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Abstract

The study of skin biophysics has largely been driven by consumer goods, biomedical and cosmetic industries which
aim to design products that efficiently interact with the skin and/or modify its biophysical properties for health or
cosmetic benefits. The skin is a hierarchical biological structure featuring several layers with their own distinct
geometry and mechanical properties. Up to now, no computational models of the skin have simultaneously accounted
for these geometrical and material characteristics to study their complex biomechanical interactions under particular
macroscopic deformation modes.

The goal of this study was, therefore, to develop a robust methodology combining histological sections of human skin,
image-processing and finite element techniques to address fundamental questions about skin mechanics and, more
particularly, about how macroscopic strains are transmitted and modulated through the epidermis and dermis. The
work hypothesis was that, as skin deforms under macroscopic loads, the stratum corneum does not experience
significant strains but rather folds/unfolds during skin extension/compression.

A sample of fresh human mid-back skin was processed for wax histology. Sections were stained and photographed by
optical microscopy. The multiple images were stitched together to produce a larger region of interest and segmented
to extract the geometry of the stratum corneum, viable epidermis and dermis. From the segmented structures a 2D
finite element mesh of the skin composite model was created and geometrically non-linear plane-strain finite element
analyses were conducted to study the sensitivity of the model to variations in mechanical properties.

The hybrid experimental-computational methodology has offered valuable insights into the simulated mechanics of
the skin, and that of the stratum corneum in particular, by providing qualitative and quantitative information on strain
magnitude and distribution.

Through a complex non-linear interplay, the geometry and mechanical characteristics of the skin layers (and their
relative balance), play a critical role in conditioning the skin mechanical response to macroscopic in-plane
compression and extension. Topographical features of the skin surface such as furrows were shown to act as an
efficient means to deflect, convert and redistribute strain—and so stress—within the stratum corneum, viable
epidermis and dermis. Strain reduction and amplification phenomena were also observed and quantified.

Despite the small thickness of the stratum corneum, its Young’s modulus has a significant effect not only on the strain
magnitude and directions within the stratum corneum layer but also on those of the underlying layers. This effect is
reflected in the deformed shape of the skin surface in simulated compression and extension and is intrinsically linked
to the rather complex geometrical characteristics of each skin layer. Moreover, if the Young’s modulus of the viable
epidermis is assumed to be reduced by a factor 12, the area of skin folding is likely to increase under skin
compression. These results should be considered in the light of published computational models of the skin which, up
to now, have ignored these characteristics.
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1 Introduction

In the last few decades, the study of skin biophysics has largely been driven by pharmaceutic, cosmetic and consumer
goods industries which aim to offer solutions to reduce the effects of intrinsic and extrinsic ageing factors on skin
health and appearance (e.g. using topical agents) and to design products that efficiently interact with the skin (e.g.
razors). The surface of the human skin is characterised by ridged features, or skin furrows (sulci cutis), varying in
length between 70 and 200um for the main furrows and 20 and 70um for the superficial furrows (Piérard et al., 2004;
Shimizu, 2007). These furrows, which represent the natural microrelief of the skin, along with natural or muscle-
induced wrinkles, are thought to deflect tensional forces thus providing mechanical advantages to the skin (Pedersen
& Jemec, 2006). As skin deforms under macroscopic loads it is unclear whether the stratum corneum experiences
significant local strains (change of length) or simply unfolds/folds during skin extension/compression as suggested by
Geerligs (2010). Providing a mechanistic quantitative insight into this question constitutes the main objective of the
present study for which an image-based anatomical modelling approach is developed. Understanding the role of the
skin microstructure on its response to deformations has the potential to shed light on fundamental questions such as
evolutionary aspects concerning the advantages provided by certain skin characteristics or functional abilities. For
example, it was recently demonstrated that water-induced finger wrinkles in humans improved the handling of
submerged objects (Kareklas et al., 2013), therefore confirming a possible evolutionary mechanical advantage for
manipulating objects in submerged conditions (Changizi et al., 2011). An in-depth understanding of the structure-
function relationship of the skin also presents many opportunities for practical applications in the aforementioned
industrial sectors besides the obvious applications in biomedical and health sciences where the coupling between
mechanics and biology (i.e. mechanobiology) is particularly relevant (Brand, 2006).

