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Abstract

Inferring material parameters of soft materials, especially soft tissues from experiments, has always been a challenge because
of the inaccuracy of specimen geometry, difficulty in proper gripping and difficulty in obtaining reliable displacement data. If
one is able to obtain full field data with Digital Image Correlation or other similar techniques, we show that in spite of poor
quality experimental data, it is still possible to get the material parameters using Virtual Fields Method with carefully chosen
virtual fields. We demonstrate the approach by two cases. The first is Ecoflex (silicone rubber) under biaxial deformations
at controlled loading rates, and the second is rat skin samples with imperfect shape under biaxial deformations at controlled
loading rates. In both cases, rather than trying to obtain homogeneous deformation conditions, we use a technique based
on the Virtual Fields Method to extract the material properties from the deformation of the specimen collected by Digital
Image Correlation (DIC) and the force load measured by the load sensor. In order to apply loads in two principal directions
simultaneously, a custom biaxial set-up was built and mounted into a uniaxial Instron tensile set-up. We show here that in
spite of significant inhomogeneity in the deformation, errors, and missing data in the measured displacement field, we are
still able to recover the material properties of the soft solid by suitable choices of virtual fields.

Keywords Skin - Silicone rubber - Biaxial cyclic tension testing - Digital image correlation - Heterogeneous deformation -

Virtual field method - Material parameter estimation

1 Introduction

Stratified, epidermis, dermis, and newly discovered layer
of fluid vesicles (called the interstitium) are the different
layers of skin [4, 26]. Also, there is a fat layer under the
dermis which separates the skin from muscles and other
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organs. In order to find the mechanical properties of skin, it
is necessary to study the behavior of all of these layers under
mechanical loading. Since dermis is the major layer of skin
that contains all collagen, elastic fibers, extrafibrillar matrix,
hair follicles, etc., the mechanical properties of skin are usu-
ally defined by dermis [12]. The strength of the skin depends
on fiber networks (especially collagen and elastin fibers in
the epidermis). Due to the existence of these fibers, skin
shows anisotropic behavior and shows different responses
in different directions with respect to the spine.

Extracting material properties from experiments is essen-
tial problem for both engineers and researchers. Typically,
the material properties are obtained from uniaxial tension
tests based on the assumption of homogenous deformation.
To investigate this behavior of skin, uniaxial tension testing
was performed on samples with different orientation with
respect to the spine [1-18], this approach is not very close to
the condition found in vivo. Finding more similar situations
to real life leads to measure the properties of orthotropic
materials under biaxial tension tests. So, to better under-
stand the mechanical behavior of soft tissues, it is essential
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to run tests not only in uniaxial tension but in biaxial tension,
which are widely used.

Many studies on biaxial testing of biological tissues exist,
such as canine myocardium [36], arterial wall [37], pericar-
dium [30], fresh valve [6], human myocardium [33], human
skin [24], etc. There are a few studies on biaxial testing of
skin, most of the studies on the skin are under uniaxial load-
ing. The very first biaxial testing on the skin was performed
by Lanir et al. [22, 23]. They tested rabbit skin under biaxial
testing at different strain rates. They used video dimensional
analyzers (VDA) to measure the distance between pairs of
dark lines on the sample to find the amount of stretch. Flynn
et al. [10] did biaxial tension testing on rat skin; their sam-
ples had a cross shape and connected to load cells, and they
applied a load and removed it multiple times. Displacements
were calculated by tracking markers movement. Capek et al.
[8] built an in vivo biaxial device which is able to measure
loads and displacement in two perpendicular directions by
two load cells, and they only compared load-displacement
curves in both directions.

