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A B S T R A C T

This work uses a combined experimental and modeling investigation into the anisotropic behavior of porcine
dermis. Porcine skin tissues have been used in various medical, cosmetic, and biomedical research applications.
However, their tensile behavior still needs to be fully characterized. Much of the existing work uses the
uniaxial experimental data from two orthogonally oriented specimens to inform and model the anisotropic
behavior of the tissue. However, the skin has a complex fibrous architecture with several non-symmetric
fiber families. Accordingly, we have (i) mechanically characterized the behavior of the porcine dermis using
the experimental data from three differently orientated uniaxial tensile specimens (two orthogonal and one
diagonal) and (ii) developed an enhanced constitutive model to better capture the observed behavior from three
different orientations. The enhanced model takes into account the non-symmetric planar fiber distribution, the
non-linearity of the ground substance, as well as the varying fiber responses along three orientations. We
demonstrate significant improvement of the enhanced model over the prior literature to capture the observed
nonlinear and anisotropic behavior from three differently oriented specimens simultaneously.

1. Introduction

The mechanical behavior of skin has importance for various fields
such as cosmetic products [1], clinical and biomedical applications [2–
4]. Specifically, skin tissues are excellent candidate materials as meshes
for hernia repair [5] and breast reconstruction surgery [6]. A thorough
understanding of the mechanical behavior of skin tissues would im-
prove the performance of various existing bio-medical devices or even
aid in the development of new and improved devices. However, the
mechanical behavior of skin is complex and requires robust mechanical
characterization and advanced constitutive modeling.

Skin tissues are known to be multi-layered fiber-reinforced com-
posite materials. In many applications, the dermis is the mechanically
relevant layer consisting of collagen fibers embedded in a gel-like
matrix called the ground substance [7,8]. It is well established in the
literature that the structural arrangement of collagen fibers impacts
the mechanical response of the tissues [9–13]. In the undeformed
configuration, these fibers are in a crimped state and become uncoiled
under tensile load. Further, in uniaxial tests, they tend to re-align
in the direction of loading [14]. Skin tissues exhibit non-linear and
anisotropic behavior due to the underlying fiber distribution and cross-
linking coupled with the uncoiling and subsequent engagement of the
collagen fibers with deformation [8,11].
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Numerous contributions in the literature have experimentally ex-
plored the non-linear and anisotropic mechanical behavior of various
skin tissues. Several seminal contributions have been reported that are
related to human skin [12,15–18], bovine skin [19,20], rat skin [21],
and porcine skin [22–25]. In most cases, specifically for porcine skin,
uniaxial experiments have been performed in only two orthogonal
directions, particularly the spine direction and perpendicular to spine
direction [22,24–27], therefore not fully capturing the response along
the diagonal direction, which may be the natural direction for load-
bearing fiber families in vivo. Further, the microstructural details of
fiber distribution, specifically in the plane of the dermis, were not con-
sidered [7,12,22,24,25]. The recent work of Jaiswal et al. [28] exper-
imentally characterized the collagen fiber distribution in the plane of
the porcine dermis and concluded that, generally, it is non-symmetric.
These details are yet to be accounted for in the constitutive modeling
of skin tissues.

The literature related to modeling the behavior of soft biological
tissues is vast. Accordingly, only a brief overview of what is most
relevant to our work is presented in what follows. Initial modeling
research on soft biological tissues was purely phenomenological and
mainly focused on describing the behavior of arteries, generally mod-
eled as incompressible thick-walled cylindrical tubes [29–31]. While
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Fig. 1. (a) Schematic of the entire porcine skin showing the location from where the tissue sheets have been obtained for this work. (b) Representative image of the tissue sheets
after tensile samples have been extracted. These sheets show various locations in row-column format (denoted by Ri and Cj) from where the test samples were extracted. (c)
Image of our custom-made cutting die for the left side of the spine. For scale, the rulers in (b) are 6 in long. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

pure phenomenological models were a start, their lack of microstruc-
tural details, such as the embedded collagen fibers, left ample room
for improvement, as our group found in prior work [25]. To explicitly
account for fibers at a homogenized continuum scale, Holzapfel et al.
[32] proposed a structure-based phenomenological model for arteries
that considered the mean orientation of collagen fiber families. Later,
that study was extended and improved to include the dispersion of
collagen fiber families [33]. At present, the structure-based approach
is generally considered the state-of-the-art for nearly all contemporary
constitutive models for soft biological materials [12,34–39].

Although a lot has been done to characterize the mechanical re-
sponse of various skin tissues, to the authors’ knowledge, no prior
work has yet considered tensile data from more than two orientations
simultaneously to calibrate their respective constitutive model [12,19,
22]. We hypothesize that the collagen fiber families’ properties such
as cross-linking, density and undulation vary significantly between the
spine and transverse to spine, and accordingly the mechanical behavior
also varies. As such, to facilitate the development of more accurate
models, our experimental data is collected from more than two orien-
tations. Additionally, our previous work [28] shows that the in-plane
fiber distribution is non-symmetric, but to our knowledge, no prior
continuum-level model has taken that into account. Accordingly, exper-
imental data from more than two orientations should be considered to
develop a robust and enhanced model that can more accurately predict
the mechanical behavior of skin tissues, along with the non-symmetric
microstructural details of the in-plane fiber distribution.