Being the outermost of the skin layers, the stratum corneum is the prime line of defence against environmental
threats being they mechanical, thermal, chemical, radiological or biological. Epithelial cells structuring the epidermis
replicate in the basal layer and progressively migrate towards the surface of the skin effectively ensuring the
regenerative nature of this fundamental layer. In this process, the structure of cells changes as they get deprived of
nutrients provided by blood vessels that do not extend beyond the basal layer. The cells eventually die, release their
glycolipids into the intracellular space, become flat and finally keratinise to form the stratum corneum (Marieb and
Hoehn, 2010; Shimizu, 2007). These strong keratinised cells, bonded by desmosomes, form the so-called "brick and
mortar" structure (Derler and Gerhardt, 2012; Geerligs et al., 2011) that characterises the stratum corneum as a stiff
mechanical barrier. In a biotribological context, the nature of physical interactions between the skin and the external
environment is strongly conditioned by the propensity of the stratum corneum to absorb liquids such as water and
lubricants (Bhushan, 2012; Wu et al., 2006) which modify its mechanical and chemical properties, which in turn affect
the physical appearance of the skin surface (Raab, 1990) and its mechanical response to deformations. This is due to
its complex multi-scale structure, (time-dependent) intrinsic mechanical properties and the nature of its structural and
mechanobiological interactions with other skin constituents such as the viable epidermis and underlying dermis.

The sensitivity of the mechanical characteristics of the stratum corneum to environmental conditions, particularly
relative humidity, is well established (Dauskardt et al., 2011; Dauskardt et al., 2006; Levi and Dauskardt, 2010; Levi et
al., 2010; Pailler-Mattei et al., 2007; Wu et al., 2002, 2006) and references therein. This phenomenon results in
significant intra-sample variability of its mechanical properties. Typically, the Young’s modulus of the stratum corneum
decreases with relative humidity because of the water-induced plasticisation effect affecting its “brick and mortar”
structure. Moreover, differences in experimental measurement techniques, testing conditions, inter-and intra-subject
variability are translated into a wide range of mechanical properties found in the literature (Table 1) and this
variability must be considered in models if one wants to obtain more universal results. In a finite element modelling
context, it implies that using a single set of mechanical properties for the stratum corneum would limit the domain of
validity of the simulation results to specific conditions.

A wide array of experimental and clinical measurement techniques are used to characterise particular aspects of skin
biology and biophysics (Alexiades-Armenakas, 2007; Batisse et al., 2002; Bellemere et al., 2009; Delalleau et al., 2006;
Diridollou et al., 2000; Gunner et al., 1979; Hendriks et al., 2006; Jor et al., 2013; Limbert and Simms, 2013; Tonge et
al., 2013a; Tonge et al., 2013b; Wan Abas, 1994). Nevertheless, complementary approaches based on mathematical
and computational modelling techniques offer promising avenues to further our understanding of the skin (Areias et
al., 2003; Bischoff et al., 2000; Boissieux et al., 2000; Buganza Tepole and Kuhl, 2014; Cavicchi et al., 2009; Duan et al.,
2000; Evans, 2009; Flynn and McCormack, 2008a, b; Flynn and McCormack, 2009, 2010; Hendriks et al., 2006;
Hendriks et al., 2003; Kuwazuru et al., 2008; Larrabee, 1986; Larrabee and Galt, 19864, b; Larrabee and Sutton, 1986;
Lévéque and Audoly, 2013; Tepole et al., 2014a; Tepole et al., 2014b; Tepole et al., 2011; Z6lIner et al., 2013).



