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Background/purpose: Various analyses have been per-

formed to identify the mechanical properties of the human

skin tissue in vivo. They generally use different approaches

and hypotheses (behavior laws as well as mechanical tests)

and the obtained results are consequently difficult to ana-

lyze and compare. In this paper, an inverse method that can

be adapted to any kind of mechanical tests and behavior

laws is presented.

Method: A suction deformation performed on the volar

aspect of the forearm of a subject is considered. This test

is modeled with the finite element method to compare the

experimental and simulated curves using an inverse method

that allows the skin mechanical parameters identification.

This process is based on two optimization algorithms, Kal-

man’s filter and Gauss–Newton’s methods. To account for

the nonlinear behavior of the skin, a specific nonlinear

elastic law, which is then compared with standard linear

elastic and neo-Hookean’s mechanical behaviors, was de-

veloped.

Results: The obtained results first prove that neither linear

elasticity nor neo-Hookean’s laws can be used to model the

skin. On the contrary, the nonlinear elastic model presents a

relevant fit of the experimental curves. The skin thickness is

also proved to be another key point to be taken into

consideration.

Conclusions: The obtained results are successfully com-

pared with literature and the reliability of the proposed

method is underlined with the identification of 300 additional

experimental curves. The different works we are currently

focusing on are finally introduced.
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HUMAN SKIN presents nonlinear viscoelastic
anisotropic quasi-incompressible mechan-

ical properties, which are difficult to study (1–4).
The mechanical properties of living tissues are of
potential interest in the identification of certain
diseases, for assessing therapeutic intervention,
or for predicting the effect of trauma. According
to the literature, the dermis is assumed to be the
principal structure contributing to the mechan-
ical properties of the skin (1, 5–8). Several studies
propose to analyze the single effect of each
dermis ultra structure component. The study of
the collagen, the elastin and the matrix of pro-
teoglycans mechanics are of outstanding impor-
tance. However, to describe a reliable behavior
for the skin, all these components need to be
simultaneously taken into account (9).

The main component of the dermis is the
collagen fibers (80% of the dermis dry weight),
which present elastic properties (1, 4) (Young’s

modulus from 150 to 300 kPa according to Wilkes
et al. (10) and up to 1 GPa according to Fung (3)).
Their deformation mechanism is mainly respon-
sible for the behavior of the skin. For small strains
applied to the skin, the collagen fibers orientate in
the direction of the stress (4, 10–13). The skin-
related low stiffness is thus mainly due to the
elastin mechanical properties Fig. 1(a) (4, 10, 11,
14, 15). For large strains, both collagen and elastin
fibers are stressed, then the high elastic modulus
of the collagen fibers modifies the elastic
response of the skin, which becomes stiffer
Fig. 1(a). Molinari et al. (13) and Silver et al.
(14) propose to identify the collagen stiffness,
thanks to the third phase slope Fig. 1(a). The
collagen fibers are moreover assumed to be re-
sponsible for skin anisotropy (16–18), whereas
the elastin fibers are involved in the prestress
phenomenon (10, 14, 15). The viscosity of the skin
is explained by the displacement of the interstitial
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fluid (10, 19), the shear interaction between col-
lagen fibers and the matrix of proteoglycans (4),
and the dissipative friction of the fibers (6, 8).
Recent high-frequency ultrasound elastographic
studies analyzed skin mechanical behavior, prov-
ing a complex interaction between these different
components (20).

Many mechanical laws, which usually require
complex backgrounds, have been analyzed to
model soft tissues behavior in vivo (3, 4, 12, 19).
Even if these formulations are based on physical
assumptions their related parameters are gener-
ally difficult to analyze and identify (time-con-
suming algorithms, uniqueness of the solution,
etc.). However, in clinical studies simple behavior
laws are generally used and these have to be
refined to perform a more reliable analysis of skin
mechanics. Nevertheless, several authors pro-
posed useful formulations in relation with the
suction tests to evaluate the mechanical para-
meters of human skin. Diridollou et al. (21)
assumed that the skin is a shell and identified
its elasticity and prestress. Khatyr et al. (22)
proposed to identify orthotropic properties of
skin, thanks to Timoshenko’s formulation (23).
Kauer et al. (24) analyzed the mechanical proper-
ties of human uterus with compressible neo-
Hookean and quasi-linear viscoelastic formula-
tions. An extended incompressible neo-Hookean
law is used by Hendricks et al. (25) to assess the
mechanical properties of human skin. According
to these studies, the nonlinearity of the skin
behavior law seems to be a key point to better
understand skin mechanisms. To account for the
orientation of the fibers during stress, a two-
slopes elastic numerical model is proposed with
the advantage of being easy to use and simple to
understand.