Recently Digital Image Correlation (DIC) is heavily used
to find the displacement field of soft tissue under stress. For
example, [9] used DIC to find the mechanical properties of
human skin. Later, [34] performed a bulge test on human
skin using a custom pressure-controlled inflation system to
investigate the effect of humidity and mechanical precondi-
tioning. In their study, samples were cut from the back torso
of the human body in a square shape, and then they were
attached to a Plexiglas ring, and the displacement field was
measured by DIC. In their method, it is difficult to find the
stress and material parameters due to the curvature. Later,
Maiti et al. [24] used a Correlated Solutions DIC system
(Limess GmbH, Pforzheim, Germany) and Vic3D software
to the flat part of the medial forearm [24].

Usually, in mechanical testing, to find material param-
eters, there is a relation between unknown parameters and
measurements such as local deformation and applied loads.
The assumptions in these cases are generally too strict; so
for example, the assumption of uniform traction distribution
on the sample close to grips.

Many times, especially for soft materials, experiments
cannot be carried out with precision, for example, it may
not be possible to grip the sample correctly, or specimen
geometry is inaccurate, or the material is anisotropic and
shows heterogeneous strain fields. So there’s a need for other
approaches based on the processing of heterogeneous strain
fields. Due to all these issues, it may not be possible to get
the full-field DIC measurements. However, given the fact
that it should be possible to get a couple of constants even
with poor fields.

One method to extract material parameters under the
described conditions is Virtual Fields Method (VFM). This
new technique, is based on the principle of virtual work (see
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Sect. 4). It is crucial to develop virtual fields based on the
observed deformation field. One of the early works in VFM
was done by Grédiac et al. [13] on a T shape specimen to
measure the stiffness of orthotropic materials directly. Later,
Grédiac et al. [16, 17] used special virtual fields to extract
material parameters for an in-plane case. Sometimes, data
are noisy, and there is a need to extract material parameters.
Grédiac et al. used numerical implementation of the VEM to
extract material parameters after adding white noise to data
[14]. In another work regarding noise in the data by [3], the
sensitivity of the virtual field to noise was investigated. They
proposed criteria for grading virtual fields and finding the
sensitivity to noise. Later, Toussant et al. used a piece-wise
virtual field to extract material parameters [35]. Recently,
[25] used the sensitivity-based virtual fields for large defor-
mation for anisotropic plasticity models.

In a few past years, this method has been used to extract
material properties of soft tissues. Avril et al. [2] identified
the material parameters of human arteries under finite infla-
tion and extension and reported the anisotropic hyperelastic
properties of the artery. They used the full-field data from
experiments and showed that it is possible to get material
parameters in Holzapfel model [19] and Fung model [11]
by using different virtual fields.

One of the challenges in soft tissue is gathering full-field
data from experiments. Usually, due to wrinkles or fluids in
soft tissues, it is challenging to get very good speckle pat-
terns, and it may not be possible to get the full-field data.
The focus of this paper is to show that in spite of poor qual-
ity experimental data, it is still possible to get the material
parameters. In the following sections, two cases are studied.
The first case is Ecoflex samples (as a tissue simulator) are
studied under biaxial deformations at controlled loading
rates, and material parameters are obtained by VFM. The
second one is skin samples (as an actual tissue) with imper-
fect shape are tested under biaxial deformations at controlled
loading rates, and material parameters are obtained by VFM.

2 Materials and methods
2.1 Sample preparation for Ecoflex

To do biaxial tension testing, samples were prepared from
Ecoflex™ rubbers. They are platinum-catalyzed silicones
made by mixing the same amount of part A and part B.
The mixture will be cured after four hours. Then biaxial
samples [31] were cut from the sheet with an average
thickness of 3.5 mm. Then the mixture was poured in the
mold to make a sheet. Since the strain field is obtained by
Digital Image Correlation, after cutting samples, the pig-
ment was sprayed by an electric toothbrush to get random
speckles in speckle patterns. In order to prevent slipping



Annals of Solid and Structural Mechanics (2020) 12:59-72

61

of samples out of the grips, Fig. 1 shows that small pieces
of sandpaper were glued with super-glue on the surface of
samples which are in contact with grips.

