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Abstract An accurate mathematical representation of the
mechanical behaviour of human skin is essential when
simulating deformations occurring in the skin during body
movements or clinical procedures. In this study constitu-
tive stress—strain relationships based on experimental data
from human skin in vivo were obtained. A series of multiax-
ial loading experiments were performed on the forearms of
four age- and gender matched subjects. The tissue geometry,
together with recorded displacements and boundary forces,
were combined in an analysis using finite element model-
ling. A non-linear optimization technique was developed to
estimate values for the material parameters of a previously
published constitutive law, describing the stress—strain rela-
tionship as a non-linear anisotropic membrane. Ten sets of
material parameters where estimated from the experiments,
showing considerable differences in mechanical behaviour
both between individual subjects as well as mirrored body
locations on a single subject. The accuracy of applications
that simulate large deformations of human skin could be
improved by using the parameters found from the in vivo
experiments as described in this study.
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1 Introduction

A detailed and accurate mathematical representation of the
mechanical properties of human skin is important when using
modelling to simulate the mechanical behaviour of the human
body. As the skin is a continuous membrane covering almost
the entire body, it has a major contribution to the total mechan-
ical properties of various body parts, and should be included
in corresponding numerical models. The mechanical behav-
iour of skin as an isolated organ is also important with respect
to surgical techniques, as an accurate constitutive model
could be used to simulate deformations relating to differ-
ent types of incision and closing techniques. Many different
experimental techniques have been proposed to measure the
mechanical properties of skin. Some of the most common
include suction tests (Alexander and Cook 1977; Elsner et al.
1990; Diridollou et al. 1998; Hendriks et al. 2003), torsion
tests (Escoffier et al. 1989), indentation tests (Highley 1977),
uniaxial tests (Snyder and Lee 1975), biaxial tests (Lanir
and Fung 1974a; Schneider et al. 1984) and multiaxial tests
(Reihsner et al. 1995). Recent work has tended to focus
toward applying suction devices in combination with either
an ultrasound (Diridollou et al. 2000, 2001; Hendriks et al.
2003; Dahan et al. 2004) or an OCT imaging device
(Hendriks et al. 2004) to measure the stress distribution in
deformed skin. These devices are, however, inadequate for
modelling purposes as they do not account for the aniso-
tropic nature of skin. Another trend has been to express the
stress—strain relationship in terms of the Young’s modulus
(Escoffier et al. 1989; Diridollou et al. 2000, 2001). This
too constitutes an oversimplification, ignoring the non-linear
properties. Only a few attempts have successfully been made
to experimentally determine the non-linear and anisotropic
constitutive stress—strain properties of skin. These have been
based on either biaxial or multiaxial in vitro experiments on
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human (Reihsner et al. 1995) or animal specimens (Lanir
and Fung 1974a). As the skin is believed to change its char-
acteristics between the in vivo and in vitro states, the cur-
rent study was designed to investigate human skin in vivo
using a multiaxial approach. The obtained experimental data
were used to estimate material parameters of a correspond-
ing strain energy function on skin mechanics. The presented
results are intended to improve applications where the non-
linear and anisotropic properties of human skin are simulated
using large deformations.