The skin needs to be tested in vivo to obtain
reliable results for the identification of its me-

chanical parameters (1). First, the suction test
principle is described. It is then modeled with
the finite element method to draw a first compar-
ison between two elastic behaviors: linear elasti-
city (Hooke’s law) and hyperelasticity (neo-
Hookean law). The presented results show that
none of them are suitable to fit properly the
suction curves. The nonlinear elastic formulation
is thus introduced. As results mainly depend on
the geometry of the tissue, numerical simulations
were performed on a single-layer medium con-
sidering several thicknesses, which were mea-
sured using a high-frequency ultrasound device.
The corresponding mechanical parameters are
identified using a process based on two optimi-
zation algorithms: Kalman’s filters (26–28) and
Gauss–Newton’s identification (29–31). These
methods are briefly described, and the results
related to the experimental curves are presented.
Finally, some conclusions on the effects of skin
thickness on the results are highlighted, and
future developments we are currently working
on are introduced.

Methods

This method is divided into three stages (26).
First the experimental tests are performed and
their measurements are gathered in a database
named the experimental space. A simulated space,
made up of numerical curves that are obtained
for different values of the mechanical parameters,
is then created. Finally, the actual mechanical
parameters are identified by comparing the ex-
perimental and simulated spaces.

The suction test
The in vivo suction test (1, 5, 21, 22) consists of
applying a negative pressure at the skin surface,
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Fig. 1. (a) Nonlinear elasticity due to the orientation of the collagen fibers [HOLZ.200.2] (b) Corresponding numerical model. The nonlinear behavior

law of the skin is characterized by only three parameters : E1, E2 and eeq.
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in this case on the volar aspect of the forearm
skin, using a Cutometer CM570 (Courage &
Khazaka, Cologne, Germany) Fig. 2(a). As a
result, the skin is sucked into an aperture, form-
ing a dome whose height is recorded Fig. 2(b).
The studied experimental curves are presented in
Fig. 3. The pressure applied is up to 100 mbar, at a
rate of 20 mbar/s (the experimental curves ob-
tained generally contain 50–100 points which are
believed to be sufficient to perform mechanical
computing). One-hundred and fifty tests were
performed on 30 individuals, the thickness of
the dermis for each experiment was measured
using a high-frequency (20 MHz) ultrasound
device (Dermcup, ATYS Medical, Soucieu en
Jarrest, France) (32). The minimal value found
was 860mm Fig. 3(a) whereas the maximal one
was equal to 1510 mm Fig. 3(c). To obtain a set of
values for the individual forearm, both these
thicknesses are considered for the study. The
average value of the 150 measurements per-
formed is about 1080mm. A curve corresponding
to this thickness was thus also considered. The
experimental curves show a nonlinear trend,
which can be interpreted as a change in the
collagen orientation during the test (4, 10–13).
For small strains, the skin presents low stiffness
and the deflection rapidly increases with the
pressure. For high strains – high pressure – the
tissue becomes stiffer.

The simulated spaces – numerical models
The numerical simulations are performed with
2004 SYSTUS

s

finite element software (33). To

model a complex medium such as skin, several
assumptions were made:

(a) Skin is assumed to be a homogeneous med-
ium.

(b) The mass inertial effects are neglected.
(c) The viscous and the anisotropic components

are not considered. This approach thus con-
sists of identifying the equivalent elastic
properties of the skin.

(d) Owing to the axis of symmetry the geometry
is considered to be axisymmetrical.

