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Numerical simulation of mechanical tests on a living skin using anisotropic hyperelastic
law

Wael ALLILICHEa, Christine RENAUDa,∗, Jean-Michel CROSa, Zhi-Qiang FENGa

aUniversite Paris-Saclay, Univ Evry, LMEE, 91020, Evry, France

Abstract

The skin is a living tissue that behaves in a hyperelastic and anisotropic way. A constitutive law called HGO-Yeoh is proposed
to model the skin by improving the classical HGO constitutive law. This model is implemented in a finite element code FER
”Finite Element Research” to benefit from its tools, including the bipotential contact method, a very efficient function coupling
contact and friction. Identifying the skin-related material parameters is done through an optimisation procedure using analytic
and experimental data. A tensile test is simulated using the codes FER and ANSYS. Then, the results are compared with the
experimental data. Finally, a simulation of an indentation test using a bipotential contact law is done.
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1. Introduction

The skin is the organ that covers the human body to main-
tain equilibrium; the ability to predict human skin behaviour
and evaluate changes in the mechanical properties of the tissue
would inform engineering design. It would prove valuable in
various disciplines: medical research, prosthesis design or 3D
modelling for movies and video games. The aim of our study is
to develop a simulation tool including methods not yet found in
commercial codes, such as new behaviour laws and other con-
tact methods to simulate indentation and quasi-static suction.
This will evolve into dynamics. It is necessary to know the
skin’s anatomy and structure to model its behaviour. The skin
comprises three main layers (Fig. 1).

Epidermis: it represents the outer layer of the skin. Its thick-
ness varies between 0.05 and 1.5 mm [1], depending on the
body’s part. The epidermis consists of four to five layers of
cells called strata.

Dermis: This is the essential layer of the skin. It has a thick-
ness between 0.6 and 4 mm. The dermis is mainly composed
of collagen and elastin fibres. These fibres’ proportion is more
important than the primary material called matrix [2]. Colla-
gen is a protein that structures the skin of mammals. The pri-
mary function of collagen is to provide structure and rigidity to
the skin. Collagen fibres allow the skin to resist traction [3].
Elastin fibres are perpendicular to collagen ones and essential
to maintain skin elasticity. The fundamental substance is a hy-
drophobic, fat-like gel, representing about 20 % [4] of the skin’s
total volume, and it is in this substance that the fibres described
above are arranged.
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Hypo-dermis: its thickness can go up to 30 mm in abdom-
inal skin, as it can be absent in some zones. It is composed
mainly of fat cells. This part is not considered in modelling
because it does not act on the skin’s resistance.

Figure 1: Skin anatomy

The skin behaves like a hyperelastic and almost incompress-
ible material because it is mainly made of water [5]. The dermis
contains collagen fibres that make the bio-material anisotropic.

The literature [6] suggests that the viscoelastic behavior of a
biological material is mainly due to the interaction between the
relatively stiff fibers and the viscous matrix , which allows the
material to combine stiffness, flexibility, and shock absorption.

An uniaxial tensile test experimental data are recovered from
the literature [7]. Soft tissues are often assumed to be viscoelas-
tic. Although this behaviour was neglected in order to simplify
the model, it is planned to improve it later by adding the vis-
cous behavior to the hyperelastic one. Moreover, the data on
which this study is based do not allow for viscoelastic identi-
fication. Before the experimental test, the skin is prepared [8]
in order to focus exclusively on the elastic effects and eliminate
the viscoelastic ones.

Our research aims to model the skin by developing an en-

Preprint submitted to Elsevier February 27, 2023

© 2023 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S175161612300108X
Manuscript_7efdf500bec28c9621d5f373e822d1a3

allil
Texte surligné 

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S175161612300108X
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S175161612300108X


ergy density law; it is used for implementation in the finite
element code FER [9]. Many constitutive models are used to
model skin and soft tissues in literature. Some are only able
to model isotropic behaviours, such as the neo-Hookean model
[10], Mooney-Rivlin model [11], Ogden model [12], 8-chain
model [13], Gent model [14]. The main difference between
these models is the trend of the stress-strain curve. Other laws
describe both isotropic and anisotropic behaviour of the mate-
rial, like the HGO model [15].