Fig. 1 Ecoflex (silicone rubber) sample after preparation for biaxial
testing

Fig.2 a Skin sample cut by
Universal laser system, b Skin
sample cut by scapula and ¢
Skin sample after preparations

2.2 Sample preparation for skin

Skin samples from the abdominal and back region of an
adult porcine were harvested at the Veterinary School of
Texas A&M University. In order to apply a speckle pattern
on the skin to study the deformation field, hair was removed
from the skin using a razor blade. In all samples, the fat
layer was removed, and epidermis and dermis were studied.
Samples were cut by scapula firstly. Since pig skin is very
tough, it was challenging to cut samples for biaxial test-
ing, so a laser cutter was used to cut samples. Figure 2a, b
show a sample cut by Universal Laser System versus a sam-
ple cut by scapula. In order to prevent slipping of samples
from grips, pieces of wood were stapled on each side of a
sample. Then the attached pieces of wood were gripped.
The next step is preparing samples for Digital Image Cor-
relation. Since the color of samples was dark gray, there
is not enough contrast between speckles and background.
Black pigment was applied on samples. Figure 2c shows a
biaxial sample after preparation. To get a very random and
uniform pattern, after griping the sample, the white pigment
was sprayed by an electric toothbrush on samples with black
pigments (Fig. 3).

2.3 Biaxial set-up
A biaxial tension testing set-up has been devised, based on

Brieu’s design [7], to perform a more in-depth study of the
mechanical behavior of skin and investigate the mechanisms
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Fig.3 Skin sample is gripped in biaxial testing machine

of tearing of soft tissue. The main idea behind the designing
of this new biaxial set-up is to build a low cost biaxial set-
up which is adaptable to uniaxial tensile testing machines.
Another advantage of this biaxial set-up is that it can be
adjusted to be both equibiaxial and nonequibiaxial. Figure 4
shows the schematic design of the biaxial tensile test mecha-
nism. Biaxial set-up is made of a few components that help
stretching sample in two perpendicular directions, and these
components are:

1. Fixed crosshead
Moving crosshead

3. Grip (2 grips in vertical direction and 2 grips in horizon-
tal direction)

Fig.4 Schematic design of the
biaxial tensile test mechanism
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4. Horizontal sliding bar

5. Part for adjusting of the ratio of stretching between verti-
cal and horizontal directions

6. Oblique Bar

Drawing plate

8. Sliding bearing

=~

Part 1 is screwed to the bottom of the Instron machine, and
it is fixed. Part 2 is connected to the top part of the Instron
machine, which moves and part 2 can move with it. When
part 2 is moving up by the movement of the Instron machine
crosshead, the angle between drawing plates (part 8) increases
and sliding bearings (part 5) are sliding on oblique bars (part
7). While sliding bearings are moving up, horizontal sliding
bars are moving and pull both horizontal grips and lead to
stretching the sample in the horizontal direction. Also, there
is a stretch in the vertical direction due to the movement of the
crosshead. One of the limitations of biaxial testing machines
is that they are usually equibiaxial set-up. In this design, by
changing the ¢ angle, the angle between the oblique bar and
the fixing crosshead (part 1), we can have both exquibiaxial
and nonequibiaxial set-up Fig. 4. In order to change this angle,
the oblique bar can be connected to each hole in part 6. If the
angle is 45 degrees, it shows equibiaxial behavior, and if tan ¢
is 2, 3 or 4, it is nonequibiaxial [7]. It is important to find a
strain field and homogeneous region of deformation on a sam-
ple that is submitted to biaxial tensile testing. Digital Imaging
Correlation (DIC) is useful and gives helpful information on
the strain field and deformation in each direction. Since it is
biaxial testing and the column of the Instron block the light on
some part of the sample, another light source was used to get
better contrast between the speckles and the background. Then
the aperture and focus on each camera were adjusted based on
the distance between the cameras and the sample. The next step
is the system calibration to find internal system parameters and
the relative position of the two cameras to each other. In order
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to do the calibration, the calibration plate with a suitable size
that covers the field of view of the cameras was chosen Fig. 7.
After calibration, a set of images were captured every few sec-
onds during the test. The correlations were based on images
taken with the two video cameras that were analyzed by Istra
4D software (DANTEC DYNAMICS, Germany). From these
sets of images, displacement and strain can be calculated from
dots and their position during the deformation. Figure 5 shows
the biaxial set-up, which is adaptable in a uniaxial machine and
the DIC set-up. In order to measure loads in both horizontal
and vertical directions, load-cells should be added to the set-up
before grips in both directions (Fig. 6).

