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Abstract

Mechanical properties of the skin, the external organ of the human body,

are important for many applications such as surgery or cosmetics. Due to

the highly hierarchical structure of the tissue, it is interesting to develop

microstructural models which have a better predictability and should reduce

the consequences of the sample variability. However, these models generally

include a quite large number of mechanical parameters. Therefore, complex

assays are required to achieve a proper identification of the microstructural

models. We investigated here the best experimental protocol to identify a

non-linear, anisotropic, model of skin behavior, namely the Holzapfel’s law,

using displacement field and force measurements. This was done through

a sensitivity analysis of the different parameters. We determined first the
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optimal assay, which appears to be a biaxial test with an alternated loading:

first a stretch in one direction, then in the perpendicular one, and so on.

To further improve the quality of the assay, we also determined the optimal

geometry. Interestingly, slightly asymmetric geometries are more adequate

than symmetric ones, while being easier to realize.

Keywords: biomechanics, biaxial traction, large strain, anisotropy,

sensitivity

1 Introduction

Skin is the outer cover of birds, reptiles and mammalian bodies, with

an important protective role as the first barrier against external pathogens.

As the skin is also protecting against shocks or loss of water, it plays a key

role in the comfort for daily life. Our appraisal of age and beauty are also

strongly related to the skin external aspect. Thus, a good understanding of

the mechanical behavior of skin is useful for many applications, ranging from

the cosmetic industry to the design of devices such as wheelchairs or razors,

for which the stress distribution is likely to be an ergonomic indicator. For

the simpler cases, a macroscopic description will be sufficient. However, a

finer description of the skin is often useful, to predict fine geometrical effects

[1], but also to predict the consequence of an alteration of the microstructure

due to either ageing [2, 3, 4], pathologies [5, 6] or surgeries [7].

Skin is made of 3 distinct layers: the epidermis, the dermis and the

hypodermis, from the outside to the inside. The epidermis is a superficial

layer composed of living cells and cellular debris. The dermis is a connective
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tissue, composed of fibers (mostly collagen with elastin) embedded in a soft

disorganized matrix of water and biomolecules, with very few cells inside.

Collagen fibers represent 70− 80% of the dry weight [8], and have a strong

hierarchical organization, ranging from a few to hundred of nanometers; it is

well admitted that their spatial organization impacts strongly the mechan-

ical properties of the skin [9]. The hypodermis consists mostly of fat, in a

loose connective tissue.

Skin macroscopic mechanical behavior is highly anisotropic, heteroge-

neous with a non-linear viscoelastic and quasi-incompressible behavior [10,

11]. The typical nominal stress vs. stretch response has the so-called ”J-

shape” and is usually described with 3 parts [12]: the initial ”toe” region

where the stretch doesn’t generate significant forces, then the ”heel” region

where the force increases non-linearly with the stretch and finally the ”lin-

ear” part where the force increases linearly with the stretch. After these

regions, an irreversible breaking occurs. The classical microstructural inter-

pretation of this behavior assumes that most of the stress comes from the

collagen fibers. Initially, they are crimped, and they unfold in the ”toe”

region, so the stress is mostly due to the matrix and the elastin. In the

”heel” region, the fibers align themselves into the direction of traction, and

finally, the linear part is due to the elastic responses of the aligned fibers.

However, this interpretation has been recently challenged by experimental

observations [5, 13].

As the outer organ, the skin is easy to access in vivo: mechanical tests

directly on the human or the animal are in a more physiological state than

ex vivo ones. A large range of tests have been used for in vivo characteriza-
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tion: static ones such as suction [14, 15, 16, 17], indentation [18, 19, 20, 21]

and torsion [22, 23], and dynamic ones such as MRE (Magnetic Resonance

Elastography) [24] or ultrasound elastography [25, 26]. It is even possible

to measure the anisotropic response, for example by coupling an optical

method with mechanical test [27, 28, 29, 30]. Due to the complex struc-

ture of the skin, a final identification procedure (classically based on Finite

Element Model Updating - FEMU) has to be performed to determine the

mechanical parameters, assuming a behavior law as Ogden [31], Fung [32]

or Holzapfel [33] for each layer.