The dermis is assumed to be mainly responsi-
ble for the mechanical behavior of the skin (1,
5–8). Indeed, the hypodermis shows low-elastic
properties (34, 35) and thus is on limited influ-
ence on the results. This hypothesis was also
verified with ultrasounds imaging of the skin
during a suction test (5), during suction deforma-
tion, subcutaneous structures do not affect the
global response. The skin was thus simply mod-
eled as a single-layer medium. Its thickness is the
one related to the dermis. This assumption was
also proposed by the literature (1, 22, 25).

The geometries of the three models (0.86, 1.08
and 1.51 mm) are presented in Fig. 4. The mesh is
sufficiently wide so as to ensure that boundary
conditions do not affect the distribution of strains
in the zone where the pressure is applied. The
displacement of the nodes related to the contact
of the suction device and the skin are supposed to
be null. The skin is meshed with second-order
elements with a reduced integration scheme so as
to avoid volumetric locking for quasi-incompres-
sible problems (045 � uo0.5). The present mod-
els include approximately 620 nodes and 190

Suction chamber Suction chamber

Cutometer® Cutometer®

Dome

Forearm

P
Deflection
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Fig. 2. Suction test. (a) Initial boundary and loading conditions. (b) Suction dome and deflection.
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elements for thicknesses of 0.86 and 1.08 mm, and
740 nodes and 230 elements for the thickness of
1.51 mm. Three different elastic behaviors are
studied.

Linear elasticity
Isotropic linear elasticity (36) can be defined for
small displacements and small strains with
Lamé’s law r 5 2 m«1ltr(«)I, where r is the stress
tensor, « is the linear strain tensor, I is
the second-order identity matrix, l5 Eu/
((11u)(1� 2u)) and m5 E/(2(11u)) are Lamé’s

coefficients, E the elasticity modulus (Young’s
modulus) and u Poisson’s ratio.

Neo-Hookean law
The conventional neo-Hookean law is defined by
the potential W 5 X1(I1� 3), where X1 is a mate-
rial constant and I1 5 tr(C) denotes the first in-
variant of the right Cauchy–Green deformation
tensor C. This law is defined for finite strains.
Thus the second Piola–Kirchoff stress tensor is
given by S 5 @W/@E, where E denotes the
Green–Lagrange strain tensor.

Such a law is only available for incompressible
media. A penalty method is generally used for the
calculations. Nevertheless, Sussman and Bathe (37)
propose a compressible potential for hyperelastic
laws W ¼ X1ðJ1 � 3Þ þ ðk=2ÞðJ3 � 1Þ2, where k is
the compressibility constant, J1 and J3 are the first
and third reduced invariant of the modified right
Cauchy–Green deformation tensor C� ¼ I�1=3

3 C,
where J3 5 I3

1/2. As skin is generally assumed to
be quasi-incompressible, (25, 38) the simple incom-
pressible formulation is thus considered.

Nonlinear elasticity
Nonlinear elasticity (33) consists of a modification
of the linear elastic Hooke’s law for isotropic
media. As the skin is assumed to be quasi-incom-
pressible (u5 0.45), the effect of the bulk modulus
is considered to be insignificant. Young’s modu-
lus then depends on the equivalent strain eeq,
where eeq 5 1/(11u)(3/2eijeij)

1/2 and eij are the
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Fig. 3. The in vivo experimental curves related the three measured

thicknesses. (a) 0.86 mm. (b) 1.08 mm. (c) 1.51 mm.

Fig. 4. Vertical displacements (mm) for three thicknesses. (a)

0.86 mm.(b) 1.08 mm (c) 1.51 mm.
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tensor components of the deviatoric part related
to «. The elasticity is defined by different slopes.
As suggested in the literature (4, 10–13), this
model will be characterized by only two slopes
[Fig. 1(b)], which are related to the first and third
phases of the skin behavior law [Fig. 1(a)]. E1 is
the elasticity modulus that characterizes the first
slope, E2 is related to the second part.

The inverse method
The main advantage of the proposed method lies
in the construction of a precalculation database:
the simulated space. Indeed, clinical studies are
performed with a large number of measure-
ments. With the use of standard inverse methods,
a finite element computation is required for each
identification step. Redundant solutions to the
numerical models are thus calculated. In the
present procedure, all the finite element models
are performed only one time. Furthermore, such
experimentation is usually performed by medical
practitioners, hence our method needs to be a
FEM-free process. The results of several numer-
ical calculations relating to the various mechan-
ical parameters to be determined are collected in
the simulated space. During the calculation, non-
simulated values are computed with cubic
Lagrange’s interpolations of the existing data.