This paper presents a new strain energy density by coupling
the isotropic Yeoh model with the anisotropic HGO model. Next,
the bipotential method is proposed to model the contact be-
tween the indenter and the skin. After, the identification of our
model parameters related to the skin is explained. Finally, the
results of a tensile test simulation on FER and ANSYS are com-
pared, and several 3D indentation simulations on the skin are
performed. The angle direction of the dominant fibre family
is changed at each step, and the anisotropic influence on skin
behaviour is analysed.

2. Skin model analysis

2.1. Used invariants

For soft tissue in bio-mechanics, the materials are nonlin-
ear, hyperelastic, and almost incompressible. To take into ac-
count the anisotropic of the material, a single direction (a) of
fibres is chosen. The model assumes that the mean direction of
collagen fibres remains aligned with the plane. Indeed, histo-
logical examination of the skin [16] indicates that the majority
of collagen fibres in the dermis are parallel to the epidermis.
The displacement between fibre and matrix plays a negligible
role in the elastic behaviour of the skin, since we consider only
the main direction of the fibres network. The results obtained
from identification in section 3, indicate that the fact of neglect-
ing the displacement between fibre and matrix has no influence.
The fibres orientation components are:

a = {cos(α), 0, sin(α)}, (1)

where α is the angle between the collagen fibres and the lon-
gitudinal axis of the skin #»x (Fig. 2); This angle is referred to
as the local reference frame of elements ( #»x , #»y , #»z )local. M is the
orientation matrix of the fibres. α is the angle between the col-
lagen fibres and the longitudinal axis of the skin #»x (Fig. 2). We

Figure 2: Direction of the fibres a⃗ according to the angle α

note M as the orientation matrix of the fibres.

M = (a ⊗ a). (2)

The transformation tensor F, the Cauchy-Green strain C and
the Green-Lagrange strain tensor E are defined as:

F = I +
∂u
∂X
, (3)

C = FT F, (4)

E =
1
2

(C − I) , (5)

where u is the displacement vector and I is the identity matrix.
Invariants I1, I3, I4 and J are defined by:

I1 = Tr(C), (6)
I3 = det(C), (7)
I4 = Tr(C M), (8)

J = det(F) = I
1
2
3 . (9)

J represents compression constraint and for isochoric deforma-
tion J ≈ 1 [17]. Isochoric invariants of I1 and I4 are used in our
model to consider compression variation by introducing I3 :

Ī1 = I1 I
−

1
3

3 , (10)

Ī4 = I4 I
−

1
3

3 . (11)

2.2. HGO-Yeoh model
The anisotropy of the dermis is due to the collagen fibres,

and the isotropy is due to the matrix. So, the behaviour law W is
a sum of three deformation energies: isotropic Wiso, anisotropic
Waniso and volumetric Wv.

W = Wiso +Waniso +Wv. (12)

To build the model, starting from the HGO model, whose iso-
tropic part is the neo-Hookean model [Wiso = a(I1 − 3)]. This
part is replaced by the Yeoh model [Wiso = ai(I1 − 3)i]. The
HGO-Yeoh law contains two more parameters and a 3-order
polynomial of I1, which helps to have, as well, a good fit-
ting as a better physical representation. This modification al-
lows obtaining relevant results during the identification. The
anisotropic term Waniso [18] is composed of an exponential part
that describes the effect of the fibres according to their orien-
tation. Since the materials are nearly incompressible, the third
term Wv describes compression behaviour. Each term of the
equation (12) is given by:

Wiso(Ī1) =
3∑

i=1

ai(Ī1 − 3)i, (13)

Waniso(Ī4) =
c1

2 c2
(ec2 (Ī4−1)2

− 1), (14)

Wv(J) =
1
d

(J − 1)2. (15)
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The constants a1, a2, a3, c1, c2 are the material parameters
to be defined, d is an expansion parameter that is chosen very
small (d = 10−6) in incompressible cases, it models the hydro-
static pressure numerically.