The intrinsic limitations of the in vivo assays made them unsuitable to

analyze carefully the relationship between microstructure and mechanical

properties: on top of requiring an animal, they are limited to a small range

of stretch and stress distribution is obtained through the assumed behavior

law. Therefore, ex vivo experiments are much more frequent, with two main

types: uniaxial traction and multiaxial sollicitations. Monotonic tension

tests give easily access to the primary biomechanical performances such as

elastic modulus and ultimate tensile strength [12, 34, 35, 10]. To go further

in the skin mechanical behavior description, the viscoelastic properties were

characterized through various strain rates [36, 37, 38], relaxation or creep

test [39]. Finally, the preconditioning and fatigue were assessed thanks to

uniaxial cyclic loading [40].

Multiaxial sollicitations are more complex to perform but are more rel-

evant to characterize the influence of the microstructure [41, 42]. Indeed,

in Refs. [43, 44], a biaxial traction assay was compared with a uniaxial

traction. The results highlighted the relaxation differences induced by the
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transverse loading, and a structural theory of flat collageneous tissues was

then proposed [45]. In Ref. [46], a multi-axial experiment was designed to

characterize the two dimensional elastic properties of human skin. In Ref.

[35, 47] the deformation field was measured on skin tissue by drawing a

fine grid: strong non-linearities originating from the reorganization of the

collagen fibers were then reported. Finally, in ref. [48] a multiaxial test

was performed and then a cross correlation technique allowed measuring a

displacement field, used to identify a Holzapfel-like behavior [33].

Biaxial tests are the most frequent type of multiaxial assays. The dif-

ficulties associated with the geometry and the structure of the specimens

have been well highlighted in the literature. For example, the measures are

sensitive to the fine positioning (spacing and alignment) of suture attach-

ment points [49], which may induce stress concentrations in the specimen

[50]. In Ref [51, 52], finite element simulations of a biaxial clamp experiment

were performed to quantify the stress-shielding, and to create a correction

factor. An illustration of the dependence on sample geometry and material

anisotropy was shown in the same paper. These problematics are found in

all biaxial tests, even in linear materials such as steel. In Ref. [53], a FEMU

approach was developed on sheet steel metal to numerically compare the

identification accuracy between several biaxial tests. In Ref. [54], an origi-

nal approach based on the sensitivity analysis was proposed to design and

to optimize the shape of a biaxial clamp test to identify the elastoplastic

properties of stainless steel.

In this present study, we proposed a methodology to optimize the identi-

fication of the mechanical parameter for skin. It is important to keep in mind
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that specific constraints apply to biological samples, the most important one

being the variability between two samples. Thus, our aim is to extract as

much information as possible form a single assay, which has to be realistic

and in particular, doable in a reasonable time. The general approach consists

in performing a sensitivity analysis to illustrate the identification accuracy

(i.e. the influence of a parameter variation on each measured quantity) on

each parameter. This is complex for the general case. Therefore, we have

chosen to work on a frequently-used test that will be improved to determine

the parameters of an already known constitutive equation. Here, we have

used the classical Holzapfel’s law. Our approach could have been applied to

other constitutive equations without difficulties, and the conclusions would

have likely been the same. The known quantities here are the grips forces

and displacements, as well as the full field of displacement. Such types of

identification approaches are frequently used in the literature (for a review,

see [55]). We have chosen here to determine the best loading path among

three realistic ones: uniaxial, equibiaxial and alternated loading. Then, we

have investigated the influence of the sample geometry on the sensitivity.

Finally, a real geometry was analyzed, showing the benefits of asymmetrical

imperfections for sensitivity analysis.

2 Materials and Methods

2.1 Experimental background

For the optimization, we based our approach on a protocol inspired from

[5, 56], which is very similar to other uniaxial assays in biological membranes,

and especially in skin. The only real specificity is that these experiments
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were done on one-month old mice, shaved and with the epidermis removed.

Just before experiment, each sample was cut and then covered with graphite

powder (see fig.1a,b) to create the speckle pattern enabling the measurement

of the displacement field with Digital Image Correlation (DIC). The sample

was afterward fixed in the holding jaws of a symmetrical traction device

(uniaxial or biaxial). Each motor (two or four) supports a load cell on

which a jaw was screwed (see fig.1c).