Langer was the first to investigate residual tension and
anisotropic behaviour in human skin (Langer 1861). From
the observation that stab wounds from a circular object had
ellipse shaped openings, he deduced that the amount of resid-
ual tension was dependent on direction. In his papers he
sketched a set of lines for the entire body indicating the
directions of maximum residual tension. Langer’s lines are a
phenomenological map of the anisotropy of human skin, and
define a coordinate system for a constitutive model incor-
porating the anisotropic stress—strain properties. In clinical
applications Langer’s lines are commonly identified from
folding lines, a technique also utilized in this study. Skin is
in general anisotropic, non-linear, and exhibits viscoelastic
behaviour (Payne 1991). The requirement for precondition-
ing, in order to achieve a repeatable stress—strain relationship
between loading cycles, and loss of strain energy between
loading and unloading cycles has been reported (Lanir and
Fung 1974b). A common practice in mechanical experiments
on soft tissue has been to use simplified quasistatic models to
describe the observed behaviour. Using this approach tissue
is commonly preconditioned by several loading cycles, with
sufficient time between imposing deformations and acquiring
force measurements to allow for stress relaxation to occur,
before recording the deformations and applied loads. To com-
plicate matters, differences in mechanical behaviour of skin
have also been shown to be dependent on age, gender, body
location, humidity, temperature and sun exposure (Alexander
and Cook 1977; Schneider et al. 1984; Reihsner et al. 1995).
In the current study the experiments were performed at iden-
tical body locations on a set of age- and gender matched
human subjects, and in a controlled laboratory environment.
This was done to investigate whether skin from compara-
ble subjects would exhibit identical mechanical response
upon the removal of most of these dependencies. Deriving a
mathematical stress—strain relationship incorporating all the
different components of soft tissue mechanics is difficult,
and constitutive equations proposed for skin all involve some
degree of simplification (Danielson 1973; Tong and Fung
1976; Lanir 1983; Bischoff et al. 2000). Tong and Fung
derived a constitutive model describing the stress—strain
behaviour of skin on a purely phenomenological basis, as
an anisotropic and non-linear membrane using a quasistatic
exponential strain energy function (Tong and Fung 1976).
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Fig. 1 The multiaxial testing rig with a subject’s skin attached

A simplified form of this equation was used in the current
study, and values for the material parameters obtained from
multiple experiments.

2 Methods and materials

A previously described custom build multiaxial testing rig
(Nielsen et al. 2002), Fig. 1, was used to investigate the
stress-strain properties of human skin. The rig was equipped
with sixteen Physik Instrumente DC-Mike M-226 actuators,
capable of incremental motions of 0.2 um over a range of
of 50mm. These were arranged as a circular array, allow-
ing deformation to be imposed along eight separate axes.
Each actuator was equipped with a custom-built 2D force
transducer, from which the applied force vectors at each of
the sixteen attachment points were recorded. The transducers
had an operational range of £3 N and a SNR of 0.07%. An
Atmel Camelia 4M CCD camera with 2048 x 2048 pixels
was used to record the geometry and the internal deforma-
tions of the samples. The deformations of regions within the
geometry were traced mathematically as displacements of
64 x 64 pixel subimages using a phase corrected crosscor-
relation technique (Charette et al. 1997a,b; Malcolm et al.
2002). This technique could resolve displacements as small
as 0.05 of a pixel, giving a resolution for the measured dis-
placements of 1 um.

The skin was mounted to the force transducers using an
arrangement based on a miniature rod end bearing, as illus-
trated in Fig. 2. Due to the in vivo nature of the experiments
it was not possible to obtain a perfectly flat skin sample.
As a result of the connection to the subcutaneous tissue,
the curvature in the skin surface also changed between the
deformed states within the experiments. A fixed attachment
to the actuators would have created unwanted vertical and
torsional stresses in the sample and resulted in force mea-
surement errors. By allowing the attachment points to move
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Rod End Bearing

Skin Attachment Surface

Fig. 2 Attachment mechanism used to mount the skin to the force
transducers. The dotted arrows indicate the directions which allowed
low friction movements

freely in all directions except that of the applied force, the
rod end bearings removed these constraints from the sample
and cancelled any undefined forces from the measurements.

Appropriate ethics approval was obtained for the study
and the participants were asked to supply written informed
consent. The subjects were Caucasian males between 29 to
35years of age, and all experiments were performed on the
skin on the inner part of their forearm. Each subject’s arm
was mounted onto the multiaxial testing rig in a manner that
allowed the subjects to maintain a relaxed position through-
out the experiment. Two belts, one on each side of the test
area, were used to restrain the arm. To obtain a rigid attach-
ment, the skin within the test area was shaved and fine grained
sandpaper used to remove dead cells from the skin’s surface.
The tip of the rod end bearings was attached to the surface of
the skin using standard double sided tape. Finally, the skin
was marked with a random distribution of fine grain carbon
powder. This provided the high spatial resolution high con-
trast information required by the cross-correlation technique.