These methods have the potential to provide a mechanistic insight into the role and interplay of the material and
structural properties of the different skin constituents, albeit in simplified idealised conditions. A microstructural
outlook on the mechanics of skin can be exploited to design innovative cosmetic and consumer good products. For
example, by locally controlling the stiffness of skin layers using targeted nanoparticles one could ultimately modify the
skin topography (wrinkles) and therefore its appearance (Limbert, 2014). Moreover, modelling approaches can be
used to complement physical and clinical experiments by guiding their design (Hendriks et al., 2006; Hendriks et al.,
2003). Intra-individually, the biological and mechanical characteristics of skin, considered either as a material or a
composite structure, are also known to vary with age (Waller and Maibach, 2005, 2006), environmental conditions
(Wilhelm et al., 1991), hormonal changes (Bolognia et al., 1989) and exposure to specific chemical agents (Dauskardt
etal., 2010, 2011; Matts et al., 2006).

The experimental characterisation of mechanical strains inside and at the external surface of the stratum corneum is a
tremendous technical challenge due to its sensitivity to environmental conditions, size, limitations of existing
metrology technologies, experimental measurement errors and issues of repeatability. The approach proposed in this
article is a prime example of where a physics-based modelling study can address simple fundamental questions
unavailable by other means. To reach this goal, what is required is basic information about the geometry, mechanical
properties and loading/boundary conditions of what is effectively a multi-component structure. Naturally, in the
modelling process, and by definition, a number of simplifying assumptions and discretisation errors are introduced.
However, even in the absence of experimental validation, mathematical and computational simulation tools are well
suited to provide relative answers—the so-called “what if scenarios”: how one or several parameters of the system
can affect its output response.

The central focus of the present study is to test the hypothesis that, in a two-dimensional (2D) modelling context, as
skin deforms under macroscopic loads, the local strains experienced by the stratum corneum are modulated by the
effect of its geometry and material properties. We propose to identify and quantify potential mechanisms by which
strains in the stratum corneum are reduced or amplified with respect to global macroscopic strains. This aim is
achieved through the key objective of assessing the magnitude and distributions of strains induced in the stratum
corneum, viable epidermis and dermis in a simplified anatomically-based 2D model as a result of simulated in-plane
compression and extension of the skin. Particular attention is paid to evaluating the interplay between the mechanical
properties of each layer and the relationship between macroscopic and local strains. The study provides an
opportunity to highlight potentially important anatomical structural effects that are missed by idealised multi-layer
models of the skin.

In order to capture a wider range of conditions the finite element analyses presented in this study consider extreme
values for the mechanical properties of the stratum corneum. In the next section, a methodology combining histology,
image processing and finite element modelling to analyse the mechanical behaviour of a three-layer model of the skin
(stratum corneum, viable epidermis and dermis) is described. This approach brings a new level of anatomical fidelity
which is a stepping stone in the state-of-the-art modelling of human skin. To indirectly account for the sensitivity of
the stratum corneum to relative humidity, a series of parametric finite element analyses varying the properties of the
stratum corneum are conducted. Results of the analyses are presented in the third section and discussed in the fourth
section.

2 Materials and methods

2.1 Skin histology and imaging

A fresh mid-back skin sample was obtained from a 30 years-old healthy white Caucasian female patient following
biopsy. The specimen was processed, sliced, stained (haematoxylin and eosin) and stored by the Biomedical Imaging
Unit (BIU) at Southampton General Hospital under given consent for its use for research by the patient. The use of
images obtained from the histology sections for the development of this model was ethically approved by both the
Research Governance Office at the University Hospital Southampton NHS foundation Trust, Research and
Development department (ID: RHM MISC0014, December 6th, 2013), and the Ethics and Research Governance at
University of Southampton (ID: 6751, October 10th, 2013).