Traction was performed at constant motor velocities (imposing the dis-

placement of the grips). During the whole traction, the force on each arm is

recorded and images of the sample were taken using a CCD camera. Con-

stant hydration was preserved by spraying mineral water on the sample every

three minutes. This could alter the speckle pattern during the assay in few

points; these points have to be subsequently removed from the analysis. The

displacement field was then measured using CMV software (CorrelManuV

[57]), which does a local correlation of the gray levels between subimages.

2.2 Numerical model

The sensibility analyses were performed on FEM (Finite Element Method)

simulations, with different geometries and for different loading paths.

2.2.1 Constitutive behavior

Skin is classically considered as an incompressible, anisotropic, hyperelas-

tic material, with a ”J-shape” stress-stretch curve [5]. A frequently-used

Holzapfel’s behavior was chosen to describe the mechanical response of the

skin [33, 58]:

W = C10(I1 − 3) +
k1
2k2

(
ek2<Eα>

2 − 1
)

(1)
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where C10 describe the non-collagenous isotropic ground material behavior

and k1 and k2 the contributions from the different families of collagen fibers.

I1 is the first deviatoric strain invariant defined as: I1 = J−2/3I1, with

J = det(F ), and I = tr(F TF ), F being the deformation gradient tensor.

Eα is a strain-like quantity that characterizes the deformation of fibers in

their mean direction:

Eα = κ(I1 − 3) + (1− 3κ)(I4(αα) − 1) (2)

where the κ parameter describes the level of fiber dispersion along the mean

direction with (0 ≤ κ ≤ 1/3). When κ = 0, the fibers are perfectly aligned,

and when κ = 1/3 the fibers are randomly distributed and the material is

isotropic. The pseudo-invariant I4(αα) represents the square of the stretch

ratio in the fiber direction α. The operator < . > is defined as < x >=

1
2(|x|+x) (i.e.: < Eα > ≥ 0) so that the fibers are contributing to the stress

only when in traction. We have considered a single family of fibers, based

on experimental observations of the microstructure [5]. These fibers are the

main source of anisotropy in the tissue. For other tissues, it may be more

relevant to use more orientations or more families.

This model assumes that the skin is incompressible. Such an assump-

tion is considered to describe correctly the behavior of the skin [10]. The

model also doesn’t describe viscous behavior, damage or breaking of the tis-

sue. This could be done, but the model will then request more parameters

and therefore more complex loadings to be fully determined. In particular,

measurement of cycles of stretching or of relaxations at different levels in a

single experiment will lengthen the experiment significantly. Thus, we have
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used a classical hyperelastic law. As the viscosity in not predominant for

low strain rate, this seems an adequate simplification.

The samples were considered to have homogeneous mechanical proper-

ties: the parameters of the energy did not depend on the location as shown

in previous experiments [5]. It could have been possible to consider hetero-

geneous materials, albeit with the difficulty that the identification will be

possible only in the regions were the model is sensitive enough. Similarly,

we could have used more complex constitutive behaviors (with dissipation,

viscosity or damage). These behaviors are less frequently used for biological

membranes; Due to their complexity, the protocol is heavier to improve,

even if it could be done through an approach similar to ours. However, they

are more complex to identify in a single experiment.

2.2.2 Mesh generation

The computational model was ran on Abaqus software ([59]). Two different

types of mesh were generated: realistic ones to be compared with the ex-

perimental data, and idealized ones to test the sensibility to the geometry.

In all cases, the plane stress assumption was considered, the thickness being

very small with respect to the other sizes.

Realistic meshes were created so that the experimental measures of the

displacement can be directly compared to the results of the FE model. First,

the geometry of the sample was obtained from the experimental sample im-

age taken just before the traction. This image was also used as the reference

image for the DIC, and the positions of the correlation points were extracted

using a custom-written Matlab script (see fig.2a). The same script was then
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used to segment the geometry of the sample, including a subset of all the

correlation points (see fig.2b), and refined. The refinement was done so that

an increase of the number of nodes induced a change smaller than the noise

in the calculated forces and in the simulated displacements. However, too

many nodes slow down the simulation, so the number of nodes was kept to a

minimum. Thereby, 3-node linear (CPS3) meshes were created (see fig.2b).

