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Background/purpose: The aim of this work was to provide

computational tools for the characterization of the actual

mechanical behaviour of foot skin, accounting for results

from experimental testing and histological investigation. Such

results show the typical features of skin mechanics, such as

anisotropic configuration, almost incompressible behaviour,

material and geometrical non linearity. The anisotropic

behaviour is mainly determined by the distribution of colla-

gen fibres along specific directions, usually identified as

cleavage lines.

Methods: To evaluate the biomechanical response of foot

skin, a refined numerical model of the foot is developed. The

overall mechanical behaviour of the skin is interpreted by a

fibre-reinforced hyperelastic constitutive model and the orienta-

tion of the cleavage lines is implemented by a specific proce-

dure. Numerical analyses that interpret typical loading

conditions of the foot are performed. The influence of fibres

orientation and distribution on skin mechanics is outlined also

by a comparison with results using an isotropic scheme.

Results: A specific constitutive formulation is provided to char-

acterize the mechanical behaviour of foot skin. The formulation

is applied within a numerical model of the foot to investigate

the skin functionality during typical foot movements. Numerical

analyses developed accounting for the actual anisotropic con-

figuration of the skin show lower maximum principal stress

fields than results from isotropic analyses.

Conclusion: The developed computational models provide

reliable tools for the investigation of foot tissues functionality.

Furthermore, the comparison between numerical results from

anisotropic and isotropic models shows the optimal configura-

tion of foot skin.

Key words: foot skin biomechanics – cleavage lines – constit-
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THE SKIN is a living complex material and its
major functions are the regulation of body

temperature, protection, excretion and absorp-
tion. With regard to the mechanical and struc-
tural configuration, the skin binds up the
underlying soft tissues. The skin is mainly com-
posed of two layers, epidermis and dermis,
which provide different mechanical contribu-
tions. The dermis is composed of cells and
fibrous proteins such as collagen and elastin.
These fibrous proteins define a dense meshwork
of fibres and fibre bundles embedded within
a ground substance. In the context of a fibre-
reinforced composite material, fibrous proteins,
with particular regard to collagen, are the rein-
forcing fibres, while the ground substance is the
isotropic matrix (1).
The specific orientation of the collagen fibres

determines the characteristic anisotropic
response of the skin (2). The natural orientation

of collagen fibres was noticed by Langer (3, 4),
who observed that circular holes punched out in
a cadaver skin became enlarged and elliptical
due to predominant pre-stress along and across
the major axes of the ellipse. While the Langer
lines are the best known skin tension lines, other
lines have been proposed as the Cox lines (5), the
Bulacio’s lines (6) and the relaxed skin tension
lines (7). The existence of a grid of ‘lines of non-
extension’ covering the human body surface was
suggested by Iberall (8), who collected skin
deformation data with a system of four infrared
cameras that calculated the spatial position of
reflective markers placed on the skin.
In general, all the distributions reported in the

literature show that collagen fibres orientation
depends on the specific location within the body,
according to the motion of the local body joints
or structures (9). With regard to the skin of the
foot, different orientations of collagen fibres have
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been evaluated within the different regions of
the foot. As a matter of example, studies report
that the cleavage lines have a predominant orga-
nization in concentric circles around the basis of
the heel, along mediolateral direction in the sole
of the foot and along the anterior–posterior direc-
tion in the dorsal region (10).
A numerical modelling approach based on

the finite element method is a robust tool to
investigate foot skin biomechanics. Several
numerical models of the human foot have been
previously developed accounting for different
assumptions, with particular regard to the mor-
phological configuration, the constitutive formu-
lations and the loading/boundary conditions
(11–15). Different constitutive models have been
assumed to interpret the mechanical behaviour
of the skin. Gu et al. (16) studied the mechani-
cal response of the hindfoot during the heel
strike by a combined experimental and numeri-
cal approach. An isotropic Ogden hyperelastic
formulation was applied to characterize the heel
skin. Sopher et al. (17) developed an anatomi-
cally realistic three-dimensional finite element
model of the heel region to study the risk of
heel ulcers in bedridden patients. The mechani-
cal behaviour of the heel skin was defined by
an isotropic Ogden model.
The here proposed work reports a procedure