A microscope adapted with a Nikon E950 camera (Nikon UK Ltd, Kingston Upon Thames, UK) was used to obtain the
images of the histology sections. A series of images (1600 x 1200 pixels, JPG format with maximum quality settings)
was taken for each section at automatic aperture and exposure time, ISO-80 speed, no flash, at both 4X and 10X
magnifications, including the images of the scale bar which were later used for dimensioning the model. For better
resolution of the skin topography, only the 10 X magnification images of each section were manually stitched together
in a software environment (GIMP, www.gimp.org) by aligning each image with the next one, ensuring the overlapping
parts correctly matched, forming a single PNG image (Figure 1).



2.2 Image processing and finite element meshing

The single PNG image of the combined skin histological sections was processed in order to develop a 2D anatomical
model of the skin capturing not only the skin topography but also the epidermal-dermal junction and the interface
between the viable epidermis and the papillary dermis. The image was processed in the open-source software Image)J
1.47v (Wayne Rasband, National Institutes of Health, USA) to enhance its contrast and then transferred into the
image-processing software application ScanIlP™ 6.0 (Simpleware Ltd, Exeter, UK) for segmentation. Image
segmentation involved extracting the regions corresponding to the 2D boundaries and inside of each skin layer phase.
This process was semi-automatically performed by a human operator using a threshold filtering algorithm which
allowed segmentation of regions of interest according to pixel intensity. The clarity and contrast of the photograph
was pivotal in distinguishing the different skin structures. In order to limit the model to only three phases, namely the
stratum corneum, viable epidermis and dermis, threshold filtering was complemented by “manual” painting of the
region of interest, therefore ignoring heterogeneities within each phase. A 1.93 mm long section of the skin was
selected to build a representative composite model of the skin. Within the same software environment, this section
was subsequently meshed into bilinear triangular finite elements. An adaptive mesh refinement algorithm was used to
accurately capture the complex geometry of the skin substructures whilst minimising the total number of elements.

A mesh sensitivity analysis was performed. The best compromise between accuracy of results and computing time
was found for characteristic element lengths ranging from 2 to 150 pum, resulting in a total of 173,929 elements. The
adaptive meshing algorithm preserves the topology of surfaces and creates a smooth mesh with low element
distortion regardless of the complexity and aspect ratios of the underlying 2D structures (Figure 2). The overall
segmentation and meshing procedure is conceptualised in Figure 3. The finite element mesh was then exported to the
finite element analysis package Abaqus/CAE/Standard 6.13 (Simulia, Dassault Systemes, Providence, RI, USA) for
preparation of the finite element models described in section 2.3.

2.3 Finite element models and analyses

Preparation of the finite element model comprised definition of the material properties of each sub-structure (that is,
the stratum corneum, viable epidermis and papillary dermis), assignment of the boundary and loading conditions and
specification of potential self-contact interaction for the stratum corneum due to surface folding. Perfect bonding was
assumed between adjacent layers. Symmetry boundary conditions were enforced at the bottom (horizontal) and left
(vertical) edges of the skin model (Figure 4). Static finite element analysis was conducted wherein no time-dependent
effects such as inertia or viscoelasticity were considered. A series of finite element models featuring distinct
combinations of mechanical properties of the stratum corneum and/or the viable epidermis was devised. The
characteristics of these models are presented in the next section. For each finite element model two analyses were
considered. In-plane 20 % compression and extension of the skin surface was replicated in the finite element model by
applying a lateral displacement on the free edge on the vertical right side of the model (Figure 4). An hybrid plane—
strain 3-noded element formulation was used (CPE3H element in Abaqus) to cope with the nearly incompressible
behaviour of the materials (when the Poisson’s ratio is close to 0.5) which would result in locking of elements
(Belytschko et al., 2000).