The idealized meshes were created for both uniaxial and biaxial experi-

ments, with respectively a dog-bone and a cross shape. Examples of idealized

meshes are shown, with the adjustable geometrical parameters, respectively

on figure 3a and 3b. The shape being symmetrical, only a quarter plate was

meshed: Dirichlet conditions were imposed to fix the degrees of freedom in

the symmetry directions (see fig.3a,b). For simplicity, we used 4-node linear

(CPS4) meshes for the idealized geometries.

2.3 Determination of the loading pathway with a sensitivity

analysis

As in the experimental protocol, the displacements of the grips were imposed

in the simulation, assuming no slippage of the sample in the grips. For

uniaxial loadings, the sample was stretched from 0 to 20% of macroscopic

stretch. For biaxial loading, two loading paths were investigated (see fig.3c).

First, a perfectly equibiaxial loading was considered, in which all the arms

of the sample were stretched equivalently, up to 20% of macroscopic stretch.

Second, an alternated loading was tested: the sample was initially stretched

in the direction 1 by 10%, it was then stretched in the direction 2 by 20%,

the stretch in 1 being maintained, and finally it was stretched up to 20%
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in the direction 1 while the stretch in 2 was maintained (see fig.3c). These

values were chosen based on our own experiments in order to be in the linear

range (i.e. not in the heel region) during biaxial loading.

Figure 2c,d shows the simulated displacements U1 and U2, respectively

in the horizontal and vertical directions, for an imposed stretch of 1.1 in

direction 1 and of 1.2 in direction 2 on a realistic mesh. The mechanical

parameters were in this case: α = 10◦, C10 = 40kPa, k1 = 0.8kPa, k2 =

0.5kPa and κ = 0.28.

A sensibility analysis was performed on the idealized meshes to deter-

mine the optimal loading path for the identification of the 5 mechanical

parameters. As in the experimental protocol, the displacements of the arms

extremities were imposed. For the cross-shaped geometry, an equibiaxial

test (ε1 = ε2 = 0.2) and an alternated test (ε1 = 0.1, ε2 = 0 and then

ε1 = 0.1, ε2 = 0.2 and finally ε1 = 0.2, ε2 = 0.2) were simulated (see fig.3c).

For the dog-bone geometry, an uniaxial stretching up to 20% was imposed

in the direction of the sample. On each loading path, the displacement

fields were extracted at each of the 8 steps (every 2.5% of stretching for the

uniaxial and equibiaxial tests while it corresponds to 5% for the alternated

test).

The sensitivity SP,θk of a calculated quantity P (either a component of

the displacement at a node, or a resultant force) quantifies the effect of a

variation δθk of the parameter θk which is either a mechanical or geometrical

parameter. SP,θk is given by:

SP,t,θk = P (x, t, θk + δθk)− P (x, t, θk). (3)
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The higher the sensitivity, the more influent the parameter on the quantity

P and therefore the easier the identification of P will be. As the sensitivity

depends on the current values of the parameters, the sensitivities were tested

with respect to a reference set of parameters: α = 10◦, C10 = 40kPa,

k1 = 0.8kPa, k2 = 0.5 and κ = 0.28. These parameters were chosen so that

the predicted behavior would be similar to the experimental one [5], based

on previous identifications of skin anisotropic hyperelastic behavior [48]. A

variation of 1% was done for each mechanical parameter.

Finally, to illustrate the global sensitivity of each parameter, the sensi-

tivity matrix M is constructed based on the vector of the sensitivities Sθi :

Mij = {Sθi}
T {Sθj}. (4)

The components of Sθi are the sensitivities of the quantities P to the pa-

rameter θi, for all the tested steps of the loading path. For example, the

coefficient M11 is the sum of the square of the sensitivities of each displace-

ment node and each force at each stretching step, for the parameter α of

the behavior law.

3 Results

We intended to improve a classical biaxial experiment protocol for the

identification of the five parameters of a complex hyperelastic behavior in

a single experiment. To do so, we first investigated the consequences of

different loading paths. Then, different geometries were studied. Finally,

we illustrate the consequence of defects in perfectly symmetrical geometries
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through the use of a real geometry.