In our constitutive model, the fibres only work in tensile.
Therefore, there is no effect on the compression, so the part
Waniso is under these conditions:if I4 < 1 Waniso(Ī4) = 0 Compression

if I4 ≥ 1 Waniso(Ī4) =
c1

2 c2
(ec2 (Ī4−1)2

−1) Tensile (16)

2.3. Constraint calculation and implementation
In order to implement this model, the second Piola-Kirchhoff

stress tensor S (17) is defined by derivating the potential W with
respect to the strain tensor [19]:

S =
∂W
∂E
= 2
∂W
∂C
. (17)

Then the calculus by using the partial derivative of S (17) is
developed:

S = 2
∂W
∂C

(18)

= 2
(
∂W
∂I1

∂I1

∂C
+
∂W
∂I3

∂I3

∂C
+
∂W
∂I4

∂I4

∂C
+
∂W
∂J
∂J
∂C

)
. (19)

This formula of Piola-Kirchhoff constraints is developed by in-
jecting the partial derivatives of W (13) as well as the derivative
of the invariants (9) into S (17):

S =2
(
∂W
∂I1

I +
∂W
∂I3

Coef(C)

+
∂W
∂I4

M +
∂W
∂J

1
2

J C−T
)
. (20)

Then, the Cauchy stress tensor σ is deduced from S (17) and
transformation tensor F (3):

σ =
1
J

F S FT . (21)

2.4. Bipotential contact law
The contact law comes from the bipotential formulation to

simulate a skin indentation problem in our finite element code.
This law considers two potentials, one associated with Signorini’s
conditions and the other with Coulomb’s law simultaneously.
These are coupled in a single non-differentiated potential called
bipotential, which means that this method combines contact and
friction [20]. This method is implemented in FER, which al-
lows us to simulate indentation. The effectivity of this contact
model compared to classical methods has already been demon-
strated [21], because it considers the coupling of the normal
force and the tangential force in the same formulation of the
contact laws and does not use the penalty term that induces in-
terpenetration. The bipotential method translates the complete
law of contact with friction into a complementarity constraint.
Figure 3 represents the contact reaction r and its components

Figure 3: Coulomb’s cone representation, special configuration

(rt, rn) as well as the tangential relative velocity ẋ. The comple-
mentary relation, in the general case, is written as follows:

ẋ = ẋt + (ẋn + µ∥ẋt∥) n. (22)

Kµ represents the interior and the edge of the Coulomb cone
(Fig. 3), so:

bc(−ẋ, r) =
{
µ ∥−ẋt∥ rn if ẋn ≥ 0 and r ∈ Kµ
tend towards +∞ otherwise (23)

bc is a bipotential function interpreted as the dissipated power.
The minus sign preceding the relative tangential velocity

emphasises its opposite direction to the frictional force. Ac-
cording to the Implicit Standard Material theory proposed by
De Saxcé and Feng [20], the complete law of contact with fric-
tion is in the form of a variational inequality. For the numerical
solution, our function is adapted to the augmented Lagrangian
method, which leads to the following implicit problem:

find r ∈ Kµ such as
∀r′ ∈ Kµ;(
r−

(
r−ϱ

(
ẋt + (ẋn + µ∥−ẋt∥) n

)))
· (r′−r) ≥ 0.

(24)

with ϱ > 0, a parameter whose value ensures a good conver-
gence.

However, r ∈ Kµ must be found in such a way

∀r′ ∈ Kµ, (r − τ) · (r − r′) ≥ 0, (25)

where τ, the contact reaction is given :

τ = r − ϱ
(
ẋt + (ẋn + µ∥ − ẋt∥) n

)
. (26)

r is the projection of τ on the Coulomb cone.
The projection (r = ProjKµ (τ)) can be determined analyti-

cally, which is why this method is preferred. The expressions of
the projection can only correspond to three possible contact sta-
tuses: contact with adhesion, contact with sliding and no con-
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tact.

if µ ∥τt
k+1∥ < −τk+1

n then (no contact)

ProjKµ (τ
k+1) = 0

else if ∥τt
k+1∥ < µ τk+1

n then (adhesion)

ProjKµ (τ
k+1) = τk+1 (27)

else (sliding)

ProjKµ (τ
k+1) = τk+1-

(∥τk+1
t ∥-µ τ

k+1
n )

(1 + µ2)

(
τk+1

t

∥τk+1
t ∥
+µn

)
The vector of contact reactions is built in the global reference
frame R from r.