The proposed inverse method is based on two
different algorithms: Kalman’s optimization and
Gauss–Newton’s minimization. Kalman’s filters,
which were first described in 1960 (39), are
based on a formulation similar to that of the
recursive least squares: they involve minimizing
an a posteriori identification error. The extended
Kalman’s filters (EKF), which propose a linear-
ization of Kalman’s equations, are used in this
paper. For each step of pressure j, an estimate
x�j of the mechanical parameters is calculated.
x�

T ¼ fm�1 ; :::;m�n g, where m�k , with kA[1;n] are
the n a priori mechanical parameters used to
describe the behavior law. This estimate is then
adjusted (Eq. 1), thanks to Kalman’s gain matrix
Kj, which is weighted by the difference between
the experimental deflection Mj and the simulated
estimate S�j .

xþj ¼ x�j þ aKjðMj � S�j Þ ð1Þ

The matrix Kj depends on the jacobian matrix
corresponding to the simulated space. Further
information can be found in Delalleau and col-
leagues (26–28, 39–41). In some cases the values

of x�j can exceed the limits of the simulated space.
This phenomenon generally leads to harmful
numerical oscillations. The convergence is
smoothed using a scalar parameter: aA]0;1] (42),
which can also be of great interest to reach the
global minimum (e.g. line search).

The required parameters cannot be identified
with a single computation of the optimization
process, hence a stabilization process is used.
This method consists of an initial calculation with
the proposed experimental curve (Fig. 5 step 1).
The identification is then continued by considering
the same curve in the reverse direction back to the
point of departure (Fig. 5 step 2). Finally the
experimental curve is run once again in the for-
ward direction (Fig. 5 step 3). For all the iterations
the parameters found are used to start the next
calculation. A convergence criterion is then used to
stop the process. This criterion is defined for a
stabilization of the identified parameters between
two consecutive forward iterations t of the stabili-
zation process Ctþ1 ¼ jxtþ1 � xtj.

The standard Gauss–Newton algorithm
(29–31) is based on the minimization ofPq

j¼1 ðMj � SjÞ2, where q is the number of experi-
mental data points. For each iteration i it can be
written as

xiþ1 ¼ xi þ aGi ð2Þ

where xi is the mechanical parameter identified
for the ith iteration. Gi is defined as

Gi ¼ ðFiF
T
i Þ
�1FT

i ðMi � SiÞ ð3Þ

where Fi is the jacobian matrix at iteration i, and
Mi and Si are the vectors that respectively contain
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Fig. 5. Stabilization process. The curve is run using both the forward
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the measured and simulated data points. The
convergence Cgn is defined for a stabilization of
the specified error Eri ¼

Pj
j¼1 jMj � Sjj between

two consecutive iterations Cgn ¼ jEriþ1 � Erij.
Kalman’s algorithm constitutes a reliable and

rapid explicit method. It is both less time and
memory consuming than Gauss–Newton’s mini-
mization. The latter presents a better stability for
the optimization simple problems. Both these
methods were used to assess the mechanical
parameters of the nonlinear behavior law that
was developed.

The nonlinear identification algorithm
The nonlinear simulated space (simulated space
corresponding to the nonlinear elastic beha-
vior) is constructed for variations of the three
parameters studied: E1A[20 kPa;290 kPa]step 5

30 kPa, E2A[100 kPa;1100 kPa]step 5 100 kPa and
eeqA[0.02;0.17]step 5 0.03. From now on, the non-
linear simulated space will be to referred as
NLsim 5 nl (E1, E2, eeq, pi), where pi is the experi-
mental steps of pressure. The identification is
divided into two stages. Kalman’s method was
used for the first one and Gauss–Newton’s algo-
rithm for the second (Fig. 6).