to investigate the mechanics of foot skin with
particular regard to the distribution of collagen
fibres. The influence of the anisotropic configura-
tion of the skin on the overall mechanical behav-
iour of the foot structures is investigated by a
computational approach. At this purpose, a
numerical model of a human foot is developed
from CT and MRI images accounting for bones,
soft connective tissues and skin. On the basis of
histological data reported in literature, the distri-
bution of collagen fibres is implemented within
the numerical model by a specific procedure. An
anisotropic fibre-reinforced hyperelastic formu-
lation is developed to characterize the actual
mechanical behaviour of the skin. To highlight
the contribution of fibres on the mechanical
response of the foot skin and its optimal configu-
ration, the numerical results are compared with
further results from numerical analysis
performed assuming an isotropic hyperelastic
formulation. In detail, the numerical analyses
are developed accounting for typical foot move-
ments, as dorsiflexion/plantarflexion, abduc-
tion/adduction and inversion/eversion.

Materials and methods

Histology and morphometry of the skin
Notes about the morphometry and the histology
of the foot skin are reported to address the rela-
tionship between the structural configuration
and the mechanical behaviour. The skin of the
foot shows differences among the plantar and
the dorsal regions. In the plantar foot, the skin
is thickest in weight-bearing areas, as the heel
and the metatarsal heads. In the dorsal foot, the
skin is thin and makes the structures of the dor-
sal foot easily palpable. With regard to the his-
tological configuration, the skin is a complex
and multi-layered structure, composed of two
layers, as the epidermis and the dermis, which
are made of different tissues and have different
functions. The thickness of the epidermis ranges
between 0.14 and 0.8 mm, while the thickness
of the dermis ranges between 0.9 and 1.3 mm
(18, 19). The epidermis is made of stratified
squamous epithelium, composed of stratum
corneum, stratum lucidum, stratum granulo-
sum, stratum spinosum and stratum basale. The
skin of the sole has a thicker stratum corneum,
a more marked stratum granulosum and a
thicker stratum spinosum than the other regions
of the foot (20). The dermis lies below the epi-
dermis and is composed of cells and fibrous
proteins, as collagen and elastin, embedded
within a ground substance. The dermis is
divided into two regions, papillary dermis and
reticular dermis. The papillary layer is the
superficial layer of the dermis, made up of
loose areolar connective tissue with mainly elas-
tic fibres. The reticular layer is more dense and
thick and is mainly composed of collagen fibres
and adipose tissue. Results from histological
investigations show the peculiar distribution of
collagen fibres along specific directions, aiming
to the optimal mechanical functionality of the
foot joints and structures (3–5, 7, 9).

Numerical model of the foot
A virtual solid model of the foot is developed
accounting for bony segments, including the
distal segments of tibia and fibula, cartilages,
ligaments, adipose tissues, muscular tissues and
skin (Fig. 1a). The models of bones are devel-
oped starting from CT images, while models of
soft tissues are performed by the analysis of
MRI data. The numerical model of the foot
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(Fig. 1b, c) is obtained through the finite ele-
ment discretization of the virtual solid model
by the software MSC-Patran 2007 (MSC.Soft-
ware Corporation, Santa Ana, CA, USA), adopt-
ing four node tetrahedral elements.
The mechanical behaviour of bone tissues is

evaluated assuming an orthotropic linear elastic
constitutive model (21); the ligaments mechanical
response is defined by a fibre-reinforced visco-
hyperelastic constitutive formulation (22); the
adipose tissues mechanics is specified by a visco-
hyperelastic model (23); and finally a hyperelas-
tic Yeoh formulation is assumed for cartilaginous
elements (24). The other soft tissue regions
around the bony segments are considered to be
homogeneous and the mechanical response is
defined by an almost incompressible hyperelastic
model (25). Particular attention is paid to the
evaluation of the mechanical behaviour of skin
tissue, as described in the following paragraph.

