electric
circuits. A flat indenter was glued to the top surface of the phan-
tom and was indented in 7 steps. The maximum indentation depth
was about 3.5 mm. Compression force was measured with the fre-
quency of 0.1 Hz during the imaging process.

Figure 5 (a) shows the MR images of the center cross section
of every two steps during the compression test. A three-layered
structure of this phantom is clearly imaged. Let us call each layer
as first, second and third layer respectively from the top for conve-
nience of following explanation. Observed compression force and
its standard deviation are also shown in the top left of each panel.

3.2 FE model generation

An FE model of the center cross section of the phantom was pre-
pared for iterative FE analysis. Figure 4 (a) shows the generated FE
model. This model was manually created by extracting boundaries
form a pre-compression MR image. It is composed of second-order
quadrilateral elements. The total number of elements and nodes
was 36 and 133, respectively.

Same as the MR compression test, bottom surface was pinned
while the top surface was configured to glue to the indenter (rough
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Figure 4: Generated finite element model of the silicon rubber phan-
tom and result of finite element analysis.
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Figure 5: Measured images, synthesized images and subtractions
between these images for different indentation depth.

contact in ABAQUS).

To deal with non-linear material property of silicon rubber, first-
term Ogden model was employed [13]. It is a hyper-elastic model
widely used in the analysis of rubber-like material and soft tissue
[5]. This model has two material constants, u and o. The latter
was fixed to 1.4 in order to ensure the uniqueness of o (see [14] and
Section 3 of [15] for detail). Each layer has, therefore, one material
constant u to be estimated. Let us call the material constant of each
layer as 14, Uong and usrg, respectively.

Figure 4 (b) shows the result of the FE analysis for this model in
which the true material constants identified by a separate uni-axial
compression test are assigned.

3.3 lterative FE Analysis

The iterative FE analysis was performed in two steps, coarse to fine
manner. In the first step, we applied constraint to the three material
constants that they are equal; i.e. U1 = Uond = Uarg. First row
of Table 1 shows the initial values for this estimation. In the next
step of the iterative FE analysis, the material constants are assumed
to be independent. In this step, the initial value of each material

Table 1: Initial material constants, estimated material constants and
their estimation error.

| | s [ Mond | Hard |
Initial values (MPa) 1.00e-1 | 1.00e-1 | 1.00e-1
Estimated values (MPa) | 2.01e-2 | 3.35e-2 | 6.32e-2
Identified values (MPa) | 2.11e-2 | 3.57e-2 | 6.56e-2
Error (%) 4.73 6.16 3.66

(a) Pre-compression volume (b) Measured volume

(c) Subtraction between (a) and (b)

Figure 6: Subtractions between the pre-compression MR volume and
the measured MR volume.

constant was set to the estimated result in the first step.

We chose to employ NMI as similarity measure of each opti-
mization. The images captured in step 1, 3, 5 and 7 were used
to compute the NMI. In the first step, tolx was 1.00e-3 MPa and
tolf was 1.00e-3, while in the second step, tolx was 1.00e-5 MPa
and tolf was 1.00e-5. Our current implementation requires approx-
imately 18 minutes (6 iterations in the fist step and 22 iteration in
the second step) using a Windows machine of Pentium M 1.3 GHz
with memory of 768 MB.

Figure 5 shows the result of the iterative FE analysis in the sec-
ond step. Each panel shows the measured images, synthesized im-
ages in the final iteration, and subtractions between these two im-
ages, respectively. One can observe good correspondence of all the
profile including the boundary between the layers. The second row
of Table 1 shows the estimated material constants for this silicon
rubber phantom, while the third row shows the identified material
constants for a standard test piece of each silicon rubber. The fourth
row of Table 1 shows the estimation error. The accuracy of the es-
timation was better than 7% for all layers.

4 EXPERIMENTAL FOR A FINGERTIP

4.1 MR Compression Test

We acquired MR volume data of index fingertips of one male sub-
ject with the age of 25. The finger nail of his right hand was glued
to a cylindrical tube that is inserted into a small saddle coil placed
at the center of a 4.7 T, 230 mm bore MRI scanner (Unity INOVA,
Varian, Inc.). The high magnetic field of this scanner ensured high
signal-to-noise ratio of the obtained data. The volume data was
obtained with a three-dimensional gradient echo sequence (GE3D)
with TR/TE of 20/10 msec, whose field of view (FOV) was 120 x
30 x 30 mm and volume size was 512 x 128 x 128 voxel. Reso-
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Figure 7: Generated finite element model of a fingertip and results of the finite element analysis.

lution of the volume data was thus 234 um/voxel. It took about 5
minutes to obtain a volume data.