The first stage consists in creating a linear simu-
lated space (i.e. variations are only performed on E1

with a standard linear Hooke’s law). The experi-
mental domains M 5 [0;Mk] are successively re-
viewed, where kA[r;q], q is the number of points
corresponding to the experimental curve, and r is
the starting point, which is generally chosen equal
to 5. Indeed, for lower values of r results are not
reliable. For each of these q� r domains, Eid

1 is
identified, thanks to Kalman’s algorithm. This

method was chosen here for its ability to rapidly
review the experimental domains when Gauss–
Newton’s process is unable to do so. An error
index related to M and SðEid

1 Þ is then calculated:

ðcorrk�ðr�1Þ ¼ ð1� 1=k
Xk

j¼r
ðMj � SjÞ=MjÞ; k 2 ½r; q�Þ;

where corrk� (r� 1) is the error index calculated for
the kth domain and k�ðr�1ÞE

id
1 is the corresponding

identified parameter. As long as none of the
elements of the mesh has reached the specified
equivalent strain, standard linear elasticity and
nonlinear elasticity are identical. A theoretical ex-
ample is proposed in Fig. 7 with the thickness of
0.86 mm, and Eth

1 ¼ 110 kPa, Eth
2 ¼ 500 kPa,

eth
eq ¼ 0:08. For a pressure under 10 mbar the two

results are equal. E1 is identified for the maximum
of the correlation index.

A new simulated space NLsim� is then con-
structed with Lagrange’s cubic interpolations of
the existing values of NLsim for k�ðr�1ÞE

id
1 :

NLsim ¼ nlðE1;E2; eeq; piÞ ) NLsim�

¼ nl�ðE2; eeq; piÞjk�ðr�1ÞE
id
1
:

This domain is reduced using the pressure for
which k�ðr�1ÞE

id
1 is defined. These two modifica-

tions make the calculation process faster. Gauss–
Newton’s minimization is then used to identify
Eid

2 and eid
eq (Fig. 6).

As an example, the identification of the para-
meters previously defined (Fig. 7) is proposed.
This is carried out using the following initial
values: Einit

1 ¼ 50 kPa, Einit
2 ¼ 200 kPa and

einit
eq ¼ 0:02. Figure 8 and Fig. 9 respectively

show the variations of the error index and that

Calculation of EPoint #

Use of FMEKF to 
assess

Error index 

1+= kk : computation

Reduction of 

( )pEnlNL ,,ε=

( )pEnlNL ,,ε=

Identification of E

and ε

First stage

Second stage

E

Fig. 6. Nonlinear algorithm. It is divided into two stages. The first one
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of E1 for the first calculation stage. As it is a
theoretical case study, firsts solutions are identical
(error index value at 1). First Young’s modulus is
consequently defined as the ones corresponding
to maximum pressure. Figure 10 and Fig. 11 are
related to the variations of E2 and eeq for the
second step of calculation. The required values
are identified (Eid

1 ¼ 110:1 kPa, Eid
2 ¼ 499:1 kPa,

eid
eq ¼ 0:08) with an identification error Id 5

0.21mm, which is calculated as Id ¼ ð1=qÞ
Pq

j¼1
jMj � SjjEid

1
;Eid

2
;uid j. The convergence criteria used

for this computation are Ck 5 10� 2 and Cgn 5

10� 3 respectively, and the a parameter was cho-
sen equal to 0.1. The efficiency of the identifica-
tion is discussed in the results section.

Results

The current section first compares Hooke’s and
neo-Hooke’s formulation while accounting for
high strains and high displacements problems.

Elasticity vs. hyperelasticity
The study of the human skin mechanical proper-
ties is considered to be difficult to perform.
Consequently, many authors use simple behavior
laws such as the isotropic Hooke law. However, it
is admitted that this formulation is only suitable
for strains up to 5%. In the suction case study, the
maximal component of the strains tensor can
reach the value of 20%; hence, hyperelastic laws
are more suitable. To account for high strains and
displacements phenomena, geometrical nonli-
nearities have to be computed through two dif-
ferent formulations (36): the Total Lagrangian
and the Updated Lagrangian ones.