In this work, we focus our experimental attention on porcine skin
because it has similar mechanical characteristics to human skin [22,40–
42] and is used in various medical devices [43]. The methodology
developed for porcine skin can be applied to any soft tissue where
collagen fibers are the main contributor. Also, porcine skin can be
found in larger sizes and thus provide enough material to investigate
the variability of mechanical response considering various locations.

Accordingly, the objectives of this paper are to (i) experimentally
characterize the mechanical behavior of the porcine dermis in three
distinct orientations, two orthogonal and one diagonal, and (ii) create
and calibrate a robust structure-based constitutive model that can cap-
ture the experimental response from three orientations simultaneously.
To accomplish this objective, first, through uniaxial tension testing, we
measured the material response along the three orientations, parallel to
the spine, perpendicular to the spine, and at an angle 45˝ to the spine.
Then building upon the work of Holzapfel and co-workers [33,34,36],
we have developed an enhanced structure-based model that takes into
account: (i) the in-plane non-symmetry of the collagen fiber distribution
and (ii) variation of the collagen fiber response along differently ori-
ented tensile samples that we postulate to be due to changes in the local

collagen fiber properties such as density, undulation and crosslinking
etc., due to the fibers’ engagement along the loading direction. The
material parameters appearing in the model are calibrated by simulta-
neously considering the experimental tensile data obtained from these
three different orientations.

The remainder of this paper is organized as follows. Section 2
describes the material used and the sample preparation procedure for
tensile testing. Section 3 overviews the experimental tensile testing pro-
cedure and results of our experimental program. Section 4 discusses the
details of our continuum-level modeling approach. Section 5 provides
the results of model calibration, and Section 6 delivers some concluding
remarks along with the future outlook.

2. Material and sample preparation

Porcine dermis produced by Midwest Research Swine (Glencoe, MN)
has been used in this work, and we follow the same procedure for
sample preparation as in our prior work [25]. Midwest Research Swine
has an established quality-controlled process to provide high-quality
porcine tissue and live research swine typically used for biomedical ap-
plications. At the Midwest Research Swine facility, the porcine skin was
obtained from a six-month-old male 241-pound American Yorkshire–
Landrace–Duroc, the skin was debristled, and the hypodermis was
removed as per Midwest Research Swine’s established process. Then
tissue sheets were harvested in the form of rectangular sheets from the
vicinity of the tail region of the porcine hide. The porcine tissue sheets
were overnight delivered to the New Jersey Institute of Technology in
a vacuum-sealed pouch, packaged with ice.

After receiving, the tissue sheets were stored in a freezer at *80 ˝C
to prevent any degradation [44,45]. Preceding mechanical testing, the
tissue sheets were defrosted for 24 h in a 4 ˝C refrigerator before
preparing the samples for testing [46]. Fig. 1 gives an overview of
how tensile samples are collected from the porcine tissue sheets. The
sheets used in this work are taken from the left and right sides of
the spine in the vicinity of the tail region, as shown in Fig. 1a. Two
custom-made cutting dies based on the dimensions of ASTM D638-type
V, one for each side of the spine, were used to produce the tensile
samples along three orientations: parallel, perpendicular, and at 45˝ to
the spine concurrently, keeping the orientations known with respect
to the head and spine. Fig. 1b shows the various locations of the test
samples in terms of rows and columns, and Fig. 1c shows an image
of our custom-made cutting die for the left side of the spine. A die
like this allows the simultaneous cutting of parallel, perpendicular,
and 45˝ tensile samples. The right side cutting die is the mirror of
the left cutting die. Further, according to our convention, the columns
closer to the spine are labeled C1, and the columns away from the
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spine are labeled C2. And rows nearest to the tail are labeled as R1
that continue to increase, moving upward towards the head. We have
also obtained the coordinates of the centers of all locations marked
as rows and columns to have a physical sense of length scale. ImageJ
software [47] has been used to obtain the coordinates of the locations
corresponding to our rows and columns convention. The tensile samples
were used to obtain the mechanical response of the material subjected
to deformation. The test samples were cut utilizing a Tippmann Clicker
700 Die Cutting Press (Tippmann Industrial, Wayne, IN) with 7 tons
of cutting pressure. The samples were then kept in an isotonic saline
solution (Ricca Chemical 0.9% Sodium Chloride) until further testing.