3.1 Sensitivity analysis to determine the optimal loading

path.

Figure 4 shows the displacement sensitivity maps for the uniaxial loading

at the ultimate loading (εxx = 0.2). Figure 5 shows the force sensitivity for

the uniaxial loading at all steps. The displacements U1 and U2 and the force

have a low sensitivity for the parameter k2, related to the fiber stiffness.

The displacement U2 has a very localized sensitivity to most parameters,

except the angle α for which the sensitivity is similar to the one of the U1

field. This implies that a more complex loading, with more accessible data

for U2, is likely to provide more information. Therefore, biaxial loadings

were tested.

Figure 6 shows the displacement sensitivity maps at ultimate loading

of the equibiaxial loading experiment (εxx = εyy = 0.2); similarly, figure 7

shows the same maps at ultimate loading of the alternated loading experi-

ment (εxx = 0.2 and εyy = 0.1). Figure 8 shows the two forces’ sensitivity at

all steps for equibiaxial (fig. 8a and b) and alternated loading (fig. 8c and

d).

For the equibiaxial loading, as expected, each parameter has a maxi-

mal U2 sensitivity close to the one in U1, the differences being due to the

anisotropy of the constitutive behavior. The sensitivity is maximal for the

parameter κ, and is well spread on the whole surface of the sample. The

parameters α, C10, k1 are also sensitive, although less so. However, the

sensitivity of the parameter k2 is very low, and an identification would be
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difficult. The forces are sensitive mostly to the κ parameter, but also to the

C10 and the k1 parameters. However, the sensitivities to the parameters k2

and the angle α are much lower (fig. 8a, b). Thus, the equibiaxial loading,

although better than the uniaxial loading, remains insufficient to identify

all the parameters with a high precision - and especially the parameter k2.

An important difficulty lies in the localization on the border of the sample

of the maximum of sensitivity to some parameters (as C10 or k2): it is the

place where the displacement field measurement is the hardest to perform

and likely the less accurate.

For the alternated loading, each parameter has a similar sensitivity in

both directions, a non-obvious result. The values of the sensitivities are

not very different from the ones for the equibiaxial loading. However, the

maximum of the sensitivities are now inside the sample - the spatial distri-

bution being different for each sensitivity. This is much more favorable for

the identification of the parameters even if the contrast of sensitivity is not

sufficient for the parameter k2. Spatial distribution of U1 and U2 sensitivi-

ties for each parameter showed that the displacement determination should

not focus on the center of the sample but more on the arms, and especially

on the region just near the circular cuts. Sensitivities of the force to the

different parameters are now of the same order of magnitude (see fig. 8c,

d), apart for the parameter k2.

Therefore, among our tested loading paths, the best one is the alter-

nated loading. Still, it remains to be improved to increase the sensitivities

(especially for the parameter k2): this will be done by changing the sample

geometry.
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Figure 9 shows the sensitivity matrices for the alternated loading exper-

iment. For the displacement fields (U1 and U2) and the force F1, a strong

maximal value is for the κ parameter, far above all the other ones. For

the force F2, the maximal value is for the C10 parameter, slightly above the

other parameters, and two orders of magnitude below the sensitivities to the

force in the direction 1.

The sensitivity matrix values reveal a similar influence in terms of global

displacement sensibility for the two displacement fields. The U1 sensitivity

shows a high cross-sensitivity to three parameters: the angle α, k1 and

k2, while the U2 sensitivity matrix reveals a high cross-sensitivity to all

parameters. Similarly, the forces F1 and F2 have a high cross-sensitivity to

the three parameters C10, k1 and κ, while the influences of the angle and

k2 are low. Therefore, the influences of α, C10, k1 and k2 will be difficult to

separate during the identification process.

3.2 Influence of the geometry

3.2.1 Influence of the arm radius

Different radii were tested to obtain the best sensitivities in the alternated

loading. Figure 10 shows the sensitivity maps of the parameter κ for the

displacements U1 and U2, for three different mesh radii. An increase of the

radius leads to a lower maximal sensitivity but spread on a larger region.

Similar observations were obtained for all the parameters.