The results of four finite element simulations
are compared. The first one is related to Hooke’s
behavior law for small strains (L), the second one
for Total Lagrangian formulation (TL), the third
one uses an Updated Lagrangian formulation
(UL) and the fourth study is related to a neo-
Hookean behavior (NH) (Total Lagrangian
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formulation also). In the case of TL Hooke’s law
can be generalized to: S 5 2mE1ltr(E)I, where S
is the second Piola–-Kirchoff stress tensor and E
is the Green–Lagrange strain tensor, whereas in
the case of UL it can be written as
r ¼ 2mDþ ltrðDÞI, where r is the Cauchy stress
tensor and D is the Eulerian strain rate tensor.

A theoretical numerical model of 0.5 mm thick-
ness is first studied. According to the literature
(1) this skin thickness is not realistic for the
forearm, but this test is useful for comparing
the three Hookean formulations (L, TL, UL) and
the neo-Hookean one (NH). Figure 12 proposes
the comparison of the four simulated curves for
the same maximum deflection. The results re-
lated to Hooke’s law combined with the Total and
UL are in good agreement with the neo-Hookean
one. On the contrary the linear formulation (L)
presents very different results. This indicates that
the most important aspect of the suction test
modeling is related to the large rotations and
the large displacements phenomena. Conse-
quently, for this thickness of 0.5 mm, geometrical
nonlinearities can be used through Updated and
TL to perform numerical calculations with a
Hooke’s behavior law. One can remark that
geometrical nonlinearities also modify the shape
of the simulated curves, which become nonlinear.
Hence, their use is of potential interest to fit the
experimental curves nonlinearities (Fig. 3). For
larger, and therefore more realistic, skin thick-
nesses (usually from 0.8 to 2.5 mm (1)), strains

and displacements usually present lower values.
The previous conclusions can thus be extended to
the study of standard suction tests. Identical
analyses, whose results are presented in Fig. 13,
Fig. 14 and Fig. 15 were drawn for the three
considered thicknesses.

Table 1 illustrates the identified mechanical
parameters for each formulation. For all the
thicknesses, the corresponding results always
present the same order of magnitude but none
of the calculations is able to fit the experimental
curves properly (Fig. 13, Fig. 14 and Fig. 15). This
cannot be attributed to a lack in the identification
process but to an inadequacy of the behavior
laws, which propose a quasi-linear relationship
between the pressure and the deflection for such
strain levels. Whatever the formulation is, neither
Hooke’s nor neo-Hookean’s laws is thus suitable
to study the human skin mechanical properties.

Hendricks et al. (25) proposed to use an ex-
tended incompressible neo-Hookean law whose
potential is expressed as W 5 X1(I1� 3)1X2

(I1� 3)(I2� 3). The results these authors obtained
were in good agreement with their experimental
curves. However, the considered model seems to
be difficult to use to test skin aging or the effects
of a treatment because a relationship between the
mechanical parameters and the physiological
phenomena is not straightforward. A simple
two-parameters nonlinear elastic law is thus
studied. It has been shown previously that in
most of the suction case studies, Hooke’s law can
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be extended with the use of geometrical nonli-
nearities. All the calculations are thus performed
in a TL (better convergence abilities in compar-
ison with the Updated Lagrangian one).

Nonlinear elasticity
First of all, the reliability of the algorithm to
assess the equivalent elastic parameters of the
experimental curve was tested. Table 2 shows the
influence of the initial values on the results. This
is presented for the 0.86 mm thickness but was
also computed for the other two ones. For each
initial value the identified parameters are almost
identical. One can remark that Kalman’s optimi-
zation shows a better reliability than Gauss–
Newton’s algorithm. Indeed, for each test the
first identified parameters Eid

1 (related to Kal-
man’s algorithm) are equal to 131 MPa whereas
the second ones, Eid

2 and eid
eq(related to Gauss–

Newton’s method), show small variations. These
results highlight the reliability of the presented
identification method and may prove that, in
most of the cases, a unique solution to the
forward problem is identified.

The results related to the three thicknesses are
presented in Table 3 and the comparisons be-
tween the experimental and the identified curves
are shown in Fig. 16(a–c). The identified curves
present a good fit of the experimental data. For
this set of experimental curves, the Young mod-
ulus is lower for thicker skin (equal or higher
deflection is observed for higher thickness). More
studies taking into account individual informa-
tion have to be performed. This behavior law can
now be used to study the effects of aging on the
skin mechanical properties.