3. Experiments

3.1. Experimental set-up and method

Uniaxial tension tests were performed on all samples to obtain the
mechanical response as a function of various orientations following
the same procedure as described in our prior work [25]. An MTS
Criterion 43 uniaxial testing machine was used, and all experiments
were conducted at room temperature. Before mechanical testing, the
thicknesses of all the tensile samples were measured with an Electronic
Drop Indicator (Mitutoyo 543-392, Mitutoyo Corporation, Kanagawa,
Japan). The thickness of the gauge section was measured three times,
and the average was taken for analysis. The tensile samples were
speckled for Digital Image Correlation (DIC) analysis with 100-grit
silicon carbide particles (Kingsley North, Norway, MI) applied to the
skin surface with a hand-held pneumatic sprayer. DIC is a non-contact
measuring technique that uses an optical method based on the images
of deformation captured by a camera to track the deformation, which is
more accurate than standard crosshead based measurements [48–50].
To perform a typical tensile test, a tensile sample was held between
grips, and a constant engineering strain rate of 0.087 s*1 was prescribed
to the crosshead to deform the sample till failure. This strain rate
corresponds to a 50mm/min crosshead velocity, corresponding to the
documented rate for nonrigid ASTM tensile samples [51] and within
the range of the previously reported rate porcine skin [22,23,27,52].
The resulting force signal is measured by a 1 kN load cell. Sample
preconditioning was not performed to avoid irreversible damage to the
skin tissue before testing [27], and all tensile samples were visibly wet
during testing.

We used a data-acquisition software, VIC-2D (Correlated Solutions),
coupled with a digital camera (Grasshopper3 USB3 made by Flir) to
capture the images of the deformation and force data simultaneously
during an experiment. That measured data allows us to compute the
stretch and nominal (or engineering) stress using standard relations:

� = l
l0
, and P = F

A0
. (3.1)

Here, � is the stretch in the loading direction, l is the instantaneous
length of the gauge section during deformation, l0 is the undeformed
length of the gauge section, P is the nominal stress in the loading direc-
tion, F is the measured force, and A0 is the cross-sectional area of gauge
section of the undeformed sample. Further assuming incompressibility,
the Cauchy stress was calculated using following relation

� = � F
A0

. (3.2)

3.2. Uniaxial tensile results

Figs. 2 and 3 show the results of the uniaxial tension tests of all
samples. We note that location LT R2C2 shows the experimental data
only for the parallel sample and 45˝, no data for the sample perpen-
dicular to the spine, as it slipped during the experiment. Similarly, no
experimental data could be obtained for RT R1C1. The tension test
results demonstrate that the porcine skin exhibits non-linear anisotropic

behavior. All the curves clearly follow the same trend with classic toe,
non-lienar, and linear regions; still, the specific response varies due to
the variation of the collagen fiber density and other microstructural
details with specific locations and orientations. It can be seen that for
the locations closer to the spine (labeled as C1), for both the left and
the right sides of the spine, the samples oriented at 45˝ to the spine
have the stiffest response, whereas the samples parallel to the spine
shows the least stiff response. In contrast, for the samples taken from
locations further away from the spine (labeled as C2), the samples
oriented at 45˝ to the spine have the least stiff response, whereas
the samples perpendicular to the spine have the stiffest response. This
shows that the material response shows symmetry with respect to the
spine, and the specific material response changes with orientation for
various locations. Overall this implies that variations in the underlying
collagen microstructure, such as the fiber density and undulation for
various locations, drive the mechanical response.

4. Constitutive model

The continuum framework used to describe the mechanical behav-
ior of the porcine dermis is summarized in this section. We build upon
the structure-based model originally reported by Gasser et al. [33]
for arteries, with enhancements aimed at more robustly describing the
behavior of skin.

4.1. Kinematics

Consider a reference body BR identified with the region of space
it occupies in a fixed reference configuration, and denote by xR, an
arbitrary material point of BR. The referential body BR then undergoes
a motion x = �(xR, t) to the deformed body Bt with deformation
gradient given by1

F = (� , such that J = det F > 0. (4.1)

Here J is a measure of the volume change produced by the deforma-
tion, also called the Jacobian of the deformation. The left and right
Cauchy–Green tensors are defined as

B = FF
Ò , C = F

Ò
F , (4.2)

respectively. To accommodate embedded collagen fibers in skin tissues,
we assume that two distinct sets of fiber families, each indicated by ‘‘i’’,
are present in the body BR. Each fiber family is characterized by a mean
direction denoted by the referential unit vector a(i)R and the associated
structure tensor A(i)

R for each fiber family is given by

A
(i)
R

def= a
(i)
R ‰ a

(i)
R . (4.3)

As is standard in the literature, we employ a multiplicative decom-
position of the deformation gradient into volumetric and distortional
components. The decomposition is given by

F = FvolFdis , (4.4)

where

Fvol
def= J 1_3

1 , and Fdis
def= J*1_3

F such that det Fdis = 1 , (4.5)

with 1 the identity tensor. The corresponding distortional left and right
Cauchy–Green tensors are

Bdis = FdisF
Ò
dis = J*2_3

B , and Cdis = F
Ò
disFdis = J*2_3

C . (4.6)
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Fig. 2. Uniaxial tension test results of the various samples taken from column C1, cf., Fig. 1.
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Fig. 3. Uniaxial tension test results of the various samples taken from column C2, cf., Fig. 1.
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Table 1
List of structural parameters for the symmetric distribution, reproduced from our
previous work on the same material [28].
Location Coordinates Symmetric
RxCy taking tail as origin