Consequently, the choice of radius doesn’t appear to be critical for the

identification of the material parameters. For practical reasons of sample

manipulation and attachment, very small or large radii should be avoided.
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The sensitivity analysis was done on an idealized geometry. In particular, the

four arms are perfectly identical and symmetrical. Experimental realizations

could not be as precise: the punches may not be perfectly positioned despite

the use of a template, and the skin may deform differently during each punch.

Therefore, we also tested the sensitivity for a real geometry.

3.2.2 Imperfect geometry: a real sample

Under real conditions of cutting, the arms were not identical. A realistic

mesh was generated from a real sample (see fig.2). Then, a new sensitivity

analysis was performed. Figure 11 shows the maps of displacement sen-

sitivities. Surprisingly, the sensitivity is higher and better spread for all

parameters than for idealized geometries. Interestingly, the sensitivity mag-

nitude is similar for all parameters, especially for the k2 parameter which

was hardly identifiable in idealized geometries. The central part of the cross,

in which the DIC is the easiest, has now non-zero sensitivities. Forces sen-

sitivities (see fig. 12) reveal the same trend, with sensitivities to all the

parameters.

Therefore, a non-symmetrical geometry is the more suitable for the iden-

tification of the Holzapfel constitutive behavior on a cross-shaped sample.

4 Discussion

As a connective soft tissue, skin is very complex to analyze: its proper-

ties are complex but also vary intra- and inter-individuals; they also change

with time or due to external alterations. Despite many studies, the rela-

16



tionship between mechanical behavior and the skin microstructure remains

poorly understood. To make further advances on this question, it is impor-

tant to know which assay will provide the most useful information for the

identification of the mechanical parameters. The aim of this work was to

improve a biaxial assay so that it can be used to identify the five parameters

of a hyperelastic non-linear constitutive equation including microstructural

information in a single experiment. We chose the classical Holzapfel’s law,

since it is too complex to be identified accurately in a single experiment

without field measurement. Still, our approach can easily be extended to

any other constitutive law or other loading conditions. Nevertheless, in the

case of biological tissues several tests have to be performing for statistically

reasons.

Skin tissue has often been considered as linear, elastic, and incompress-

ible. Thereby, a Young’s modulus or a tangential modulus was often charac-

terized by a Poisson’s ratio close to 0.5 [16, 19, 20]. Other studies considered

the skin as hyperelastic and isotropic, and characterized the parameters

of Rivlin or Ogden models [31, 10]. In the present study, a hyperelastic

model, incorporating information on the microstructure and with a natural

anisotropy, was chosen so that it can be ultimately compared with experi-

mental microstructural observations [5, 56, 60].

In this work, we performed 2D simulations under plane stress assump-

tion. This assumes a uniformly thin thickness throughout the whole sample,

and so we obtain only an average value of the thickness properties. As skin

is a multilayer organ, with gradients of microstructure in the thickness [61],

this may be too stringent for some fine-tuned models, or for the comparison
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with experimental data which are generally obtained only near the surface.

However, a full 3D model will be very complex to develop: it requests a

depth-dependent constitutive law and fine information on the complex ar-

chitecture of the tissue [1].

We also assumed lateral homogeneities of the mechanical properties (and

of the fiber orientation). Previous experimental observations [5] have shown

for the size of the middle part of our cross, the skin stretch is homogeneous.

For large samples, it may be useful to allow lateral gradients of properties

[62]. However, the quality of the identification will depend on the location,

as the sensitivity is spatially heterogeneous (see for ex. fig.11). To determine

heterogeneous properties, homogeneous tests (such as uniaxial traction on

a perfect sample) will probably be more adequate.

We performed a careful sensitivity analysis that showed a high depen-

dence on the geometry and loading path. Interestingly, non-symmetrical

geometries and alternated loading are much more sensitive to all parame-

ters of the tested model. The low sensitivity at the center of the symmetrical

specimens was expected because there is a zero-displacement on the axes of

symmetry that induced low strains. This is interesting as these conditions

are easier to implement in real experiments than perfect symmetry. Cross-

sensitivity between different parameters, and the lack of sensitivity of some

parameters (such as k2 here), need to be carefully analyzed when performing

identification: they may lead to multivalued solutions and it may prevent

the convergence of the identification as presented in [63]. It should be noted

that, despite our confidence in the generality of our conclusions, we tested

only one constitutive behavior and few configurations. The optimal loading
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path and geometry may depend on the constitutive law to be identified, but,

by extrapolation, we might consider that the complexity of loading and ge-

ometry is beneficial to the identification of anisotropic behavior. Therefore,

this sensitivity analysis is essential to design experiments for an optimal

parameter identification.