A hydraulic compressor and an MR-compatible force sensor [9]
were employed for this compression test. Both are highly MR-
compatible: completely free from magnetic materials and electric
circuits. We used hemispherical indent probe with the diameter of
5 mm. Center of the finger pad was indented in 5 steps. The max-
imum indentation depth was about 4 mm. Compression force was
measured with the frequency of 1 Hz during the volume imaging
process.

The following four preprocesses are applied to the volume data
prior to iterative FE analysis: (1) trimming the volume data from
the middle of the middle phalanx, (2) resizing the trimmed volume
data to 256 x 128 x 128 so that the finger region is positioned at
the center, (3) applying Gaussian filter of 3 x 3 x 3 voxel kernel to
the resized volume data, and (4) normalizing the smoothed volume
data so that the intensity values are scaled into the range of 0.0 to
1.0.

Figure 9 (al) shows axial and sagittal slices of the compressed
fingertip. One can observe multi-layered structures of soft tissue,
phalanxes and tendons in these figures. The cortical bright layer
shows epidermis, while its interior that has slightly low intensity
shows dermis. Innermost layer with irregular textures shows sub-
cutaneous tissue. Observed compression force and its standard de-
viation are also shown in the top left of each sagittal slice.

Figure 6 shows the subtractions between the pre-compression
sagittal slice and the measured sagittal slice at the final indentation
step. The indenter made large deflections in the finger pad. At the
same time, it makes a little deformation in the dorsal side of the fin-
gertip. This make the phalanxes move upward in this slice. We can
not, therefore, apply fixed boundary conditions to the phalanxes.

4.2 FE model generation

Shape-morphing approach [16] was employed to generate subject-
specific FE models. Different from the conventional approaches
that generate individual FE model by applying segmentation and
mesh generation to his/her medical volume data, this method gen-
erates individual FE model by applying spatial-morphing to a ref-
erence FE model without such time-consuming manual labors.
Spatial mapping that transform reference shape into target shape
(in the case of this study, target is a fingertip of the subject) was
computed by using volume registration for pre-compression MR
volume data. See [16] for detail of this method and generation of
a reference FE model. Shown in Figure 7 (a) is the generated FE
model. This model has four anatomical parts, epidermis, subcuta-
neous tissue, distal phalanx and middle phalanx. This FE model
consists of 35751 tetrahedral elements and 7006 nodes. Thickness

Pinned
& Fixed

/

)

(a) Fixed index finger (b) Boundary conditions

Figure 8: Index finger fixed on a cylindrical tube and boudary condi-
tions applied to the FE model.

of the epidermis was about 0.6 mm that is almost consistent with
the Dandekar’s three-dimensional FE model [6].

Boundary conditions were assigned as follows. Nail region of
the FE model was fixed, since the actual finger nail was glued to
the cylindrical tube. A rigid element was generated to reproduce
this cylindrical tube. Frictionless contact was assigned between
this rigid element and dorsal side of the fingertip. End section of
the finger model was pinned along the longitudinal direction. The
indent probe was modeled by using discrete rigid element in which
frictionless contact were assigned between the finger pad. Mea-
sured compression forces were applied to this indenter. Figure 8 (a)
shows the actual index finger fixed on a cylindrical tube, while Fig-
ure 8 (b) shows the boundary conditions assigned to the FE model.
Unlike similar analyses [4, 5, 6], we did not apply fixed or pinned
condition to the phalanxes because of the reason described in Sec-
tion 4.1.

Material model of soft tissues was same as that assigned to the
silicon rubber model in Section 3.2. Let us call the material constant
of epidermis and subcutaneous tissue as tiepi and Ugyp, respectively.
Phalanxes were assumed to be linear elastic and isotropic medium.
The material constants were determined form the published data:
Young’s modulus was 10000 MPa and Poisson’s ratio was 0.3. Fig-
ure 7 () shows the result of the FE analysis when piep was 7.00e-2
MPa and pig,, Was 7.00e-3 MPa .

4.3 lterative FE Analysis

The iterative FE analysis was conducted in two conditions. One
is an estimation of material constant using homogeneous soft tis-
sue (homogeneous model). In this case, epidermis and subcuta-
neous tissue were assumed to have the same material property, i.e.
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Table 2: Initial material constants and estimated material constants
for homogeneous model.

| | Hepi = Hsub |
Initial values (MPa) 1.00e-2
Estimated values (MPa) 2.31e-2

Table 3: Initial material constants and estimated material constants
for two-layered model.

| | Hepi | Hsub |
Initial values (MPa) 7.00e-2 | 7.00e-3
Estimated values (MPa) | 1.38e-1 | 7.98e-3

Uepi = Usub- It @amounts to an optimization of one variable. The
other is an estimation of material constants using layered soft tissue
(layered model). In this case, epidermis and subcutaneous tissue
were assumed to be independent, and, therefore, it is reduced to an
optimization of two variables.