(mm)

a
(1)
R a

(2)
R ip

LT R4C1 X: *49.77 [0.867; *0.498;0] [0.867; 0.498;0] 0.165
Y: 366.89

LT R4C2 X: *171.81 [0.894; *0.449;0] [0.894; 0.449;0] 0.206
Y: 366.75

LT R3C1 X: *46.48 [0.796; *0.605;0] [0.796; 0.605;0] 0.181
Y: 249.87

LT R3C2 X: *168.94 [0.873; *0.488;0] [0.873; 0.488;0] 0.260
Y: 253.88

LT R2C1 X: *50.20 [0.779; *0.627;0] [0.779; 0.627;0] 0.139
Y: 144.38

LT R1C1 X: *55.14 [0.822; *0.569;0] [0.822; 0.569;0] 0.123
Y: 47.34

LT R1C2 X: *169.02 [0.921; *0.390;0] [0.921; 0.390;0] 0.254
Y: 50.49

RT R4C1 X: 76.08 [0.797; *0.604;0] [0.797; 0.604;0] 0.133
Y: 332.67

RT R4C2 X: 192.01 [0.860; *0.511;0] [0.860; 0.511;0] 0.160
Y: 331.50

RT R3C1 X: 77.37 [0.727; *0.687;0] [0.727; 0.687;0] 0.099
Y: 227.73

RT R3C2 X: 194.24 [0.808; *0.590;0] [0.808; 0.590;0] 0.181
Y: 231.94

RT R2C1 X: 77.07 [0.688; *0.725;0] [0.688; 0.725;0] 0.104
Y: 126.75

RT R2C2 X: 195.47 [0.692; *0.722;0] [0.692; 0.722;0] 0.123
Y: 129.35

RT R1C2 X: 193.62 [0.708; *0.706;0] [0.708; 0.706;0] 0.149
Y: 33.80

LT: Left Tail; RT: Right Tail

4.2. Free energy

We build our model based on the seminal work of Gasser et al. [33]
which includes both the orientation and dispersion of the embedded
fibers and is considered the current state-of-the-art for constitutive
modeling to characterize the mechanical behavior of any soft biological
tissue. Gasser et al. [33] was based on the three-dimensional spatial
distribution of collagen fibers considering rotational symmetry. For a
planar fiber distribution the two dimensional version of Gasser et al.
[33] was discussed in Ogden [53] and Cortes et al. [54], which was
later used in Holzapfel and Ogden [34] and Holzapfel et al. [36].

4.2.1. Free energy of the baseline model
The overall free energy density per unit reference volume for two

symmetric fiber families with dispersion based on Gasser et al. [33] is
given in the form:

 R(J ,Cdis,H
(i)
sym) =

K
2 (ln J )2
≠́≠Ø≠≠̈

volumetric contribution

+ 1
2�(trCdis * 3)
≠́≠≠≠≠≠≠Ø≠≠≠≠≠≠≠̈
ground substance

+
2
…

i=1

k1
2k2

{exp
⌅

k2(H
(i)
sym : Cdis * 1)2 ]*1}

≠́≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠Ø≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠̈
embedded fibers

. (4.7)

1 The symbol ( denotes the gradient with respect to the material point xR
in the reference configuration.

The distortional (non-volumetric) contribution of the free energy is
decomposed into two parts, one to account for the soft and isotropic
ground substance, and the second to account for the collagen fibers
that impart the anisotropy. Here H

(i)
sym is the generalized structural

tensor for each fiber family that includes both the dispersion and mean
orientation based on symmetric fiber distribution. From the recent
literature [cf., e.g., [36], and references therein] we have the following
relation for H(i)

sym, for the in-plane collagen fiber dispersion

H
(i)
sym = ip12 +

�

1 * 2ip
�

a
(i)
R ‰ a

(i)
R . (4.8)

Here, i indicates the fiber family, i = 1, 2; 12 is the two-dimensional
identity tensor; �, k1, k2, and K are the material parameters. � is the
shear modulus of the ground substance. k1 > 0 is stress dimensioned
parameter and k2 > 0 is a dimensionless parameter that together define
the collagen fiber response. To approximate the near incompressibility
of the dermis, the bulk modulus, K, is taken as three orders of mag-
nitudes larger than the shear modulus �. 0 f ip f 1_2 is the planar
dispersion, and a

(i)
R is the referential unit vector along the mean collagen

fiber direction per family in the reference configuration. Together, the
dispersion and mean direction are called structural parameters.

We note that each fiber family shares the same value of the material
parameters k1 and k2, as well as magnitude of dispersion, and that
the mean orientations are symmetrically aligned for a symmetric fiber
distribution.

Lastly, the Cauchy stress, corresponding to the free energy density
function (4.7), is given by

T = J*1
⌧

K(ln J )1 + �
$

Bdis *
1
3 (trBdis)1

%�

+

2k1J*5_3
2
…

i=1

T

⌧

exp[k2(H
(i)
sym : Cdis * 1)2]

� ⌧

(H(i)
sym : Cdis * 1)

�

ù
⌧

FH
(i)
symF

Ò * 1
3 (H

(i)
sym : Cdis)J 2_3

1

�

U

. (4.9)

In the remainder of this paper, the term baseline model is defined by
the specific choice of free energy (4.7) together with the generalized
structural tensor (4.8), leading to Cauchy stress (4.9).