5 Conclusion

This study proposed an example of protocol improvement (i.e. loading

and shape) through sensitivity analysis. The aim was to be able to identify

the more precisely a hyperelastic constitutive behavior of soft tissues such

as skin in a single assay so that we avoid inter-samples variability. This

methodology allowed us to determine that an alternated loading and an non-

symmetrical geometry are more efficient to determine the parameters of the

Holzapfel’s behavior, which are consistent with the increase of information

in a given experiment. It also showed the heterogeneity of the sensitivity,

illustrating in that case the importance of the field measurement of the

stretch. The next step will consist of identifying the parameters on real

measurements. Thus, the orientation index of fibers could be deduced and

compared with microstructural observation (as obtained through Second

Harmonic Generation microscopy [5]).
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Figure 1: a) Illustration of the sample cutting procedure. b) Sample cov-

ered with graphite powder for the measurement of the displacement field. c)

Custom-made device.
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Figure 2: Finite Element reproduction of an experimental geometry. (a)

Image of the skin just before stretching (reference configuration). The dots

are the positions of the correlation points used in the DIC. (b) Realistic FE

mesh. The geometry of the mesh was extracted from the reference image,

and the mesh was designed so that a subset of points is associated with

the correlation points. The refinement is here 2 (the element side length is

86px). (c-d) FE displacement fields U1 and U2 respectively in the horizontal

and vertical directions for an imposed stretch of 1.1 in direction 1 and of

1.2 in direction 2 with α = 10◦, C10 = 40kPa, k1 = 0.8kPa, k2 = 0.5 and

κ = 0.28.
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Figure 3: Idealized geometry for sensitivity analysis. a-b) FE meshes of the

quarter plate respectively for the uniaxial and biaxial experiments. c) Tested

loading paths: equibiaxial (dotted) and alternative (plain)

Figure 4: Cartographies of the displacement sensitivity for the uniaxial load-

ing experiment: a) angle for U1, b) angle for U2, c) C10 for U1, d) C10 for

U2, e) k1 for U1, f) k1 for U2 , g) k2 for U1, h) k2 for U2, i) κ for U1, j) κ

for U2.
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Figure 5: Evolution of the force sensitivity for the uniaxial loading experi-

ment

Figure 6: Cartographies of the displacement sensitivity for the equibiaxial

loading experiment: a) angle for U1, b) angle for U2, c) C10 for U1, d) C10

for U2, e) k1 for U1, f) k1 for U2 , g) k2 for U1, h) k2 for U2, i) κ for U1,

j) κ for U2.

33



Figure 7: Cartographies of the displacement sensitivity for the alternated

loading experiment: a) angle for U1, b) angle for U2, c) C10 for U1, d) C10

for U2, e) k1 for U1, f) k1 for U2 , g) k2 for U1, h) k2 for U2, i) κ for U1,

j) κ for U2.

Figure 8: Evolution of the force sensitivity for the biaxial experiment. a) F1

and b) F2 for the equibiaxial experiment. c) F1 and d) F2 for the alternated

experiment.
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Figure 9: Sensitivity matrices of the alternated experiment: a) U1 b) U2 c)

F1 d) F2.
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Figure 10: Cartographies of the displacement sensitivity for the alternated

loading experiment applied to several radius: a) R = 1.5mm, b) R = 1mm,

c) R = 0.5mm

Figure 11: Cartographies of the displacement sensitivity for the alternated

loading experiment applied to a real geometry: a) angle for U1, b) angle for

U2, c) C10 for U1, d) C10 for U2, e) k1 for U1, f) k1 for U2 , g) k2 for U1,

h) k2 for U2, i) κ for U1, j) κ for U2.
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Figure 12: Evolution of the a) F1 and b) F2 sensitivity for the alternated

experiment applied to a real geometry.
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