The samples used in the experiments were approximately
40 mm in diameter. From a reference state without any exper-
imentally applied loads, an initial displacement of —1.0 mm
was performed with all sixteen actuators, removing most of
the residual tension from the sample. From this new com-
pressed state a series of three incremental loading and unload-
ing cycles were performed. The deformations were imposed
by uniformly stretching the sample with increments of
0.2 mm on all sixteen actuators. After a 30 s interval, allowing
the majority of stress relaxation to occur, the sample geome-
try and the boundary forces were recorded. The increments in

SO

=

Fig. 3 The finite element model of in vivo human skin under multiax-
ial loading. Deformations of the sample (red internal mesh) are a result
of the combined loading of applied forces (black arrows) and natural
tension in the surrounding tissue (white external mesh). The constitutive
stress—strain relationship was fitted to the measured displacements of a
large set of internal data points (blue points)

deformation were repeated until the applied force measured
by a majority of the force transducers exceeded 500 mN. In
practice this was both subject- and loading cycle dependent,
requiring between eleven and fifteen increments. The most
highly deformed state of the samples was thus a 2.4—4.0 mm
stretch from the reference state, along all eight axes. Once
this criterion was met, releases of —0.2 mm were applied, and
data recorded as above, until the starting point was reached.
To obtain the best possible measurements the subject was
asked to stay as motionless as possible for complete load-
ing/unloading cycles. To ease discomfort short pauses were
made between the three cycles, allowing the subject to obtain
amore comfortable position. All deformations and force vec-
tors were recorded relative to the reference state within each
loading and unloading cycle. This ensured that distortions in
or between cycles, caused by small movements made by the
subject, would not affect the remaining measurements within
the same experiment.

As there is no analytical solution for a soft tissue mem-
brane deformed using a circular multiaxial rig, a finite ele-
ment technique was used to analyse the skin experiments.
Inhomogeneities in the strain field surrounding the attach-
ment points have previously been reported in biaxial exper-
iments on soft biological tissues (Nielsen et al. 1991). This
further indicates the need for a mathematical representation
of the geometry in order to obtain an accurate analysis of
experimental data. The skin, as shown in Fig. 3, was modelled
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Fig. 4 Flow diagram of the parameter estimation algorithm used to
determine the constitutive stress—strain relationship in in vivo human
skin

in 2D using bi-cubic Hermite basis functions for the geom-
etry. An internal circular mesh consisting of 192 elements
represented the geometry of the sample. This was coupled
to an external mesh, used to simulate the effects of the sur-
rounding tissue. Specifying the axis of anisotropy thought
the centre node was made possible using bi-linear Lagrange
basis functions for the Langer lines and finite element soft-
ware supporting multiple versions of these lines for each of
the centre elements. The Langer lines were coupled to the
geometry and allowed to deform with the sample. A grid of
approximately 800 data points was placed inside the inter-
nal mesh, and the displacement of these traced between the
deformed states.