4.2.2. Free energy of the enhanced model
While the prior literature has been successful at modeling the

response of many different tissues, our enhanced model incorporates
a few improvements to more accurately capture the tensile response
from three orientations simultaneously and account for non-symmetric
fiber distribution. There are three main departures that make this
work distinct: (1) the generalized structure tensor is taken to be non-
symmetric for the in-plane fiber distribution; (2) each of the fiber
families is characterized by its own distinct set of material parameters,
to capture the varying fiber response of differently oriented tensile
samples; and (3) the ground substance response to loading is modeled
as ‘‘exponential’’. The following paragraphs list arguments for each
change in more detail.

First, histology results from our recent work Jaiswal et al. [28] indi-
cates that an improvement in capturing fiber orientations as significant
as 200% may be achieved by using a non-symmetric fiber distribution
over a symmetric one. Accordingly, we modify (4.8) such that the
observed non-symmetric is taken into account through a generalized
structure tensor H(i)

non-sym for each fiber family.
Second, the results of our experiments, as shown in Figs. 2 and 3,

clearly indicate that the behavior changes with orientation and loca-
tion. Since histology information is already known for each location,
the structural parameters associated with fiber family’s directionality
and dispersion can be assumed known. A proper application of (4.7)
would indicate that a single value for �, k1, and k2 for the two fiber
families is all that is needed to model the behavior at each location.
However, we found that this is not the case here, and taking some
inspiration from Han [39] we allow for each fiber family to take on its
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Table 2
List of structural parameters for the non-symmetric fiber distribution, reproduced from our previous work on the same material [28].
Location Coordinates Non-symmetric
RxCy taking tail as origin

(mm)

a
(1)
R a

(2)
R (1)ip (2)ip

LT R4C1 X: *49.77 [0.811; *0.585; 0.000] [0.914; 0.405; 0.000] 0.147 0.159
Y: 366.89

LT R4C2 X: *171.81 [0.902; *0.432; 0.000] [0.885; 0.466; 0.000] 0.203 0.208
Y: 366.75

LT R3C1 X: *46.48 [0.912; *0.411; 0.000] [0.730; 0.683; 0.000] 0.264 0.102
Y: 249.87

LT R3C2 X: *168.94 [0.840; *0.542; 0.000] [0.934; 0.358; 0.000] 0.217 0.317
Y: 253.88

LT R2C1 X: *50.20 [0.830; *0.558; 0.000] [0.747; 0.665; 0.000] 0.207 0.092
Y: 144.38

LT R1C1 X: *55.14 [0.862; *0.507; 0.000] [0.801; 0.599; 0.000] 0.199 0.078
Y: 47.34

LT R1C2 X: *169.02 [0.952; *0.305; 0.000] [0.891; 0.455; 0.000] 0.271 0.232
Y: 50.49

RT R4C1 X: 76.08 [0.760; *0.649; 0.000] [0.823; 0.568; 0.000] 0.181 0.091
Y: 332.67

RT R4C2 X: 192.01 [ 0.895; *0.447; 0.000] [0.794; 0.608; 0.000] 0.095 0.210
Y: 331.50

RT R3C1 X: 77.37 [0.684; *0.729; 0.000] [0.789; 0.615; 0.000] 0.058 0.157
Y: 227.73

RT R3C2 X: 194.24 [0.777; *0.629; 0.000] [0.830; 0.558; 0.000] 0.278 0.116
Y: 231.94

RT R2C1 X: 77.07 [0.716; *0.698; 0.000] [0.659; 0.752; 0.000] 0.102 0.100
Y: 126.75

RT R2C2 X: 195.47 [0.595; *0.804; 0.000] [0.779; 0.627; 0.000] 0.085 0.110
Y: 129.35

RT R1C2 X: 193.62 [0.572; *0.820; 0.000] [0.822; 0.569; 0.000] 0.085 0.119
Y: 33.80

LT: Left Tail; RT: Right Tail

own set of material properties, namely k(i)1 and k(i)2 . In addition to that,
we allow the stiffness to be associated with underlying microstructure
through the use of H(i)

non-sym and deformation to more accurately cap-
ture the tensile response in three distinct orientations, simultaneously.
This assumption regarding fiber material parameters is our attempt to
capture changes in the micro-structural details, such as the collagen
fiber density and undulation, due to engagement of fibers along the
loading direction, that are currently not explicitly addressed in the prior
literature.

Third, based on the recent work of Bai et al. [55], using a Neo-
Hookean model for the ground substance results in unphysical model
behaviors under certain loading conditions. Accordingly, we follow Bai
et al. [55] and further modify (4.7) such that the ground substance is
modeled with an exponential form of strain energy density function.