Discussion

The main objective of this study was to define an
identification method related to a new numerical
model to account for the nonlinear behavior of
human skin in vivo. A relationship between
physiological and mechanical aspects is first
drawn. The orientation of the dermis collagen
fibers in the direction of the stress during an
experiment involves changes in the elasticity of
the skin, which becomes stiffer. This leads to a
three-phase behavior law and justifies the non-
linear mechanical approach. Three experimental
curves corresponding to minimal, average and
maximal thicknesses of forearm dermis are con-
sidered. Experimental and simulated results are
then compared through a specific inverse method
based both on Kalman’s and on Gauss–Newton’s
optimizations. The main advantage of the pre-
sented algorithm is that the mechanical parameters
are identified regardless of the numerical simula-
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Fig. 14. Comparison of the simulated results for the 1.08 mm thick-

ness. TL, Hooke’s behavior law for Total Lagrangian formulation; UL,

Hooke’s behavior law for Updated Lagrangian formulation; L, stan-

dard Hooke’s behavior law; NH, Neo-Hookean behavior law.
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Fig. 15. Comparison of the results for the 1.51 mm thickness. TL,

Hooke’s behavior law for Total Lagrangian formulation; UL, Hooke’s

behavior law for Updated Lagrangian formulation; L, standard

Hooke’s behavior law; NH, Neo-Hookean behavior law.

TABLE 1. Values of the identified mechanical parameter (kPa)

0.86 mm 1.08 mm 1.51 mm

TL 290 205 108

UL 360 226 114

L 330 215 100

NH 57 39 19

Ones can remark that for infinitesimal strains and quasi incompressibility

E 5 6X1.

TL, Hooke’s behavior law for Updated Lagrangian formulation; UL,

Hooke’s behavior law for Updated Lagrangian formulation; NH, neo-

Hookean behavior law; L, standard Hooke’s behavior law.
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tions. This is a fast and FEM-free process, which is
a major advantage for its clinical use. Reliable
mechanical parameters are finally identified.

This study was first intended to show that
neither Hooke’s nor neo-Hookean’s laws suitable
to study skin mechanical properties. It is then
proved that, in most of the suction cases, the Total
and Updated Lagrangian formulations can be
applied to Hooke’s law so as to account for
high strains and high displacements. The studied
strain level (maximum equivalent strain about
20%) allows a good correlation between the
results related to the standard neo-Hookean’s
and Hooke’s laws using geometrical nonlineari-
ties. The TL has been chosen to run the calcula-
tions as it presents better convergence abilities
for the nonlinear problem. The identified mecha-
nical properties (E1 5 41–131 kPa and E2 5 187–
365 kPa, see Table 3) are in agreement with the
literature. For the suction test performed on
individual’s volar forearm, Agache et al. (43),
Barel et al. (15) and Diridollou et al. (21) have
respectively found Young’s modulus about 250,
130 and 150 kPa. The values presented by Khatyr
et al. (22) are about 140–1.85 Mpa (according to
the orthotropic direction), and those related to
Hendricks et al. (25) are 8.3 and 82.4 kPa (average
values of an extended neo-Hookean law). The
0.86 and 1.08 mm experimental curves show a
similar deflection. Then, if their thicknesses have
not been measured, the identified parameters
would have been equal. This underlines that
thickness must be accounted for. This algorithm

TABLE 2. Reliability test for the actual case study (Ck 5 10� 2, Cgn 5 10� 3, a5 0.1) for a thickness of 0.86 mm

E init
1 ðkPaÞ 50 50 50 50 250 250 250 250

E init
2 ðkPaÞ 200 1000 200 1000 200 1000 200 1000

einit
eq 0.03 0.03 0.15 0.15 0.03 0.03 0.15 0.15

E id
1 ðkPaÞ 131 131 131 131 131 131 131 131

E id
2 ðkPaÞ 365 370 365 367 365 370 365 367

eid
eq 0.038 0.037 0.038 0.037 0.038 0.037 0.038 0.037

Id (mm) 10.8 11.2 10.8 10.7 10.8 11.2 10.8 10.7

NI 45 56 49 43 45 56 49 43

Ones can remark that the identified values related to Gauss–Newton’s algorithm shows small variations.