2.5. Finite element implementation

The HGO-Yeoh model is implemented and simulated within
the finite element code FER developed by the ”Laboratoire de
Mécanique et d’Énergétique d’Évry” (LMEE). The nonlinear
geometric analysis can be described using the total Lagrangian
formulation. This formulation builds the tangent stiffness ma-
trix using the original configuration, which stays constant and
facilitates computation [22]. So, this formulation to describe
nonlinear behaviours in our code is used. In the finite element
method, the Green–Lagrangian E strain (5) with linear BL and
nonlinear terms BNL depending on nodal displacements [23] is
written. Then the incremental form of E is:

δE = (BL + BNL(u)) δu. (28)

From (19) and (28) incremental form formulated:

δS = D : δE = D : (BL + BNL(u)) δu. (29)

The elasticity tensor D derives from S [24]:

D = 2
∂S
∂C
= 4
∂2W

∂C2 =
∂2W
∂E2 . (30)

From the virtual displacement, the virtual work δW is:

δW =
∫

V0

δET S dV0 − δuT Fext − δuT R = 0, (31)

V0 represents the initial volume, Fext are the external forces and
R is the vector of contact reactions which are previously re-
solved.

Since the arbitrary virtual displacement δu can be suppres-
sed, the static equation is :

Fint − Fext − R = 0, (32)

where internal forces are given by:

Fint =

∫
V0

(BL + BNL(u))T S dV0. (33)

A Newton–Raphson iterative procedure is applied for nonlinear
analysis to resolve this kind of problem [23].

3. Skin parameters identification

In this paragraph, the procedure used to determine the ma-
terial parameters of the HGO-Yeoh model (13, 14, 15) from ex-
perimental data is explained.

To achieve this goal, we rely on experimental data ( f exp =

σ
exp
xx (εxx)) from a uni-axial tensile test performed on an ab-

domen skin sample of 30 mm by 30 mm and 4 mm of thick-
ness [7]. An analytic development of the Cauchy stress is used
( f th = σth

xx(εxx)) using (21):

σth
xx =

2λ2
11

J


−I1 I

−
1
3

3 λ−2
11

3
+ I
−

1
3

3

(
a1 + 2 a2 (I1 I

1
3
3 − 3) + 3 a3(I1 I

1
3
3 − 3)2

)
+ c1

(
1
3

I4 I
−

4
3

3 + I
−

1
3

3 cos2(α)
)

(I4 I
−

1
3

3 − 1) ec2(I4 I
−

1
3

3 −1)2


 . (34)

Invariants, and the elongation along x axis λ11, are all related
to ε11. The material constants a1, a2, a3, c1, c2 are ordered in a
vector as the variables of the function:

f th = σth
xx(a1, a2, a3, c1, c2). (35)

To obtain these parameters, an optimisation process is applied
to find a minimal value of the least square error Φ [25] using
the Matlab function ”fmincon”.

Φ =

n∑
i=1

(σexp
xx (εi) − σth

xx(εi))2. (36)

Fmincon algorithm
”Find a minimum of a constrained nonlinear multivariable

function” (i.e., fmincon) is a large or medium-scale algorithm
that can find a minimum of a scalar function with or without
constraints, with several variables starting at initial values [26].

In the identification of the material parameters, experimen-
tal data representing results of a uni-axial tensile on a skin sam-
ple, taken from the abdomen of a healthy 45-year-old man, are
provided from [7].

The direction of collagen fibres has been chosen parallel to
the #»x axis in such a way that the angle α = 0◦.

After 187 iterations, the optimisation algorithm converges.
The minimisation of (36) gives us the material parameters re-
lated to the skin on table 1.

3.1. Accuracy of the HGO-Yeoh model

A behaviour law is accurate if it can reliably predict the
mechanical properties of the skin from the data collected in the
experiments. The results predicted by each model (Yeoh, HGO,
and HGO-Yeoh) (Sec. 2.2) are compared to the experimental
data to evaluate their accuracy.
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Using the procedure described above, the Yeoh and HGO
model parameters were respectively identified from the uniax-
ial tensile experimental data [7]. To obtain a fair comparison,
the same parameters are used in the optimisation algorithm:
machine, MATLAB Optimtool version, stopping criterion, and
number of iterations. The parameter values of the models are
shown in the table [1].