After incorporating all these modifications to (4.7), and keeping
the notation i to indicate the fiber family, our enhanced free energy
function is given by

 R(J ,Cdis,H
(i)
non-sym) =

K
2 (ln J )2
≠́≠Ø≠≠̈

volumetric contribution

+ �
2�

�

exp[�
�

trCdis * 3
�

] * 1
�

≠́≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠Ø≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠̈
ground substance

+

2
…

i=1

k(i)1
⇠

H
(i)
non-sym :Cdis

⇡

2k(i)2
{exp

⌅

k(i)2 (H(i)
non-sym : Cdis * 1)2 ]*1}
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embedded fibers

. (4.10)

Here, unlike (4.7) each fiber family uses distinct values of the material
parameters k(i)1 and k(i)2 . And � is a dimensionless material parameter
for the ground substance [55].

Further, H(i)
non-sym is taken in the form

H
(i)
non-sym = (i)ip 12 + (1 * 2(i)ip )a

(i)
R ‰ a

(i)
R ; 0 f (i)ip f 1_2 . (4.11)

Here, (i)ip and a
(i)
R characterize the fiber distribution in the plane of

the dermis, specifically (i)ip is the planar fiber dispersion for each fiber
family, and a

(i)
R is the referential unit vector in the direction of the mean

orientation associated with each fiber family. And unlike the symmetric
form in (4.8), here each collagen fiber family has its own independent
dispersion and mean orientation obtained through histological analysis.

The Cauchy stress corresponding to our enhanced free energy func-
tion is given by

T = J*1
⌧

K(ln J )1 + �
�

exp[�
�
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�

]
�

$
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1
3 (trBdis)1

%�

+
2
…

i=1

T

2k(i)1

H

H
(i)
non-sym :Cdis

I

J*5_3
⌧

exp[k(i)2 (H(i)
non-sym :Cdis * 1)2]

�

ù
⌧

(H(i)
non-sym :Cdis * 1)

�

ù
⌧

FH
(i)
non-symF

Ò * 1
3 (H

(i)
non-sym :Cdis)J 2_3

1

�

U

+

2
…

i=1

T

J*5_3
H

k(i)1
k(i)2

IL

FH
(i)
non-symF

Ò * 1
3 (H

(i)
non-sym :Cdis)J 2_3

1

M

ù
L
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. (4.12)
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Fig. 4. Calibration results of our enhanced model and the baseline model using the uniaxial tension test data for the samples taken from column C1.
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Fig. 5. Calibration results of our enhanced model and the baseline model using the uniaxial tension test data for the samples taken from column C2.
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Table 3
List of material parameters obtained by calibration of the baseline model with the
experimental data of tensile samples taken in three orientations from different locations.
Location Coordinates � k1 k2
RxCy taking tail as origin (MPa) (MPa)

(mm)

LT R4C1 X: *49.77 6.410 9.940 13.530Y: 366.89

LT R4C2 X: *171.81 4.999 3.006 2.057Y: 366.75

LT R3C1 X: *46.48 7.896 17.900 9.458Y: 249.87

LT R3C2 X: *168.94 5.998 6.501 7.093Y: 253.88

LT R2C1 X: *50.20 11.002 22.002 6.2199Y: 144.38

LT R1C1 X: *55.14 18.035 17.250 3.318Y: 47.34

LT R1C2 X: *169.02 8.011 15.965 4.471Y: 50.49

RT R4C1 X: 76.08 9.002 4.198 4.231Y: 332.67

RT R4C2 X: 192.01 6.070 6.918 1.008Y: 331.50

RT R3C1 X: 77.37 5.001 7.001 5.005Y: 227.73

RT R3C2 X: 194.24 6.772 15.992 2.748Y: 231.94

RT R2C1 X: 77.07 9.864 16.280 1.003Y: 126.75

RT R2C2 X: 195.47 6.990 6.070 1.420Y: 129.35

RT R1C2 X: 193.62 6.990 10.899 0.727Y: 33.80

LT: Left Tail; RT: Right Tail

In the remainder of this paper, the term enhanced model is defined by
the specific choice of free energy (4.10) together with the generalized
structural tensor (4.11), leading to Cauchy stress (4.12).

5. Enhanced model results

5.1. Model calibration and comparison

Both the baseline model and our new enhanced model are calibrated
to our experimental data so that we may make comparisons. For
the structural parameters, values are taken directly from our prior
histology work [28]. Table 1 summarizes the structural parameters for
the symmetric fiber distribution used with (4.8), and Table 2 provides
structural parameters for our enhanced model used by (4.11). For the
material parameters, the calibration is performed using the MATLAB
built-in least squares function lsqnonlin. Due to the anisotropic
nature of this material, the choice of parameters affects the trans-
verse deformations. Therefore, all non-prescribed components of the
deformation gradient are found through an iterative process, ensuring
stress-free conditions on the traction-free surfaces. The calibrated ma-
terial parameters for the baseline model using (4.9) and our enhanced
model using (4.12) are provided in Tables 3 and 4 for all locations,
respectively.