Fibre-reinforced constitutive formulation of skin
tissue
Results from experimental tests and histological
data (2, 26–28) show the typical features of skin
mechanics, such as anisotropic configuration,
almost incompressible behaviour, material and
geometrical non linearity. The anisotropic behav-
iour of the skin is mainly determined by the dis-
tribution of collagen fibres (3, 4, 10, 29, 30).
The investigation of histological data (10)

(Fig. 2a) makes it possible to identify the prefer-
ential orientation and distribution of collagen
fibres, as the skin cleavage lines. In the dorsal
region of the foot, the cleavage lines are
oriented in the anterior–posterior direction,
while near the toes, they are directed in the
medial and lateral directions. In the lateral and

medial foot, the cleavage lines are oriented to
climb down the leg, wrapped around the ankle
(Fig. 2b, c). As reported in Fig. 2d, within the
sole of the foot, the cleavage lines have medio-
lateral direction while they have a predominant
organization in concentric circles around the
heel and the first metatarsal head.
Once the cleavage lines have been identified, a

procedure for the implementation of the collagen
fibres distribution within the numerical model of
the foot skin must be provided. In detail, given
the spatial coordinates of the generic Gauss point
within the numerical model of the skin, the pro-
cedure has to provide the local collagen fibres
unit vector. To this end, cleavage lines are inter-
polated by specific freeform poly-lines and a dis-
tribution of fibres vectors is provided by
evaluating the poly-lines tangent vectors at dif-
ferent points, with an average distance of 5.0 mm
from each other. With regard to the generic
Gauss point, the fibres local direction is identified
by averaging the tangent vectors at the three clos-
est points of the previously defined set. Figure 3
reports the provided distribution of fibres direc-
tions within the numerical model of the skin.
Once the distribution of collagen fibres have

been defined, the actual mechanical response of
the skin is specified by a fibre-reinforced hyper-
elastic model (31). The model accounts for dif-
ferent contributions from the isotropic ground
matrix (Wm) and the collagen fibres (Wf). The
following general formulation of the strain
energy is assumed:

W ~I1; I3; I4
� � ¼ Wm

~I1; I3
� �þWf I4ð Þ ð1Þ

Accounting for the almost incompressible
behaviour of the tissue, the hyperelastic
potential Wm can be split into volumetric Um

and iso-volumetric ~Wm terms (23):

(a) (b) (c)

Fig. 1. Solid (a) and numerical (b and c) model of the foot.
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Wm I3;~I1
� � ¼ Um I3ð Þ þ ~Wm

~I1
� � ð2Þ

Um I3ð Þ ¼ Kv

2þ r rþ 1ð Þ I1=22 � 1
� �2

�

þ I�r=2
3 þ rIr1=23 � rþ 1ð Þ�

ð3Þ

~Wm
~I1
� � ¼ C1

a
exp a ~I1 � 3

� �� �� 1
	 
 ð4Þ

where I3 is the third invariant of the right Cau-
chy-Green strain tensor C, as I3 ¼ det Cð Þ, ~I1 is
the first invariant of the iso-volumetric part of
the right Cauchy-Green strain tensor, as
~I1 ¼ tr ~Cð Þ and ~C ¼ J�2=3C. The constitutive
parameters Kv and C1 specify the initial volu-
metric and shear stiffness, respectively, while
parameters r and a characterize the non-linear
mechanical response because of the typical stiff-
ening phenomena of soft biological tissues.
With regard to the fibres contribution Wf, I4

is a structural invariant related to tissue stretch
along the fibres direction. In the unstrained con-
figuration, fibres are characterized by a wavy
conformation. When tensile load is applied,
fibres uncrimp and then get stretched. This
mechanism determines a strongly non-linear
mechanical response because of the gradual
increase in the tissue stiffness along the fibres
direction. A specific exponential formulation is
provided:

Wf I4ð Þ ¼ C4

a4ð Þ2 exp a4 I4 � 1ð Þ½ � � a4 I4 � 1ð Þ � 1
	 


ð5Þ

where C4 defines the fibres initial stiffness, as
Ef = 4C4, while a4 depends on the initial wavy
conformation of fibres (31). The anisotropic con-
stitutive parameters are identified by analysing
experimental data from compression tests devel-
oped along the skin thickness (32) and tensile

(a) (b)

(c) (d)

Fig. 2. Cleavage lines in the lateral view from histological data (a). Distribution of the some of the cleavage lines within the skin model: lateral
(b), medial (c) and plantar (d) view.

(a)

(b)

Fig. 3. Definition of the distribution of cleavage lines in the lateral
region of the foot skin in the solid (a) and numerical (b) model.
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tests developed along and normally to the prin-
cipal axis of the skin (26). Analytical models are
developed to interpret the experimental situa-
tions, accounting for the constitutive formulation
and the specific boundary conditions. The dis-
crepancy between model results and experimen-
tal data is evaluated by a cost function, whose
minimization is performed by a stochastic-deter-
ministic procedure (33) and entails the identifica-
tion of the optimal set of constitutive parameters
(34–36), which are reported in Table 1.

Numerical analysis of skin functionality
The numerical model is adopted to investigate
the skin mechanical response accounting for
several loading conditions, which stand for the
typical movements of the ankle complex. The
specific coordinate system adopted at this pur-
pose (37) is represented in Fig. 4. In detail, the
X-axis is defined as the line that joins the medial
and the lateral malleulus. The perpendicular to
the plane containing the lateral malleolus, the
medial malleolus and the centroid of the tibial
cross-section is the Z-axis. The Y-axis is conse-
quently defined as the perpendicular to the
plane spanned by X-axis and the Z-axis. The ori-
gin is located at the mid-point between the med-
ial and the lateral malleulus. In detail, the
dorsiflexion/plantarflexion, the inversion/ever-
sion and the abduction/adduction movements
are defined fixing the calcaneus and imposing a
rotation of the tibia and the fibula around the
X-axis, the Z-axis and the Y-axis respectively.
The evaluation of fibres contribution to foot

skin functionality is performed by the investiga-
tion of skin mechanics accounting for both
anisotropic and isotropic formulations. A fur-
ther constitutive identification of foot skin is
performed assuming an isotropic hyperelastic
formulation, as proposed in Eqs (2), (3) and (4).
The isotropic constitutive parameter is
identified accounting for results from compres-
sion tests along the skin thickness (32), while
the tensile behaviour is evaluated by data from
tensile tests developed along the principal axis
of the skin (26). The achieved constitutive
parameters are reported in Table 2.

The developed constitutive formulations are
implemented within ABAQUS 6.8 (Dassault
Systèmes Simulia Corp., Providence, RI, USA)
to specify the skin mechanical response within
the finite element model of the foot. Numerical
analyses of the ankle movements, as the dorsi-
flexion/plantarflexion, the inversion/eversion
and the abduction/adduction, are performed
accounting for both the anisotropic and the
isotropic configurations of the skin.

Results

To highlight the anisotropic mechanical behav-
iour of the skin numerical analyses that interpret
several movements of the foot are performed. In
detail, abduction/adduction movements are
analysed between +15° and �15° (38), eversion/
inversion between +10° and �10° (37) while the
movements of dorsiflexion and plantarflexion
ranged between +20° and �20° (39–41).
Both isotropic and anisotropic formulations of

skin are assumed to identify the influence of the
collagen fibres distribution and to address the
optimal configuration of skin tissue. With regard

TABLE 1. Anisotropic hyperelastic constitutive parameters adopted for skin mechanical characterization

Kv (MPa) r C1 (MPa) a1 C4 (MPa) a4

3.9 9 101 1.40 9 100 9.55 9 10�1 2.31 9 100 6.47 9 100 5.48 9 100

Fig. 4. Definition of the axis and of the movements of the ankle.