The experimental data and the analytic results obtained from
the optimisation results are plotted in (Fig. 4). The accuracy of
the HGO-Yeoh model can be appreciated here. The algorithm

Figure 4: Comparison of experimental results with the hyperelastic laws pre-
dictions

computes the relative error between the analytic results and the
experimental data for each constitutive law (Fig. 5). The max-
imum error for the HGO-Yeoh model is less than 2.5 %, while
the mean is 0.5 %. The other models have larger errors. The
Yeoh model has a mean error of 2.1 %, while the HGO model
provides a mean error of 2.5 %. This proves that each law can
predict the tensile behaviour, but with a large margin of error.
However, when these two constitutive laws are combined, the
error is less, and the behaviour prediction is more accurate.

3.2. Parameters sensitivity analysis
Five input parameters characterise our model to give theσxx

output. This model is deterministic, which means that the re-
sults obtained are always the same for a given set of input setups
(Fig. 6). These input parameters influence the development of
the analytic calculation. A sensitivity analysis can determine
which parameter has the most influence. This method is gen-
erally used for model simplification, to study the robustness of
assumptions and to explore the impact of inputs on the output.
We set the vector of inputs P, which gathers all the parameters,

P =


P1
P2
P3
P4
P5

 =

a1
a2
a3
c1
c2

 . (37)

Figure 5: The absolute error between the experimental and the analytical curves

Figure 6: Descriptive schematic of the HGO-Yeoh model

ϕ is the output scalar,

ϕ(P) = σxx(εxx,P). (38)

The Morris method
This method is often used to calculate the sensitivity of a

problem [27]. We have P j the inputs, where j = 1, . . . , 5; for
each j, we construct paths of trajectories in the input space:

Pi+1
j = Pi

j + ∆ j. (39)

With i = 1, . . ., n, we set n = 1 000 for each input parameter.
When a parameter is varying, the others are fixed at their values
obtained by the identification. ∆ j is the step between two points
in the path, and it is set at:

∆ j =
Ub j − Lb j

n
, (40)

Ub j and Lb j are the upper and lower bounds used in the iden-
tification optimisation for each parameter. P0

j is defined at the
lower bound Lb j. Then elementary effect, the gradient of ϕ(P)
according to parameters, is computed:

di
j =
ϕ(Pi+1

j ) − ϕ(Pi
j)

∆ j
. (41)

This parameter is calculated for each εxx point. Then a mean
of the elementary effect is calculated over the trajectory path of
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Table 1: Identified parameters for hyperelastic models
Parameter Yeoh HGO HGO-Yeoh
a1 (MPa) -0.059 0.312 0.269
a2 (MPa) 0.291 - 0.376
a3 (MPa) 0.016 - 0.415
c1 (MPa) - -0.297 -0.317
c2 - 0.087 0.319

Figure 7: Sensivity analysis of the parameters Effects using Morris Method

inputs. We use the absolute value to avoid the compensation
between them:

µ∗j =
1
n

n∑
i=1

|di|. (42)

µ∗j represents the effect of the input P j on the outputσxx(εxx, P j).
The 1st graphic on the (Fig. 7) represents the evolution of the
effect of each parameter on the model according to strain εxx.

Finally, the standard deviation (s) is estimated to complete
the Morris method:

s j =

√√
1

n − 1

n∑
i=1

(di
j − µ

∗
j). (43)

The Morris method gives the sensitivity at a specific local point
of εxx. To have a global vision, we calculate the mean over the
strain points of the effects of inputs and the standard deviations.
We divided the field of strain into three zones to analyse the
influence of parameters in each one:

Zone 1 : if εxx ∈ [0.0, 0.2],
Zone 2 : if εxx ∈ [0.2, 0.4],
Zone 3 : if εxx ∈ [0.4, 0.6].

The different parameters are interpreted according to µ∗j and s j:

• for a weak value of µ∗j , input parameters are neglected.

• for a strong value of µ∗j and a weak value of s j, input
parameters are important with linear effect.

• for a strong value of µ∗j and a strong value of s j, input
parameters are important with non-linear effect.

In our case, the effect depends on the zone. For example, the
parameter a1 is always strong but loses its influence on the non-
linearity as a function of the strain. The parameter a3 has a
linear effect, and its importance increases along εxx. However,
the parameter c2 gain strength gains in strength but still affects
the nonlinearity.

4. Simulation of mechanical tests on skin

4.1. ANSYS Material configuration

To validate the HGO-Yeoh model implementation, the FER
simulation is compared with the ANSYS simulation. We could
then build on a correct basis and feed it further with methods
that are not available in commercial codes.