In order to estimate values of the material parameters
associated with the strain energy function, a forward solve
algorithm (Augenstein et al. 2005) was developed, shown in
Fig. 4, modelling skin as an incompressible membrane. A
complication inherent in in vivo experiments is that skin is
already prestretched in its reference state, due to coupling
to the surrounding tissue. In order to account for the resid-
ual tension, initial extension ratios between the reference
state and a stress free state were determined both along and
across the Langer lines. This was achieved with a uniaxial
compression system (Alexander and Cook 1977). Using this
system the sample was compressed until wrinkling could
be observed in the tissue surrounding the attachments. The
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tissue was then subsequently released to the point where the
wrinkling disappeared, and the relative compression mea-
sured as the difference in distance between to central points
initially 10 mm apart. The initial extension ratios were used
to estimate a finite element geometry of the sample with the
residual tension removed. This new stress free geometry was
used as the undeformed geometry for the parameter estima-
tion. During a forward solve two sets of boundary conditions
were applied. The positions of the boundary nodes of the
external mesh were fixed to the coordinates corresponding
to the reference state. This, in effect, stretched the unde-
formed geometry back to the reference geometry, simulat-
ing the residual tension. The recorded force vectors were
applied to the corresponding boundary nodes of the internal
mesh, simulating the experimental loads. Starting with an
initial estimate, the algorithm would loop through the param-
eters applying small increments to their value. After solving
for each deformed state, geometric residuals were calculated
from the difference between the predicted and measured dis-
placements of the internal data points. Based on a least square
fit to these residuals a non-linear optimization algorithm was
used to refine the estimates for the parameters. The proce-
dure was repeated between 2 and 5 times, depending on the
experiment, until a specified tolerance level for convergence
had been reached and an optimal solution for the material
parameters found. Using this technique it was possible to
obtain constitutive relationships for the stress—strain behav-
iour that incorporated the residual tension of skin in vivo,
making it possible to use the current model to simulate both
extension and compression.

The original version of the strain energy function used
in this study (Tong and Fung 1976) has a total of thirteen
material parameters, and is expressed as:

_ l 2 2 2
W= > aje] + axe; + azel, + 2asere2

1
+ EC exp (ale% + age% + a3e%2 + 2ag4eqep

+yie] + y205 + yaeter + VSele%)

where the W is the strain energy, e the strain along the Lan-
ger line, e; the strain across the Langer line and e, the shear
strain. In order to reduce the number of material parameters
that required estimation, the higher order exponential terms
y1-5 were, like in the original publication, set to zero. Ini-
tial attempts were made to obtain values for the shear and
cross energy terms. The cross energy terms, a4 and a4, were
consistently found to be at least three orders of magnitude
smaller than the directional terms. As this made it difficult to
obtain reasonable and consistent estimates, these parameters
were also set to zero. No consistent value could be obtained
for the shear terms, implying that little shear information was
available in the type of deformations used in the experiments.
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Table 1 Estimated material parameter values for the first loading cycle of experiments on four subjects

o] o ¢ aj ar RMS (mm) Extension ratio; Extension ratiop
Subject 1 75.61 60.41 5.431E-08 64.72 85.94 0.15 1.33 1.18
Subject 2 58.45 74.38 5.763E-06 54.60 150.49 0.13 1.28 1.14
Subject 3 71.28 71.98 8.537E-06 38.77 88.52 0.18 1.33 1.13
Subject 4a 37.01 48.57 1.812E-06 37.02 69.16 0.10 1.33 1.17
Subject 4b 47.56 47.96 2.254E-10 43.39 59.96 0.32 1.33 1.17

The parameter values for subject 4a and 4b were based on experiments conducted on the right and left arm. The RMS values were calculated from
a least square fit between the measured displacements of the data points and the model predictions for a deformed state not used in the parameter

estimation

While the exponential term, a3 was set to zero, it was found
important from numerical reasons to include the linear term
a3 in the parameter estimation. The obtained parameter val-
ues were, however, believed to originate from experimental
artefacts, and thus not presented, as they did not constitute a
useful description of the shear properties of human skin. The
simplified form of the strain energy function as used in this
study can be expressed as:

1 1
W = 3 (ale% + 0626%) + 5CEXP (alef + “26%)

where the five estimated parameters were o1, o2, ¢, a; and
ay. The stress—strain relations are found by partial differen-
tiation, giving:

S

aje) + cajey exp (ale% + azeg)
— 2 2
S> = aper + cazer exp aje] + are;

where S is the stress along the Langer line and $; the stress
across the Langer line. These stresses were expressed in terms
of the second Piola Kirchoff stress tensor, and the strains
Lagrangian large strains. The stress equilibrium equations
for large deformation theory were solved using finite ele-
ments (Zienkiewicz and Taylor 2000). These finite element
solutions provided a relationship between the stresses in the
skin and the forces and geometric deformations applied by
the multiaxial rig.