Figs. 4 and 5 show the calibrated model results for all samples. The
enhanced model conforms well with experimental data of all tensile
samples from three orientations, parallel to the spine, perpendicular
to the spine, and 45˝ to the spine for all the locations, as opposed
to the baseline model. Additionally, to quantify the quality of both

models, we have calculated the root mean square error (RMSE) for
all the experimental samples considered in the analysis. We performed
a Wilcoxon rank sum test analysis on the RMSE values of both the
baseline model and enhanced model to demonstrate the difference
between the two models is statistically significant. We found that the
distribution is not-normal, and the p-value obtained from the analysis
was 8.84ù10*7, which indicates the difference between both the models
is statistically significant since our p-value is less than 0.05. Fig. 6 shows
the box plots of RMSE for both models, demonstrating the improvement
by our enhanced model. The main takeaway from Fig. 6 is that the
enhanced model works very well for more than 75% of the experiments
with six outliers, whereas the baseline model is only working well for
25% of the experimental data. For completeness, Table 5 summarizes
the root mean square error (RMSE) values of both models. We can see
that we have forty-two tensile samples from fourteen locations, and the
enhanced model shows improvement over 88% cases compared to the
baseline model. In 13 out of 42, instances, the improvement is three
orders of magnitude over the baseline model.

5.2. Model capabilities

The constitutive models are numerically implemented in
Abaqus/Explicit [56] to demonstrate the model capabilities in a com-
plex three-dimensional loading scenario by writing a user-defined
material subroutine (VUMAT). We consider a thin rectangular strip to
simulate the behavior of a sample of porcine dermis under combined
displacement and pressure loading.

The geometry we consider is a rectangular specimen with a width
of 300 mm, height = 150 mm, and thickness = 2.25 mm, and boundary
conditions are shown in Fig. 7a. The orientations of the embedded
fibers are measured with respect to direction 1. The structural and
material parameters required for the respective models are taken from
location LTR3C1. For the baseline model, these parameters are taken
from Tables 1 and 3, respectively. And for the enhanced model, the
respective parameters are taken from Tables 2 and 4. The entire body
is meshed with 720 C3D8R elements. The simulation consists of three
steps to create a complex loading — in the first step, a deformation is
prescribed; in the second step, pressure loading is applied; and in the
last step, all previously prescribed conditions are held fixed. Referring
to Fig. 7a, for boundary conditions, the left face ABEH is held fixed
for all steps, and in the first step, a displacement u = 25 mm is
prescribed on the right face CDGF only in direction 1 while keeping the
displacement in directions 2 and 3 fixed. That prescribed displacement
is held fixed during the subsequent steps. Further, the movement for the
top face BCFE and bottom face ADGH is also fixed in directions 2 and 3
in all steps. In the second loading step, a uniformly distributed pressure
P of 172 kPa is applied on face HGFE. And in the last step, the sample is
held with all the previously applied boundary conditions. Fig. 7b shows
the prescribed displacement and pressure loading profile. Fig. 8a and
b show the results of this simulation for the baseline model as well as
our enhanced model, respectively. They compare contours of u3 for the
rectangular strip after applying the pressure. It can be seen that the
simulated displacement fields between these two cases are different.
Fig. 8c shows a comparison of the peak displacement u3 for the two
models, giving a difference of roughly 12.8%. This indicates that the
models respond differently under the same loading condition, and the
difference is noticeable. Based on our analysis summarized in Fig. 6,
the enhanced model is more accurate than the baseline model. This
suggests that the enhanced model will better predict the mechanical
response of soft biological tissues and may serve as an aid to designers
of medical devices.
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Table 4
List of material parameters obtained by calibration of our enhanced model with the experimental data of tensile samples taken in three
orientations from different locations.

Location Coordinates � � k(1)1 k(2)1 k(1)2 k(2)2
RxCy taking tail as origin (MPa) (MPa) (MPa)

(mm)

LT R4C1 X: *49.77 6.537 6.514 6.937 6.857 4.351 2.062Y: 366.89

LT R4C2 X: *171.81 7.433 1.319 0.154 74.564 1.020 9.992Y: 366.75

LT R3C1 X: *46.48 6.667 2.735 20.073 3.575 4.842 3.364Y: 249.87

LT R3C2 X: *168.94 6.056 3.917 0.079 24.041 0.437 2.212Y: 253.88

LT R2C1 X: *50.20 7.906 1.625 16.526 45.546 1.309 3.031Y: 144.38

LT R1C1 X: *55.14 14.452 7.001 13.692 15.943 2.922 1.477Y: 47.34

LT R1C2 X: *169.02 13.927 3.161 1.385 7.468 1.741 3.179Y: 50.49

RT R4C1 X: 76.08 7.717 4.820 8.761 0.954 2.350 2.575Y: 332.67

RT R4C2 X: 192.01 8.903 1.633 20.492 0.100 9.933 1.051Y: 331.50

RT R3C1 X: 77.37 5.896 1.819 1.043 10.781 0.490 0.243Y: 227.73

RT R3C2 X: 194.24 5.906 1.930 39.317 1.784 5.365 1.184Y: 231.94

RT R2C1 X: 77.07 11.196 1.478 49.587 6.086 19.781 1.768Y: 126.75

RT R2C2 X: 195.47 7.833 3.144 4.162 2.264 1.672 1.501Y: 129.35

RT R1C2 X: 193.62 11.178 5.101 20.388 1.497 1.349 1.120Y: 33.80

LT: Left Tail; RT: Right Tail

Fig. 6. Box plot comparing RMSE values obtained from the calibration of experimental data for all forty-two samples from different locations using the baseline model and our
enhanced model.