ANSYS [28] proposes in addition to the classical laws, a
nonlinear hyperelastic anisotropic constitutive law that uses 11
parameters to describe the elastic properties of a material. This
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law is not referenced in the textbook bibliography. It is based
on 4 isochoric invariants Ī1, Ī2, Ī4 and Ī6:

W(Ī1, Ī2, Ī4, Ī6, J) =
3∑

i=1

(
Ci(Ī1 − 3)i +C(i+3)(Ī2 − 3)i

)
+

C7

2 C8
(eC8 (Ī4−1)2

−1) +
C9

2 C10
(eC10 (Ī6−1)2

−1) +
1
d

(J−1)2

(44)

To obtain the HGO-Yeoh hyperelastic anisotropic constitu-
tive law from equation (44), the parameters of the strain energy
potential related to the stress invariants Ī2 and Ī6 must be re-
moved. To satisfy this condition C4= C5 =C6=C9=0 whatever
C10.

It is also important to ensure that the other parameters are
set appropriately to reproduce the desired elastic properties of
the skin. Therefore, the identified parameters of the HGO-Yeoh
model (a1, a2, a3, c1 and c2), in table 1, are set respectively on
the ANSYS material parameters (C1, C2, C3, C7, and C8) It
is important to keep in mind that altering the parameters of the
constitutive law may affect its accuracy for the intended appli-
cations. Therefore, comparing the results obtained with experi-
mental data is important to confirm the mechanical properties’
validity.

4.2. Uni-axial tensile test

# »y
Ux=18 mm

# »z

B

#  »x

O

Figure 8: Description of uni-axial tensile test on skin

This part performs a simulation of the experimental trial ex-
tracted from [7]. The skin sample is modeled by a brick of di-
mension (60 mm, 8 mm, 60 mm). Considering the symmetry
conditions, only 1

8 of the shape is meshed with only one 8-node
hexahedral element. Indeed, symmetry conditions are applied
on the planes (⃗y, z⃗), (x⃗, z⃗) , (x⃗, y⃗) where displacements are res-
pectively set at ux = 0, uy = 0, uz = 0 (Fig. 8), and 100 loads
of 0.18 mm are applied on the face where x = 30 mm, which
gives finally a displacement of 18 mm. This simulation is done
separately in both FER et ANSYS finite elements codes using
the same inputs setting and the same hyperelastic HGO-Yeoh
material parameters identified in table 1.

The curves on (Fig. 9) represent σFER
xx and σANSYS

xx , ac-
cording to the deformation εxx, the obtained curves with the
experimental one are compared. The numerical result curves
agree with the experimental ones for both simulations and per-
fectly coincide with the analytic curves. Figure 10 shows us
the stress at different strains and different iterations. Several

Figure 9: Comparison of experimental results with the FER and ANSYS results

Figure 10: Stress and deformation of the skin under tensile test simulated on
FER

simulations are performed at point B (Fig. 8), which posi-
tion is defined by the vector

#   »
OB = (30 mm, 4 mm, 30 mm),

where O is the origin point. Then a simulation of a compres-
sion test using the same displacement according to − #»x . The
stress is more critical with compression (Fig. 11) because the
fibres do not work, so the matrix is more solicited, and the von
Mises stresses are higher. However, according to our model,
those collagen fibres should only work in tension (16), and in
compression, they distort without being stressed like an elastic
string. As a displacement is imposed and the coefficient of the
anisotropic part c1 is negative, when the structure is tensile, the
fibre works in compression to maintain equilibrium and reduce
the stress on the material. Bio-mechanically, this describes the
mechanism: when the skin matrix is under tension, the fibres
work in compression to reduce the pressure on the skin. So the
anisotropic stress is negative, contrary to the constants related
to the isotropic terms.

The fibres’ orientation angle α is changed at each new ten-
sile test. The results are presented in table [2] below. These
values are taken when the strain is maximal. When the fibre
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Figure 11: Stress and deformation of the skin in a compression simulation

orientation is different from zero, and in the case of pure tensile
stress according to #»x , the fibres are in tension according to #»x
and in compression according to #»y .

Displacement ux is always equal to 18 mm as it is the im-
posed loading. In the table [2], the displacements uy and uz are
almost identical with FER and ANSYS, regardless of the orien-
tation angle of the fibres.