3 Results

The material parameter values obtained for the first loading
cycle of five different experiments, on four different subjects,
are listed in Table 1. The stress—strain curves generated from
the strain energy function, using these values, are shown in
Fig. 5. Differences between the subjects were observed. Vari-
ations between individuals have previously been reported
as being dependent on body locations and age (Schneider
et al. 1984; Reihsner et al. 1995). The current study shows
that differences in the stress—strain relationship must also be
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Fig. 5 Stress—strain curves generated from estimated parameter values
for the first loading cycle of experiments on four different subjects

expected between age- and gender matched subjects at iden-
tical body locations.

The material parameters obtained from the three loading
and unloading cycles of the experiment on subject 2 are
shown in Table 2. The stress—strain curves generated from
the strain energy function, using these values, are shown in
Fig. 6. The similarities between the curves are an indication
of the repeatability of both experimental and numerical pro-
cesses used in this study. The difference between the curves
furthermore illustrates the appropriateness of the constitutive
model, as these are consistent with behaviour observed in
many types of biological soft tissue. The effects of precondi-
tioning between loading cycles, and the loss of strain energy
between loading and unloading cycles, can be observed as
changes in the slope between different sets of parameter val-
ues. The relative error between the measured deformations
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Table 2 Estimated material parameter values from all three loading and unloading cycles of the experiment on subject 2

o o) c ap an RMS (mm)
Loading cycle 1 58.45 74.38 5.763E-06 54.60 150.49 0.13
Unloading cycle 1 46.68 97.82 1.096E-05 48.95 132.82 0.09
Loading cycle 2 69.78 80.83 1.148E-05 50.33 143.52 0.11
Unloading cycle 2 44.68 69.52 3.221E-05 46.68 120.02 0.22
Loading cycle 3 49.56 3491 8.819E-05 42.06 123.02 0.13
Unloading cycle 3 49.19 76.52 8.125E-06 50.77 135.56 0.19

The RMS values were calculated from a least square fit between the measured displacements of the data points and the model predictions for a

deformed state not used in the parameter estimation
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Fig. 6 Stress—strain curves generated from the estimated parameter
values for all three loading and unloading cycles on a single subject

and the model predictions for the first loading cycle of the
experiment on subject 2 are illustrated in Fig. 7.

4 Discussion

There are several advantages in using circular multiaxial
loading to investigate the stress—strain properties of soft tis-
sue membranes. A biaxial experiment is limited in that it can
only be applied to samples with a single structural direction
and parallel fibres. As many types of biological soft tissue are
found to have more complex or inhomogeneous fibre fields,
it is often necessarily to use small samples in order to be able
to interpret the data. To extract the stress—strain relationship
for an anisotropic constitutive model, such as the one used
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Fig. 7 Deformations as predicted by the model (thin blue mesh) super-
imposed on the measured deformations (thick red mesh) of a deformed
state not used in the parameter estimation. RMS=0.13 mm