2.4 Experiments

First, biaxial tension testing with an angle of 63.44 degrees
was done on Ecoflex samples. During the test, samples at
the strain rate of 0.5 mm/s were loaded to a specific elon-
gation and then partially unloaded till reaching a certain

Fig.5 Biaxial set-up on uniax-
ial tension machine (INSTRON
5567)

Biaxial set-up

Fig.6 a Biaxial set-up, b Hori-
zontal displacement, adjusted
for equibiaxial and non-equibi-
axil set-up

elongation and then repeated this loading and unloading
cycles for few times at room temperature.

After testing Ecoflex, cyclic tension loading was done
on skin samples. Skin samples were tested in the biaxial
fixture with the ¢ angle of 63.44°, and they were tested
at room temperature and the strain rate of 10 mm/min.
Firstly, samples were stretched to a specific elongation and
then partially unloaded until reaching a certain elongation.
In order to keep the samples wet during the tension tests
and prevent them from drying and prevent the skin from
changing so that it does not affect the behavior of skin
[5], Veterinary 0.9 percent Sodium Chloride solution was
sprayed on each sample during the test.

Then strain controlled loading and unloading cycles
were repeated a few times, and the strain field was meas-
ured by Digital Imaging Correlation (DIC). The DIC
system that was used is the Q-400 DIC system. The cor-
relations are based on images taken with the two video
cameras and processed using Istra 4D software.

DIC- camera
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Radial distortion {r?; r¥
Tangentia ion {tx, ty}

Extrinsic parameters
Translation /s Z}

Calibration Target

Name 8mm 9x9 Marked Black Aluminium

Fig.7 Calibration plates are used to calibrate the system

3 Result and discussion

3.1 Ecoflex

Figures 8 and 9 show the engineering strain fields on the
sample at different steps during the test. Each step is the
deformation field that DIC image is taken during deforma-
tion. Loads in both vertical and horizontal direction under

Fig.8 Engineering strain of

Ecoflex sample in x-direction 0)
for each step during cyclic

loading. Fewer data points are

missing in Ecoflex compared to

skin (Fig. 15)

4

16) 20)

=
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biaxial cyclic loading are demonstrated in Fig. 10. As these
two figures show, fewer data points are missing in engineer-
ing strain fields of Ecoflex compared to engineering strain
fields of skin (Figs. 15 and 14). Also, they show that the
deformation in the middle of the sample is more uniform
and homogeneous in comparison with the deformation in
skin (Figs. 15 and 14). Figure 11a and b show the grids on
sample during biaxial testing, which were taken by DIC. It
is evident that by improving the condition of the light on the
sample and random speckle pattern with speckles with the
uniform size, it is possible to get images with higher quality,
which provide more information on the deformation field.

3.2 Skin

The next step is finding material parameters of skin under
biaxial testing. After running biaxial testing, Istra 4D software
is used to analyze images and create grids on samples. Each
grid point defines the center of a squared image region in the
reference image. These points are used in image correlation
algorithm. Figure 12 shows grids on samples during biaxial
testing, which were taken by DIC. These images show that the
contrast between the background and speckle patterns is very
important to get the maximum information from the speckle
patterns. However, due to the existence of wrinkles and mois-
ture on soft tissues, some parts of the deformation field are lost.