2.4 Mechanical properties of skin

The mechanical properties of the different skin layers have been reported by numerous authors with a wide range of
variation depending on body location, hydration, age and testing techniques (Table 1). In most of these studies, each
skin layer or the entire skin—considered as a homogeneous material—is assumed to obey an isotropic Hookean
elasticity law. For example, Geerligs et al. (2011) have determined the Young’s modulus of the stratum corneum to be
0.6 MPa while Lévéque and Audoly (2013) and Magnenat-Thalmann et al. (2002) have used values of 1-12 MPa for the
Young’s modulus of the stratum corneum, 0.05 MPa for that of the viable epidermis and 0.6 MPa for the modulus of
the dermis in mathematical and computational models of skin wrinkles. With increased hydration, the elastic modulus
of the stratum corneum can vary from about 5 MPa to 1000 MPa in the in-plane direction (parallel to the skin surface),
and from about 1 MPa to 25 MPa in the out-of-plane direction. Wu et al. (2006) reported a tensile Young’s modulus of
3 MPa at 100% relative humidity (RH) to 370 MPa at 30% RH. Although some authors have developed computational
models of the skin (Groves et al., 2013; Limbert, 2011; Ni Annaidh et al., 2012) or the dermis (Flynn and McCormack,
2009, 2010) which account for the anisotropic properties induced by the presence of collagen fibres, this approach is
not followed in the current research for two main reasons. The first reason is motivated by the decision to keep the
model as simple as possible to facilitate the interpretation of results and to focus on structural rather than material
effects. Secondly, the use of a continuum fibre-reinforced hyperelastic model (Holzapfel et al., 2000; Limbert, 2011;
Limbert and Taylor, 2002; Weiss et al., 1996) entails the definition of a unit vector field corresponding to the local
orientation of collagen fibres. It is possible to extract this information from histological sections by statistical analysis
of pixels (Elbischger et al., 2004) but, in the absence of accurate structural information, any deviation from the real
collagen bundle orientations might lead to very different results.



In the present 2D case, any out-of-plane fibre orientation would not be captured. In order to account for a wider
range of conditions, the finite element analyses presented in this study consider extreme values for the mechanical
properties of the stratum corneum (Table 2).

One of the key objectives of the present study is to assess strain magnitudes in the skin layers as a result of simulated
in-plane compression and extension (apparent macroscopic strain of the whole skin composite structure of up to
20%). It is therefore critical to account for potentially large strains in each of these structures. Hookean elasticity is not
appropriate for materials undergoing large deformations and the simplest alternative constitutive law valid for finite
deformations is the so-called neo-Hookean elasticity. It is based on the definition of a strain energy function
depending on invariants of a deformation tensor which is chosen here as the right Cauchy-Green deformation tensor
C (Ogden, 1984). The neo-Hookean hyperelastic strain energy potential ¢ is defined with the first deviatoric
invariant of C, 71 =J 3(C:1) where J = ,/det(C) (varying between 0 and 1) provides a measure of material
compressibility. When J =1, the material is fully incompressible which implies that no change of volume is allowed
and the material can only change its shape by shear deformations.

b=yl =3+ - ()

The constitutive parameters ¢, and «, correspond, respectively, to half the shear modulus and bulk modulus of an
isotropic linear elastic material because linearised neo-Hookean elasticity is equivalent to isotropic linear Hookean
elasticity (Ogden, 1984). One can therefore express ¢, and x, as functions of the initial Young’s modulus E and
Poisson’s ratio v :
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A finite element model considering the skin as a monolayer material (the three layers have the same material
properties) was implemented in order to serve as a reference for subsequent comparison purposes, thus highlighting
potential structural effects arising only from the surface topography. The effect of varying the stratum corneum
properties (to simulate property variability or change in relative humidity) was addressed by two cases: A) the viable
epidermis and dermis have identical mechanical properties; and B) the viable epidermis is much softer than the
underlying dermis (Table 2). For each loading case (20 % compression and 20% extension), a total of eight finite
element analyses were run. For further analyses, the geometry of the skin composite model was virtually split into
zones of interest corresponding to particular topographic features (Figure 5) which will be discussed later in the
manuscript (section 3.4).