in this study, the fibre direction also has to be aligned with
the loading axes. Such limitations are not inherent to multi-
axial experiments. When combined with appropriate model-
ling techniques, it has previously been shown that multiaxial
loading tests can be used to investigate large inhomogeneous
samples (Malcolm et al. 2002). Due to the complexity of the
mechanical deformations imposed during multiaxial load-
ing experiments, there is a lack of force—displacement data
for the structural directions that can be interpreted directly.
Numerical techniques, with mathematical representations of
the tissues geometry and structure, are therefore required in
order to extract the constitutive stress—strain relationship.
An inherent complication to mechanical testing of human
skin in vivo is the coupling to the subcutaneous and surround-
ing tissue. Skin in vivo should ideally be modelled in 3D,
incorporating the skin layers and the subcutaneous tissue. If
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such a physiological model was used to analyse experimen-
tal data, detailed 3D information about the structure, together
with a known constitutive representation of the subcutaneous
tissue, would be required. As none of these were available,
the coupled mechanical behaviour of the skin and the sub-
cutaneous tissue, were in the current study estimated using a
simplified 2D incompressible model. It is uncertain whether
skin fully satisfies the criteria of incompressibility, but the
numerical errors introduced by this simplification are in this
context assumed to be minor. The residual tension in skin
in vivo constitutes an important part of the total mechanical
behaviour that needs to be incorporated into a constitutive
model. No ideal method has, however, been found to quan-
tify this effect at a single location. Future improvements could
be made by developing new methods to replace the uniaxial
compression technique used in this study.

The importance of obtaining data during the first load-
ing cycles of mechanical experiments, in order to record the
effects of preconditioning, is vital in order to obtain a full
understanding of the stress—strain behaviour of soft biologi-
cal tissues (Humphrey 1995). Recent studies on tissue from
rat hearts have further questioned the practice of precondi-
tioning, on the basis of tissue viability (Emery et al. 1997;
Kirton et al. 2004). The effects of preconditioning are, in
these studies, considered to be a result of damage inflicted by
repeated deformations beyond the physiological range, or as
a result of tissue degradation during in vitro experiments. In
the current study the skin was subjected to large deformations
beyond the range occurring during normal body movements,
and the effects of preconditioning were observed. After the
experiment it was noted that the skin was inflamed for about
1 h, indicating that damage had occurred within the tissue
(Peacock et al. 1996). When simulating mechanical behav-
iour of human skin, it is important to consider the nature
of the deformations and to choose data from similar experi-
mental conditions. If it is important to recreate the behaviour
of the first cycle of specific phenomena, then, by definition,
data from preconditioned tissue will not be suitable as such
amodel will represent the behaviour after repeated deforma-
tion cycles.

The constitutive relationships obtained in this study are
a detailed and accurate mathematical representation of the
mechanical behaviour of the skin from the inner part of
the forearm on a set of age- and gender matched subject.
The observed differences extend previously reported results,
demonstrating variations dependent on age, gender and body
location. These findings imply that accurate predictions for
an individual skin sample can only be obtained if the simu-
lations are based on experimental data and estimated mate-
rial parameter values from the same sample. Caution must
therefore be applied when using the constitutive relationships
presented in this study to simulate different types of mechan-
ical skin problems, as the variations demonstrated between

different types of human skin will introduce uncertainties to
such predictions. However we contend that the mathemati-
cal model and generalized parameters described in this study
allows computationally efficient and accurate simulations of
skin under a range of deformations.

The mechanical properties of human skin are in general
non-linear, anisotropic and strain rate dependent. In order to
accurately simulate the behaviour of human skin for the most
commonly occurring mechanical deformations, a constitu-
tive equation would need to account for all of these depen-
dencies. The results obtained in this study have shown that
there are differences in the relative stiffness of skin from dif-
ferent individuals, and that these cannot be explained by gen-
der, body location or environmental variables. Although it is
difficult to make any conclusions with respect to the physio-
logical basis for the observed differences from force versus
displacement measurements, it is apparent that a constitu-
tive equation needs to account for these differences. In the
absence of a physiological based explanation, this is achieved
by estimating different material parameter values for each
sample. The experimental protocol used in this study was
chosen to measure stress relaxed quasistatic deformations,
in order to closely emulate specific clinical applications. As
a result the applicability of the obtained results are limited
to comparable situations, where one is studying static defor-
mations and stresses that occur after an initial load has been
applied. Developing new experimental apparatus and utiliz-
ing a strain rate dependent constitutive equation, could extend
the described parameter estimation method to obtain a full
viscoelastic description of the stress—strain relationship for
in vivo human skin, and to further close the gap between
mechanics and biology.
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