TABLE 2. Isotropic hyperelastic constitutive parameters adopted for skin
mechanical characterization

Kv (MPa) r C1 (MPa) a1

1.06 9 102 0.42 9 100 2.64 9 101 1.22 9 101
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to the different ankle movements, the distribu-
tion of the maximum principal stress along spe-
cific cleavage lines is reported in Figs 5, 6 and 7,
for 20° dorsiflexion, 15° abduction and 10° inver-
sion movements respectively. The diagrams
show the different mechanical response between
isotropic (black lines) and anisotropic (grey lines)
configurations. The anisotropic configuration of
the skin entails lower stress values than the iso-
tropic configuration. In detail, when the same
cinematic condition of the foot is investigated,
the maximum principal stress field is about 70%
lower. With regard to the anisotropic configura-
tion of the skin, in Fig. 8 the contour of the maxi-
mum principal stress is reported for the different
ankle movements, as 20° dorsiflexion, 15° abduc-
tion and 10° inversion.

Discussion and conclusions

The investigation of the skin biomechanical
response is faced with relevant problems because
of the complex distribution of fibre reinforcing
elements and the strongly non-linear mechanical
behaviour. The numerical approach, integrated
with experimental data, accounts for the
actual mechanical behaviour of the tissues and
the configuration of the biological structures.
Hyperelastic models are used for representing

soft tissues with regard to the material and geo-
metric non linearity. The anisotropic characteris-
tics induced by collagen fibres are considered by
fibre-reinforced hyperelastic models.
More in detail, this work proposes a compu-

tational method for the definition of the

Fig. 5. Distribution of the maximum principal stress along a specific
cleavage line (as depicted on the foot model) during the dorsiflexion
movement. Results are reported for both isotropic (black line) and
anisotropic (grey line) skin configurations.

Fig. 6. Distribution of the maximum principal stress along a specific
cleavage line (as depicted on the foot model) during the abduction
movement. Results are reported for both isotropic (black line) and
anisotropic (grey line) skin configurations.

Fig. 7. Distribution of the maximum principal stress along a specific
cleavage (as depicted on the foot model) line during the inversion
movement. Results are reported for both isotropic (black line) and
anisotropic (grey line) skin configurations.
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distribution of skin collagen fibres on the basis
of experimental and histological data (3–5, 7, 9).

The numerical approach developed allows
to describe the real mechanical behaviour of
the skin with particular regard to the fibres
contribution.
The numerical methods make it possible to

evaluate the influence of the specific configura-
tion of the skin on the structural behaviour of
the foot. Different numerical analyses are per-
formed accounting for isotropic and anisotropic
skin configurations. With regard to the same
foot movement, lower stress values are
achieved when the anisotropic formulation is
assumed, suggesting the optimal distribution of
collagen fibres within the skin.
More refined constitutive formulations should

be developed to characterize the skin mechani-
cal behaviour to account for dissipative phe-
nomena, as viscous and damage ones. Such
analysis should provide a more comprehensive
evaluation of the tissues functionality, with par-
ticular regard to degenerative situations. Never-
theless, complex constitutive formulations, as
visco-hyperelastic and visco-hyperelasto-dam-
age models (42), have been already provided
for soft biological tissues, more experimental
investigations are required for the reliable
application to foot skin.
The here proposed numerical model of the

skin must be integrated with further activities
developed on other biological structures of the
foot (34, 35, 43). The aim was the definition of a
numerical model of the overall foot. Such model
will make it possible to investigate the mechani-
cal response of the different biological tissues
and to evaluate, for example, the interaction
phenomena occurring between foot and foot-
wear products.
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