As it was discussed deformation field was measured by
DIC during biaxial testing, and loads were measured by two
different load cells in both horizontal and vertical direction,
which are shown in Fig. 13 the load measurements from load
cells in both vertical and horizontal directions. It was observed
that after the first cycle, softening happened and there is a
reduction in load after the first cycle at specific strain, which
is called the Mullins effect. Figures 14 and 15 show the engi-
neering strain fields on the sample and expresses the partial

>
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Fig.9 Engineering strain of

Ecoflex sample in y-direction 0 4)
: . )

for each step during cyclic

loading. Fewer data points are

missing in Ecoflex compared to E

skin (Fig. 14)

16) 20)
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]
©
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Steps

Fig. 10 Loads in both horizontal and vertical directions for Ecoflex
under biaxial testing under strain rate of 0.5 mm/s

strain fields. There are missing data points in strain fields in
skin because of the nature of skin, which has wrinkles, and it
is difficult to get the full strain field data in comparison with
Ecoflex (Figs. 8, 9). Also, as Figs. 14 and 15 show the defor-
mation is not homogeneous for skin. These are the preliminary
results, but yet it is possible to extract the material parameters
from these partial data by using the Virtual Fields Method
(VFM). The two pieces of data, partial strain field through
the body and forces of both directions, would be sufficient to
extract the material properties.

4 Model and theory
4.1 Virtual fields method

As it was discussed earlier, VFM is based on the principle
of virtual work [15].

8) 12)

NE NE N

|

50
™ sl

1 bx 5
0
Eng. Tangential Strain 5

Strain/%

)

Ui

]
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Fig. 11 a High quality pattern; b low quality pattern. Despite all the
severe imperfection in image (b), it is still possible to extract some
material properties; ¢ the deformation field we have chosen; d the
first virtual field we create, where the virtual displacement in the
vertical direction at the upper boundary is U7. In this way, the vir-
tual work done by external load is W} = F, * U}; e the second vir-
tual field we create, where the virtual displacement in the horizontal
direction at the left boundary is U;. In this way, the virtual work done

by external load is W} = F, = Uj.

- / FS : Grad(U*)dV + / T . U*dS
|4 vV

+/b'U*dV=/pa-U*dV.
1% v @))]
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Fig. 12 Grids on skin samples
during biaxial testing

200
——Horizontal load

——Vertical load

0 5 10 15 20 25 30 35 40 45 50 55 60
Steps

Fig. 13 Loads in both horizontal and vertical directions during cyclic
biaxial testing of rat skin at room temperature

Fig. 14 Engineering strain in
y-direction for each step during
cyclic loading. There are a lot of
missing data points in the engi-
neering strain field of skin in
comparison with the engineer-
ing strain field of Ecoflex

25) 30)

) : 50)
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where F is the deformation gradient for the field we have
chosen; S is second Piola-Kirchhoff stress; T is the traction
vector on the boundary; U* any kinematic admissible virtual
displacement field; b body force; a acceleration; p density.

We assume that there is no body force and there is a
quasi-static loading process which leads to the elimination
of two terms in Eq. 1 and the new equation is written as

/ T-U%dS = / FS : Grad(U*)dV )
ov 14

In Eq. 1 the left side of the equation is the work done by
internal forces and the right side of the equation is the work
done by external forces.

Then with knowing the strain energy function, the exter-
nal force, and choosing proper virtual fields, we can find