For the 0◦ orientation, the results on FER and ANSYS are
the same as the analytic results, knowing that a numerical zero
is obtained concerning the component of the stress σyy. Indeed,
in our case, it is pure traction. The result on FER σFER

yy is closer
to zero than the one on σANS YS

yy , so the modelling on FER is
more accurate.

When the orientation of the fibres is at 30◦, 45◦ and 60◦,
σxx component along the tensile axis is more significant with
the HGO-Yeoh model. The σyy is negative with the HGO-Yeoh
model since it is positive with the ANSYS model. This phe-
nomenon is studied on [29]. However, a difference on σzz is
observed. The displacement uz is negative, so it causes à com-
pression according to #»z because, in our model, the fibres work
only in tensile. So, the stress is slightly higher in the HGO-Yeoh
model.

4.3. Indentation test on skin

An indentation of a rigid sphere applied to human skin is
simulated. The radius of the sphere is 2.5 mm. The deformable-
body is a paralleled-rectangles of dimensions 30 mm × 4 mm ×
30 mm in the global reference frame ( #»x , #»y , #»z )global. An empty
half-sphere models the indenter to reduce the number of ele-
ments and, thus, the computational cost. The mesh has 17 980
nodes and is composed of 12 336 8-node hexahedral elements.
The material parameters obtained from the identification (Sect.
3) are used. We assume that the abdomen has the same friction
properties as the anterior legs. If the indenter is considered as an

aluminium sphere, the friction coefficient between the indenter
and the skin could be: µskin

Al ≈ 0.34 [30].
The displacement of the indenter is applied through 100

steps of 0, 01 mm. Thus, the indenter undergoes a total ver-
tical displacement of 1mm. For the post-processing of the re-
sults, the equivalent von Mises stress at point M, the first con-
tact point, and the vertical displacements at points A, B, C, and
D are calculated. These four observation points are strategically
placed on the axes of symmetry of the deformable body (Fig.
12). Figure 13 represents the evolution of the von Mises stress

Figure 12: Mesh and observation points

measured at the point M as a function of the displacement of
the indenter Uind

y . A typical exponential trend of a hyperelastic
material curve is observed. The stress measured at the point M
is very low until Uind

y = 0.4 mm. From this value, the equiva-
lent stress evolves exponentially from 4.75 MPa to 311 MPa for
Uind

y = 1 mm. Now, the deformation of the skin is analysed. The

Figure 13: Evolution of von Mises stress as a function of indentor displacement
Uind

y

angle α (Fig. 2) is varied between 0◦ and 180◦ taking 8 inter-
mediate values. The displacements of the skin Uskin

y along the
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Table 2: Results of uni-axial traction simulations at different angles with FER and ANSYS on point B

Angle Code uy(mm) uz(mm) σxx(MPa) σyy(MPa) σzz(MPa) σmises(MPa)

0◦ Analytic −0.860 −6.450 1.064 0 0 1.064

FER −0.837 −6.279 1.064 −3.248e−13 3.246e−13 1.064

ANSYS −0.837 −6.282 1.064 0.379e−5 0.379e−5 1.064

30◦ FER −1.0736 −4.375 4.574 −0.153 0.306 4.613

ANSYS −1.029 −3.827 4.433 0.018 0.267 4.367

45◦ FER −0.9703 −5.203 6.077 −3.82e−2 0.171 6.030

ANSYS −0.945 −5.102 5.979 0.118e−2 0.108 5.935

60◦ FER −0.858 −6.075 6.494 −3.323e−4 3.246e−2 6.480

ANSYS −0.857 −6.087 6.321 0.189e−3 0.145e−2 6.514

Figure 14: Displacement fields Uskin
y according to the angle α

y⃗ axis are studied. Figure 14 shows the displacement field ac-
cording to these different angles. The blue colour represents the
minimal displacement in negative values, and the red represents
the maximal displacement in positive values. The maximum
displacement is observed at the periphery of the indentation.
These displacements vary according to the α angle. The rest of
the study will focus on the non-contact zone.

The deformations change according to the anisotropy. De-
pression zones at the skin surface appear. These zones, in or-
ange, follow the direction of the fibres. For example, when
α = 0◦, there are more deformations on the x⃗ axis, and when
α = 90◦, the deformations are more important on the z⃗ axis.
There is also a double symmetry of the displacement distribu-
tion for the axes, x⃗ and z⃗, for the angles: 60◦ and 150◦, 45◦ and
135◦, 30◦ and 120◦. These symmetries are due to the fibres that
prevent the flexible material from deforming in the direction of
the axis normal to the y⃗ plane.