6. Concluding remarks

We have experimentally demonstrated that porcine dermis ex-
hibits non-linear, anisotropic behavior with symmetry with respect to
the spine. We employed the structural parameters from our previous
work [28] and used the prior literature [33,39,53–55] as a base to
develop an enhanced structure-based model. We have demonstrated
that the current state-of-the-art models may be improved with a few
enhancements. Our enhancements include: (i) modified structure tensor

to capture the non-symmetric in-plane fiber distribution; (ii) using the
distinct sets material parameters k(i)1 and k(i)2 along with structural and
deformation dependent collagen material parameters to account for the
variations in collagen fiber properties with location and tensile sample
orientation; and lastly, (iii) using an exponential-based function for the
ground substance response that takes care of the non-linearity of the
ground substance postulated in Bai et al. [55]. Our enhanced model
was calibrated using the data from a series of uniaxial experiments by
employing a non-linear least squares method. The performance of the
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Table 5
Summary of RMSE values for the baseline model and our enhanced model.
Location Coordinates Sample Baseline Enhanced % improvement
RxCy taking tail as origin Orientation model, model, by enhanced model

(mm) (✓) RMSE RMSE

LT R4C1
Parallel 2.0681 0.3787 138.09%

X: *49.77 45˝ 0.6170 0.5369 13.88%
Y:366.89 Perpendicular 0.6549 0.4095 46.11%

LT R4C2
Parallel 2.4185 1.0311 80.44%

X: *171.81 45˝ 0.6821 0.8384 *20.56%
Y: 366.75 Perpendicular 7.5128 1.3691 138.34%

LT R3C1
Parallel 1.0194 0.5542 54.28%

X: *46.48 45˝ 5.1731 0.7195 151.16%
Y: 249.87 Perpendicular 0.9129 0.9681 *5.87%

LT R3C2
Parallel 1.594 0.3823 122.62%

X: *168.94 45˝ 1.7906 0.6026 99.28%
Y: 253.88 Perpendicular 2.9606 0.5199 140.25%

LT R2C1
Parallel 1.1708 1.0704 8.96%

X: *50.20 45˝ 5.0680 0.6479 154.66%
Y: 144.38 Perpendicular 0.8058 0.7205 11.18%

LT R1C1
Parallel 2.5129 0.7537 107.71%

X: *55.14 45˝ 1.6498 1.0913 40.75%
Y: 47.34 Perpendicular 1.1766 1.0292 13.36%

LT R1C2
Parallel 7.3616 2.8718 87.75%

X: *169.02 45˝ 0.7245 1.1401 *44.58%
Y: 50.49 Perpendicular 0.8958 0.9246 *3.16%

RT R4C1
Parallel 2.3002 0.4977 128.85%

X: 76.08 45˝ 1.2436 0.7581 48.51%
Y: 332.67 Perpendicular 1.694 0.6570 88.22%

RT R4C2
Parallel 5.1000 3.4188 39.47%

X: 192.01 45˝ 4.1771 1.5755 90.45%
Y: 331.50 Perpendicular 7.1391 0.8661 156.72

RT R3C1
Parallel 1.5839 0.6499 83.62%

X: 77.37 45˝ 0.8795 0.6390 31.68%
Y: 227.73 Perpendicular 4.9421 3.0977 45.88%

RT R3C2
Parallel 1.6833 0.4097 121.70%

X: 194.24 45˝ 8.4136 0.5315 176.23%
Y: 231.94 Perpendicular 1.1156 0.5526 67.5%

RT R2C1
Parallel 1.3832 0.8163 51.55%

X: 77.07 45˝ 1.8043 1.0939 49.02%
Y: 126.75 Perpendicular 3.5267 1.0775 106.39%

RT R2C2
Parallel 5.4094 1.0603 134.45%

X: 195.47 45˝ 0.9142 0.7380 21.33%
Y: 129.35 Perpendicular 4.1785 2.2834 58.65

RT R1C2
Parallel 7.7498 0.7380 165.22%

X: 193.62 45˝ 1.2616 2.1703 *52.96%
Y: 33.80 Perpendicular 6.2768 3.5739 54.88%

Fig. 7. (a) Schematic of the geometry and boundary conditions for the rectangular specimen. (b) The prescribed displacement and pressure in time.
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Fig. 8. Contour plots of u3 for an applied pressure of 172 kPa using (a) the baseline model, and (b) our enhanced model. (c) Comparison of the simulated displacement u3 at the
center of the rectangular strip for an applied pressure of 172 kPa.

model was demonstrated under uniaxial conditions. As shown in Fig. 6,
we have demonstrated that the enhanced model captures the observed
material response better than the current state of the art. And the
practical relevance of this work was shown through a three-dimensional
simulation using a user-defined material subroutine (VUMAT) in the
commercial finite element software Abaqus/Explicit [56].

While a lot has been already accomplished to model porcine dermis,
much more remains to be done. Future studies should consider the
effect of aging, sex, and different anatomic location along with data
from various loading regimes while characterizing the behavior of the
porcine dermis.
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