15) 20)
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x-direction for each step during 0) 10) b g 15) 20)
cyclic loading. There are a lot of i
missing data points in the engi-
neering strain field of skin in - o
comparison with the engineer- 4 3 =
ing strain field of Ecoflex
25) 30) a 35) ‘ 40)
- -
2 : 3
p " R
A X 2
3
45) 50) i 55) 3
! i
J 2 5
) e o ' § -2
5“ ; : [ 2 ::2
i a « L. .§2I
B S Eng. Tangential Strain X =30
XA, ot S <

the material parameters which we are going to show it for
two cases Ecoflex and skin. The typical way to use the
principle of virtual work is that the parameters are already
known. Then the principle of virtual work is used to find the
unknown displacements by choosing a proper test function.
However, in the Virtual Fields Method, the actual displace-
ment has been known from the DIC, and there is a need
to find the unknown parameters by choosing a proper test
function [15]. Figure 16 shows the summary of obtaining
material parameters with the help of VFM. As it shows,
after running experiments and assuming virtual fields, the
principle of virtual work is used to get equations for the
unknown parameters by knowing the constitutive equation
with n parameters. Next step is choosing m virtual fields
(m > n). Then after finding the internal virtual work (IVW)
based on the strain energy function and external virtual work
(EVW) based on the external force, the error between them
is obtained by using a proper cost function. In the end, mate-
rial parameters are obtained by minimizing the cost function.

First, the Virtual Fields Method is used to find material
parameters for Ecoflex, and then it is used to find material
parameters for skin under biaxial testing.

4.2 Ecoflex

The Mooney-Rivlin model was used [27] and [29] for iso-
tropic hyperelastic materials. Silicone rubber is assumed
to be hyperelastic and incompressible [32]. Since the rate
of stiffening is low for these materials with respect to soft
tissues, which has a higher stiffening rate, it is common to

Experimental deformation field and
load :

I’

U; Choose m Model

F; virtual fields with n
U; m>n unknoown
parameters

l

IVW based on the strain energy function
EVW based on external force

|

Compute error between IVWs and EVWs
using chosen cost function

Material parameters identification
by minimizing the cost function

Fig. 16 Diagram for implementation of VFM to find the material
parameters. IVW is the internal virtual work and EVW is the virtual
work done by external force

use the Mooney-Rivlin model to find its materials param-
eters [32]. So the strain energy function is

lP=[/41<11_3)"'/42(12—3)]/2 3)

which is linear in parameters, where /; and I, are the first
invariants and second invariants of the right Cauchy-Green
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strain tensor C. The second Piola-Kirchhoff stress is calcu-
lated as

2

}Saq'a[ . @

S = 2——
ol, oC

Since it is a membrane, p is eliminated. The parameters y,
and p, need to be estimated from measurements.

In order to find material parameters y, and y,, Virtual
Fields Method is used. Assuming that the deformation of
the Ecoflex™ sample is quasi-statistic and there is no body
force, we can obtain the following equation based on the
principle of Virtual Fields Method (VFM) [15] for partial
measured field:

/T‘U*dS= / FS : Grad(U*)dV. ®)
A% \%4

where T is the traction vector on the boundary; F the defor-
mation gradient for the field we have chosen; U* any kine-
matic admissible virtual displacement field; the left-hand
side is the virtual work done by external loads; the right-
hand side is the virtual work done by internal stresses. Fig-
ure 17 shows the virtual displacement for boundaries and
inside the boundaries. x; and y; are the positions of the nodes
of the grid in the deformed configuration. The virtual dis-
placement for the bottom boundary points are zero, when
x; = x,, we have (x7, y7) = (x;,y;) and after doing curve fit-
ting for the bottom boundary points we have y = f;,(x) so that
Jfp(xp) =y, where (x;,y,,) are the coordinates of the points at
the bottom boundary. In order to do curve fitting for the top
boundary points we have y = f;(x) so that f,(x,) = y,, where
(x,,y,) are the coordinates at boundary points. Finally, the
virtual displacement for the top boundary points is a con-
stant U*, where (x7, y7) = (x;,y; + U*). So, virtual fields are
xf=xjandy* =y, + U* )‘,?x_)fi‘:(x)

Now assume for each virtual field of x7 we have

/ Sy dV = sW(x}) (6)
Then let a)(x) = 1/2 [ 61,dV and a,(x) = 1/2 [ 6L,dV,
fori=1,2,...,2 %N

ay(xHuy + ay(xHpy = W, 7
LetA(x™) = [a;(x)), ay(x))301(x3), @ (3);ens @1 (X3), A2 (X5,))]
y=[6W,,6W,,...., W,y 1" ®)