Figure 15 represents these displacements at the 50th incre-
ment, where Uind

y = 0.5 mm. It shows that the opposite points A
and C, B and D, move mutually in the same way as a function of
angles. This proves the anisotropy of the model. The minimum
value of displacements is observed for angles 30◦ and 120◦ at
points A and C. The maximum displacement is observed for an-

gles 0 and 180◦. For the points B and D, the same observations
are made with a phase shift of 90◦. The intersection of the four
curves occurs for the angle 45◦ for which the vector of the equa-
tion (1) is a = {

√
2

2 , 0,
√

2
2 }. To better visualise this phenomenon,

the values of the displacements Uskin
y of the points A, B,C,D are

recorded for each anisotropy angle α. The evolution of the dis-
placement Uskin

y as a function of Uind
y of the 4 points is plotted

in figure 16. The HGO-Yeoh model is used with an angle of
60◦. The parameter c1 is first cancelled to obtain an isotropic
behaviour law of Yeoh. For the latter, the displacement of the
4 points is identical, unlike the anisotropic material, where the
opposite points move two by two: A with C and B with D. Dur-
ing indentation, the hyperelastic materials swell at the borders
at the beginning of the operation; then, a subsidence relative to
the displacement of the indenter appears. As expected, points A
and C show a more pronounced decline than points B and D.

4.4. Influence of the mesh in anisotropic materials
During the modelling process, two different meshes are cre-

ated. Mesh 1 (Fig. 17) was first made to reduce the number of
elements while keeping a refinement of the mesh in the con-
tact zone, the objective being to lower the computation time.
The Uskin

x displacements distribution obtained with this mesh
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Figure 15: Variation of displacements Uskin
y as a function of anisotropy at points

A, C and B , D

shows sharp angles visible at the location of the four observa-
tion points (A, B,C and D on Fig. 12). These angular points
disappear when regular hexahedral elements are used, such as
in mesh 2. The local reference points of these elements are then
oriented like the global reference point, which is not the case in
the first mesh. The direction of the fibres for the local reference
frame is given, so the reference frame mismatch explains the
anomalies observed here. Thus, particular attention should be
paid to the mesh used to simulate the behaviour of anisotropic
materials.

5. Conclusion

In this work, the identification of the parameters used in
the HGO-Yeoh model has been successfully realised to simulate
mechanical actions on a hyperelastic anisotropic material such
as the skin. However, this is only an example of a given sample.
In nature, the skin differs between individuals according to age,
ethnicity, gender, and health status. Our study aims mainly to
show that our model is usable for modelling human skin and
explaining the procedure to follow to identify the parameters of
this model. To go further, other experimental data from other
specimens must be used. However, the identification process of
the HGO-Yeoh behaviour law from experimental data in a uni-
axial tensile test is validated. With this hyperelastic anisotropic
model, an indentation test has been simulated. The results are
coherent and logical, and no convergence problems are faced.
So, a robust model is used, and it will allow us to do more com-
plex contact simulations with the HGO-Yeoh law. Nevertheless,
our modelling does not take into account the variation of fibres’
direction in one simulation. Thus, the anisotropy is the same
for all finite elements. This is why only small-scale examples
were treated in this paper. Some simplifications are considered,
assuming that the skin comprises only one layer. In nature, it

Figure 16: Uskin
y displacement of points A, B,C,D according to Uind

y and com-
parison between HGO-Yeoh and Yeoh constitutive laws

Figure 17: Meshing influence in anisotropic materials

is stratified into three layers (epidermis, dermis, hypodermis)
material. This simplification is due to the difficulty of carry-
ing out mechanical tests capable of considering these different
layers. The variation of the direction of the fibres, giving the
skin the property of anisotropy, presents an obstacle in large-
scale skin modelling; a thick mesh with different anisotropy di-
rections with a local reference for each element must be used.
Future work also concerns the consideration of adhesion with
more efficient models than those present in commercial finite
element codes. The integration of viscoelastic behaviour to the
HGO-Yeoh law is being started to treat more complex dynamic
problems .
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