TABLE 3. Identified values for the studied thicknesses

Geometry (mm)

Nonlinear elasticity

E1ðkPaÞ E2ðkPaÞ eeqð%Þ Id (mm)

0.86 131 365 3.8 10.8

1.08 64 273 3.9 15.1

1.51 41 187 6.8 10.6

The comparison between experimental and simulated curves is shown in

Fig. 16.
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Fig. 16. Comparison between experimental curves and identified ones.

(a) 0.86 mm (Eid
1 ¼ 131 kPa, Eid

2 ¼ 365 kPa, eid
1 ¼ 131 kPa). (b)

1.08 mm (Eid
1 ¼ 64 kPa, Eid

2 ¼ 273 kPa, eid
1 ¼ 0:039 kPa). (c)

1.51 mm (Eid
1 ¼ 41 kPa, Eid

2 ¼ 187 kPa, eid
eq ¼ 0:068 kPa).
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should now be used to identify mechanical para-
meters related to several other experimental
curves. Additional computations were success-
fully carried out on 300 experimental curves.
Individual simulated spaces were constructed to
account for the measured dermis thicknesses. This
method will be developed in a future paper.
Figure 17 presents the distribution of the identifi-
cation error Id. In most of the cases, identification
errors are in agreement with Table 3 (six calcula-
tions present error values above 25mm and one
calculation failed). These conclusions highlight the
reliability of both the nonlinear elastic behavior
law and the proposed inverse method.

Even if nonlinearities are a major field of in-
vestigation, viscosity should also be considered (4,
6, 8, 10, 19). A new formulation of the algorithm
we developed will thus be presented in future
works. However, due to the high number of
parameters, to determine the identification of
skin viscoelastic properties is much more difficult.
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Nomenclature

Ck 5 convergence criterion related to
the Kalman’s process

Cgn 5 convergence criterion related to
the Gauss–Newton’s process

C 5 right Cauchy–Green deformation
tensor

C* 5 modified right Cauchy-Green
deformation tensor

D 5 Eulerian strain rate tensor
E 5 Green–Lagrange strain tensor
E 5 Young’s modulus
Ei 5 Young’s moduli related to the non-

linear behavior law
Eid

i 5 identified Young’s moduli related to
the nonlinear behavior law

Eth
i 5 theoretical Young’s moduli related to

the nonlinear behavior law
Einit

i 5 initial Young’s moduli related to the
nonlinear behavior law

Eri 5 error related to Gauss-Newton’s algo-
rithm at iteration

F 5 Jacobian matrix related to Gauss–New-
ton’s process

G 5 Gauss–Newton’s matrix
Ii 5 invariants of the right Cauchy–Green

deformation tensor
Id 5 identification error
Ji 5 invariants of the reduced right Cau-

chy–Green deformation tensor
K 5 Kalman’s gain matrix
M 5 experimental deflection
NLsim 5 nonlinear simulated space
NLsim� 5 modified nonlinear simulated space
S 5 second Piola–Kirchoff stress tensor
S 5 simulated deflection
W 5 hyperelastic potential
Xi 5 material constants related to the hyper-

elastic models
corr 5 error index
E 5 deviatoric part of the linear strain ten-

sor «
r 5 starting point related to the linear iden-

tification step
x� 5 estimated mechanical parameters re-

lated to Kalman’s calculation
x1 5 adjusted mechanical parameters re-

lated to Kalman’s calculation
a 5 scalar parameter used to reduce nu-

merical oscillations of the optimization
algorithms

« 5 linear strain tensor
eeq 5 equivalent strain

eid
eq 5 identified equivalent strain

eth
eq 5 theoretical equivalent strain

einit
eq 5 initial equivalent strain
l 5 first Lamé’s coefficient

k 5 compressibility material constant re-
lated to hyperelastic models
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m 5 second Lamé’s coefficient
u 5 Poisson’s ratio
r 5 Cauchy’s stress tensor
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