Let f = [u;, 4,17, then we can use linear least squares
(Eq. 9) to find the material parameters which are ji; and ji,
in Fig. 18.

p=(ATA) ATy ©
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Top boundary points

(27.47)

(-Ti’?/i)

«//V//r//+\\‘\\“\\w

Bottom boundary points

Fig.17 The virtual displacement for boundaries and inside the
boundaries. x; and y; are the positions of the nodes of the grid in the
deformed configuration

In order to find these material parameters, we can assign two
virtual fields for the above equation, and therefore obtain
two equations with two unknowns y; and u,. In the experi-
ments, we measured seven different deformation fields; for
each measurement, we assign two virtual fields, so there
are a total of 14 equations and 2 unknowns. We assume
that the noise in the measurements follows a Gaussian dis-
tribution; and then by employing the least squares method,
we obtain the results shown in Fig. 18. y, and u, are the
material properties obtained from each deformation step.
fi; =4.2MPa and ji, = 0.2 MPa are the material properties
obtained through the least square method for all the defor-
mation measurements which are in the same ranges with the
material parameters for these materials in the literature [32].
There are higher errors for lower deformations due to the
slack in the machines and other imperfections in the set-up.

4.3 Skin

In this part, the well-known Holzapfel model is used for skin
[19]. Assumptions in this work is that skin is incompressible,
anisotropic. Also, Kazerooni et al. ([20]) showed that under
cyclic loading, during the unloading part, skin shows elastic
behavior. So, in this work, we only consider the unloading
parts, which leads to another assumption that skin is elastic.
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Step Number

Fig.18 y, and u, are the material properties obtained from each
deformation step (each deformation field is each image taken by DIC
during deformation). ji, and fi, are the material properties obtained
through the least square method for all the deformation measurements

Y=

Slle

(71 —3) + ﬁ[ekz(’“l) - 1] + 2’%[6:"4(’6") - 1]
' (10)

In Eq. 10 C is a parameter of isotropic non-collagenous
materials and k|, k,, k5 and k, are parameters to describe the
anisotropic behavior of collogenous materials. 7] is the first
invariant of the right cauchy stress tensor and 74 and 76 are
invariants to characterize the deformation of the two families
of collagen fibers.

From the histology results, [1] major orientations of fib-
ers are obtained by analyzing histology images. Figure 19
shows the schematic reference configuration of fibers ori-
entations. Histology analysis shows that in Fig. 19 @, is
34° and @, is — 56°. In this work, we use fiber orientations
from histology and use it in the Holzapfel model, which
is the most comfortable model that would accommodate
this information and has a nice set-up with an isotropic
background and fibers [19]. In Eq. 10 C is a parameter of
isotropic non-collagenous materials and k,, k,, k; and k,
are parameters to describe the anisotropic behavior of col-
lagenous materials. Usually, angles between fibers are not
90°, so for orthotropic materials, they assume that k; = k;,
k, = k4. However, in our case, since the angle between the
two major fibers directions is 90°, there is no need to have
the above assumption, and all of the parameters exist.

Based on the principle of VFM ([15]), two different
virtual fields were created. One of them is x;" = [xj, y, z]
and the other one is x§ = [x, y:‘, z].

Assume that the body force is neglected, and the load-
ing process is quasi-static, for each virtual field (similar
to Fig. 17 for Ecoflex) xl.*, we have

Fig. 19 Reference configuration fibers orientation in two directions
with the unit vectors of a,1 and a,2

/P : 0F; = 6W(x)) an
v

where P = % is the first Piola-Kirchhoff stress tensor,

which can be expressed as P = f(C, k., k,, k3, k) given the
ia—Xi; SW(x?) is the virtual

work done by the external load.