Several forward FE analyses were conducted in advance of the it-
erative FE analysis changing the material properties, pepi and pg;p,
systematically. The initial values of the optimization were deter-
mined from the material constants assigned in these pre-analyses
such that the error between the measured volume and the synthe-
sized volume is small enough. This helps to reduce necessary com-
putational cost for the optimization. First rows of Table 2 and Table
3 show the initial value(s) in each analysis.

We chose to employ SSD as similarity measure of each optimiza-
tion. The volumes captured in all steps were used to compute the
SSD. We assigned 1.00e-3 MPa to tolx and 1.00e-3 to tolf in both
optimizations as terminate criteria. Our current implementation re-
quires approximately 2 hours (3 iterations) for the homogeneous
model and 12 hours (8 iterations) for the layered model on a Pen-
tium 4 3.8 GHz Windows machine with memory of 2 GB.

Figure 9 (a) shows the result of the iterative FE analysis for the
homogeneous model. Each panel shows the measured volumes,
synthesized volumes in the final iteration, and subtractions between
these two volumes, respectively. Our optimization program suc-
ceeded to decrease the intensity error around the phalanxes, while
there is still much error in the surface shape. Figure 9 (b) shows the
result of the iterative FE analysis for the layered model. Each panel
shows the measured volumes, synthesized volumes in the final it-
eration, and subtractions between these two volumes, respectively.
Our optimization program succeeded to decrease the intensity er-
ror of two volumes in total as compared to that for the homoge-
neous model. The layered model gives better estimation result that
demonstrates that at least two-layered structure is necessary to con-
duct realistic FE analysis.

The second rows of Table 2 and Table 3 show the estimated ma-
terial constants in each analysis. It should be noticed that epidermis
is more rigid than the subcutaneous tissue that is consistent with
material constants determined from a cadaver tissue [4]. The esti-
mated material constants differ by an order of ten, that is consistent
with Dandekar’s result [6].

5 DiscussioN

The results of the iterative FE analysis given in Section 4.3 have
demonstrated essential characteristics of a fingertip: (1) it must
have layered structure, and (2) the cortical layer is more rigid than
the inner layer. These features are consistent with the previous

Table 4: Material constants identified/estimated in three works.

| | Uepi | Usub |
Cadaver tissue [4] (MPa) 1.36e-1 | 0.34e-1
Simulation based method [6] (MPa) | 1.80e-1 | 1.80e-2
Our method (MPa) 1.38e-1 | 7.98e-3

works [4, 6], although the value and ratio of elastic moduli differ
as shown in Table 4. There are several reasons for this: difference
in subject, estimation modality and material model. Then how we
can validate the estimation results?

We believe that there are not true values in the material con-
stants of living tissue. They must be, therefore, determined so that
the estimated material constants fulfill certain criterion. In this re-
search, similarity of two volumes measured by NMI or SSD was
optimized for this purpose. In other word, material constants are
determined such that the error between observed actual deforma-
tion and computed deformation is minimized. In that sense, the
estimated material constants are valid and sufficient for our pur-
pose, since we intend to conduct realistic FE analysis of individual
three-dimensional fingertips.

Of course there are still much works to do to improve the quality
of the estimation. As one can observe in Figure 9 (b3), there are
still up to 0.5 mm differences in the axial slice images. In addition,
material model is confined to an elastic one because of the limita-
tion of imaging modality, although our method has potential to deal
with visco-elastic properties.

In order to overcome such issues, we plan to develop new imag-
ing modality capable of dynamic imaging, and to create more pre-
cise FE model that have real anatomical structure and necessary
granularity of finite elements.

6 CONCLUSION

We have proposed a method to estimate material constants of living
soft tissue. It allows modeling of non-linear material properties of
soft tissue even for subsurface layer in non-invasive manner, since it
employed medical imaging modality and iterative FE analysis. The
iterative FE analysis determined material constants so that the error
between measured MR volume data and synthesized MR volume
data is minimized.

The proposed method was applied to a silicon rubber phantom
and an index finger of male subject. The former result demonstrated
the effectiveness of our method that estimated material constants
with the accuracy of 7%. The latter result revealed an essential
feature of a fingertip: the cortical layer is more rigid than the inner
layer that is consistent with the previous researches.

This study has three future directions. First, we improve the
quality of estimation by developing new imaging modality capa-
ble of dynamic imaging, and by creating more precise FE model
that have real anatomical structure and necessary granularity of fi-
nite elements. Second, we apply presented method to hundred of
people to figure out the variation of the material constants between
individuals that will be much help for designer of industrial prod-
ucts dealt with hands. Finally, we conduct realistic FE analysis to
investigate the mechanics of touch take the individual differences
into consideration.
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