3 Results

Colour plots of minimum principal strains distributions in the skin composite model are provided in Figure 6 and
Figure 7, respectively for cases A and B in compression whilst Figure 8 and Figure 9 depict the maximum principal
strains for the extension case (also for cases A and B). Complex non-uniform strain distribution patterns are observed
for all analyses (compression and extension), thus highlighting the importance of the geometrical characteristics of
each skin layer in combination with their respective mechanical properties. It is worthy to highlight that for the four
cases A1-A4, the mechanical properties of the viable epidermis and dermis remained identical (Eye = Ep = 0.6 MPa, vy
=vp = 0.3), only the mechanical properties of the stratum corneum were varied. For the four cases B1-B4, the Young's
modulus of the viable epidermis was changed from 0.6 to 0.05 MPa and the mechanical properties of the stratum
corneum were varied in the same way as they were for cases A1-A4.

3.1 Effects of mechanical properties on skin surface topography

For a fixed Poisson's ratio of the stratum corneum, the surface topography of the skin is clearly affected by change in
stiffness of this layer.

In compression, it has the effect of reducing the self-contact area of the stratum corneum as two cavities resulting
from the closure of the deep furrows can be observed in Figure 6 and Figure 7 (these deep furrows correspond to
zones B and H depicted on Figure 5). Compared to cases A1-A4, an increase in the folding-induced contact area is
observed by reducing the Young's modulus of the viable epidermis (case B, shown in Figure 7).

In extension, the effects are particularly visible on the deformed deep furrows which take a sharper angular shape
when the highest Young's modulus is considered (Figure 8 and Figure 9). The outer geometry of the skin gets softer by
reducing the Young's modulus of the viable epidermis (case B, shown in Figure 9), provided the stratum corneum has
its lowest stiffness (Esc = 0.6 MPa). Varying the Poisson's ratio of the stratum corneum for a given Young's modulus
does not have a major effect on the geometry of the deformed skin model in neither cases A and B.



3.2 Strain distribution and magnitude in the skin layers for the compression case

For a given Poisson's ratio, increasing the elastic modulus of the stratum corneum induces a significant redistribution
of principal strains in the underlying layers: larger compressive strains are observed under compression in the viable
epidermis and dermis (Figure 6 and Figure 7). The effect is less apparent in the dermis when the Young’s modulus of
the living epidermis is about an order of magnitude smaller than that of the stratum corneum (cases B1-B4, Figure 7).
However, for these cases, and as expected, the tensile strains in the viable epidermis are an order of magnitude
higher. Approximately 30% compressive strains are produced in the viable epidermis zones interdigitating with the
papillae of the papillary dermis, mainly in areas surrounding and beneath skin furrows. For cases A (Figure 6), the area
of high compressive strains extends laterally while for case B (Figure 7), high compressive strains are produced in the
viable epidermis with further concentrations in the dermis beneath deep furrows. The difference observed between
high strain levels at the bottom of furrows and low strain levels at the top of the surrounding crests reveals a
potentially interesting strain deflection mechanism that could occur as a result of stiffening of the stratum corneum
[e.g. drying stress, (Levi and Dauskardt, 2010; Levi et al., 2010)].

3.3 Strain distribution and magnitude in the skin layers for the extension case

Increasing the Young’s modulus of the stratum corneum from 0.6 to 370 MPa has the effect of significantly altering
the distribution of tensile strains in the skin in the vicinity of furrows.

Higher strain levels are observed in the viable epidermis, but the effect is less apparent in the dermis when the
Young's modulus of the viable epidermis is about an order of magnitude smaller than that of the stratum corneum
(case B, Figure 9), showing no significant effect in the rather homogeneous tensile strain distribution and magnitude in
the dermis. In contrast, tensile strains above 50% are produced in the viable epidermis zones interdigitating with the
papillae of the papillary dermis. Altering the Poisson's ratio of the stratum corneum has a minimal effect on the strain
distribution and magnitude in the viable epidermis and dermis (compare cases B1/B3 and B2/B4, Figure 9).