Let p=1[C, ki, ky, ks, kql, f; = /v oy, dV, y; = 6W, and
assume we have N deformation field (load steps), then we
have 2N virtual fields and thus

f(x,p) =y, i=1..2N (12)

deformation field x; oF; =

We can use Levenberg—Marquardt algorithm to obtain the
material constant g of Holzapfel model, which are shown in
Table 1 and they are in the same ranges with the literature
for soft tissues [28].

We can use the same method to obtain the material con-
stant of Holzaphel model [19]. The virtual displacement
for boundaries and inside the boundaries Based on VFM,
we can obtain

/ T -U*dS = / FS : Grad(U")dV (13)
A% \%4

where T is the traction vector on the boundary; F the defor-
mation gradient for the field we have chosen; U* any kin-
ematic admissible virtual displacement field; the left-hand
side is the virtual work done by external loads; the right-
hand side is the virtual work done by internal stress.

U7 is the virtual displacement in the vertical direction at
the upper boundary, and W' = F, * U] is the virtual work
done by a vertical external load. Also, U;‘ is the virtual dis-
placement in the horizontal direction at the left boundary,
and the virtual work done by the horizontal external load is
Wi =F, xU,.
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b)

c) d)

Ui

—

FX

Fig.20 a DIC grid on rat sample with a pattern. Despite all the
imperfection in image (a), it is still possible to extract some material
properties; b the deformation field we have chosen; ¢ the first virtual
field we create, where the virtual displacement in the vertical direc-
tion at the upper boundary is U}. In this way, the virtual work done by

Fig.21 When C, k,, k, k5 and
k, are the material parameters:
a Comparison between the
internal virtual work 1 and

the external virtual work 1,

b Comparison between the
internal virtual work 2 and the
external virtual work 2 and ¢
Comparison between the square
differences of between internal
virtual work and the external
virtual work for both virtual
field 1 and 2

a) 20

—IVW 1

[
w

—EVW 1

Virtuaal Work (N.m)
« 5

o
(=]

20

Table 1 Table of parameters for skin based on Holzapfel model

Material parameters C (MPa) k; (MPa) k, ky (MPa)  k,

Rat Skin 0.47 1.8 100 0.061 100

We used internal virtual work and the external virtual
work at each step to identify material parameters. Now, the
comparison between the internal virtual work and the exter-
nal virtual work at each step shows whether it is a proper
identification with VFM or not [21] (Fig. 20).

Figure 21 shows the comparison between the internal
virtual work and the external virtual work at each step. In
Fig. 21a, virtual works for virtual field 1 are shown, and in

@ Springer

o

o

=
o

external load is W]* = Fy * U;‘; d the second virtual field we create,
where the virtual displacement in the horizontal direction at the left
boundary is U]. In this way, the virtual work done by external load is
Wy =F, x U

&
'

N

o

—IVW 2

=
[

EVW2

Virtual Work (N.m)
=
o

—= il

40 60

Steps

—Virtual field 1

——Virtual field 2

N 4

20 40 60
Steps

Fig. 21b, virtual works for virtual field 2 are shown. Fig-
ure 21c shows the square difference between virtual works
for each virtual field. As Fig. 21 shows, there is a good
match between internal and external virtual works, which
indicates there is a proper identification with VFM [21].

5 Conclusions

According to this study, behaviors of skin and Ecoflex were
studied under biaxial cyclic loading test. We showed that in
spite of poor quality experimental data, it is still possible to
get the material parameters by choosing proper virtual fields.
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With the help of VFM and full-field measurement technique,
material parameters were extracted first for rubber (4, and
#,) and then for skin (C, ki, k,, k3 and k,), despite the miss-
ing pieces of data and the heterogeneity in the strain field.
However, these material parameters, k;, k,, k3 and k, do not
have a physical meaning. So it would be nice if they have
a physical meaning, for example, based on a slope of the
curve, which is the motivation for future studies.
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