3.4 Quantitative analysis of strains in the stratum corneum

The distribution of strain within the composite model of skin is intrinsically conditioned by the specific gecometry of
each layer of the skin sample used in this study as well as their respective mechanical properties. In order to make the
analysis of results more universal, the geometry of the skin composite model was virtually split into zones of interest
corresponding to characteristic surface topographic features which can be found on any human skin sample (Figure 5-
c). These zones were selected based on geometrical features (Figure 5-c) but also according to trends in the
distribution of principal strains in the three layers along the skin sample (Figure 5-a-b).

The crests and furrows were identified with the labels A-L, omitting intentionally the letter | to prevent any
typographic confusion. Crests are labelled as A, C, E, G, J and L. The dimensions of the skin furrows were measured
using the image processing software application ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, USA)
by measuring the distance between the deepest point in the furrow and the midpoint located between the furrow
boundaries (Figure 20). Furrows were classified according to their depth as deep (B, H), superficial (F, K) and wide
furrows (D) (Piérard et al., 2004; Shimizu, 2007).

The median values of the principal strains of the finite elements (evaluated at their centroid) contained in each of
the topographic regions of the stratum corneum were extracted from the results of the finite element analyses.
These metrics are defined as local median strain (LMS), local because they are specific to each topographical zone
(Figure 5-c). A global median strain (GMS) is also defined as the median value of the strains of all of the finite
elements of the stratum corneum layer. The rationale for defining these measures was to look at how certain
topographic features of the skin surface (Figure 5) might amplify or reduce local strains in the stratum corneum in
response to macroscopic deformations such as those applied during in-plane extension/compression of the skin. GMS
values are explored in Figure 10-Figure 13 while Figure 14-Figure 17 report LMS values.

Figure 10 and Figure 11 show the median minimum principal strains for cases A and B, respectively, in compression.
Likewise, Figure 12 and Figure 13 report the median values for the maximum principal strains in extension. For a
fixed Poisson's ratio, increasing the Young's modulus of the stratum corneum from 0.6 to 370 MPa (this is an increase
by approximately a factor of 617) reduces strain levels in the stratum corneum by about one order of magnitude. This
suggests that non-linear effects are at play here and the geometrical characteristics of the topographic features may
play a significant role on strain distribution. While most of the crests show similar strain levels, the distribution of
median strains in the skin furrows is not uniform. Furthermore, the level of strain across the topographic features is
also affected by the stiffness of the stratum corneum: when the Young’s modulus of the stratum corneum is minimal a
broader strain range is observed.



3.5 Global and local strains in the stratum corneum for the compression case

Under compression, for case A, compressive strains (minimum principal strains) of maximum magnitude are observed
in the superficial furrow zone F. The maximum magnitude is 19.18% (9.85% GMS) for case Al (Esc = Ep 0.6 MPa, vgc =
0.3) (Figure 10-a). For a stiffer stratum corneum (Figure 10-b), the LMS level in zone F peaks at about 1%. Similar
strain levels can be observed in furrow zones B, D and H for a soft stratum corneum (cases Al and A3), but for a stiffer
stratum corneum intermediate values between the GMS and furrow F LMS are observed in furrow zones D, H and K.
Lower magnitude of LMS levels are observed in crest features for all cases (A1, A2, A3 and A4) (Figure 10).

Under compression, variation of the Poisson's ratio of the stratum corneum has a small effect on the overall median
strains. However, its effect is not evenly distributed along the topographic features (zones A to L). It was found that in
all crests the strain magnitude is higher when the Poisson’s ratio is maximum (v = 0.45). For the deep furrows zones
(B and H), the effect is reversed (the strain magnitude is lower for maximum Poisson’s ratio). For smaller furrows,
their behaviour is dependent on the stratum corneum’s stiffness. An inversely proportional strain-Poisson’s ratio
relationship for superficial furrows (F and K) and a proportional one for the shallow furrow (D) are observed for a low
stiffness stratum corneum (Figure 10-a) while this behaviour is reversed in the case of a stiffer stratum corneum
(Figure 10-b).

For case B, where the viable epidermis is the softest (E\¢ = 0.05 MPa), compressive strains are maximum in the deep
furrow zone H, with a LMS=-6.3% for the soft stratum corneum (2.46% GMS) (Figure 11-a) and -0.55% for the stiffer
one (2.72% GMS) (Figure 11-b). Similarly to case A (Figure 11-b), higher levels of strain are observed in the crests
when the Poisson’s ratio of the stratum corneum is increased from 0.3 to 0.45.

For the furrows, it is observed that for the case of a soft stratum corneum, most of the furrows (with the exception of
superficial furrow K) show a reduction in LMS as the stratum corneum’s Poisson’s ratio increases, while for a stiffer
stratum corneum, LMS increase with Poisson’s ratio. For the stiffest stratum corneum (Figure 10-b, Figure 11-b), the
overall strain levels (GMS and LMS, defined across skin layers) measured in cases B are lower than those obtained for
cases A. This would suggest that that the structural and mechanical effects of a soft viable epidermis (Ey¢ = 0.05 MPa)
are a reduction in the strain levels across skin layers.

3.6 Global and local strains in the stratum corneum for the extension case

In simulated extension, for case A, maximum tensile strains (maximum principal strains) are observed for the soft
stratum corneum (cases Al and A3) in the superficial furrow zone F with LMS of 36% (9.6% GMS) and the shallow
furrow zone D with LMS of 17.8% (4.75% GMS). Theses strain magnitudes are significantly higher than in the other
zones (Figure 12-a). Zone G experiences a 0.2% LMS. For a stiffer stratum corneum, differences in LMS between
anatomical zones are less pronounced (Figure 12-b). Zone F still experiences maximum strain levels, closely followed
by zones K, H and D. Naturally, the GMS values are much smaller (0.76% compared to the soft stratum corneum case
of 3.76%).

For all cases (Esc = 0.6 MPa and Es: = 370 MPa, cases A and B, Figure 12, Figure 13), higher tensile LMS is produced in
the furrow zone compared to the surrounding crests (e.g. LMS for furrow B is 71% while crest A and C show LMS of
33% and 48%, respectively, Figure 12-b).

For cases B and low stiffness of the stratum corneum (cases B1 and B3), furrow zones D, F and H exhibit the highest
LMS values (LMS=13.6%; 2.5% GMS) while the lowest LMS are found in zone G (LMS 2.16%; 0.39% GMS) (Figure 13-a).
When the Young’s modulus of the stratum corneum is increased from 0.6 MPa to 370 MPa, (cases B2 and B4), higher
LMS values are found in case B4 at furrow zones F, H and K, with maximum values in zone F with LMS of 1.44% (2.93%
GMS) and zones H and K with LMS of 1.01% (2.07% GMS) (Figure 13-b). If Poisson's ratio of the stratum corneum is
reduced from 0.45 to 0.3 (case B2), strain levels in zones F are reduced to 1.08% LMS (2.66% GMS) and zones H and K
to0 0.84% LMS (2.08% GMS). All of the crests show similar values of LMS ranging from 0.36% to 0.53% (0.48 to 1.10%
GMS) for case B4 and from 0.26% to 0.46% (0.65 to 1.14% GMS) for case B2.

For both cases A and B, variations in the Poisson’s ratio of the stratum corneum did not lead to significant differences
in the GMS of the whole skin model under extension.

3.7 Influence of the viable epidermis stiffness on the strain magnitude in the stratum corneum
To assess the sensitivity of the principal strains in the stratum corneum to the mechanical properties of the viable
epidermis at each of the characteristic topographic locations (Figure 5), box plots of the minimum and maximum
principal strains were used for the case of compression (Figure 14 and Figure 15) and extension (Figure 16 and Figure
17), respectively, for each value of the Young’s modulus of the viable epidermis (case A, Ey = 0.6 MPa; case B, Eyg =
0.05 MPa). For each zone, the principal strains of each finite element of the stratum corneum layer were evaluated at
the centroid of the element and accounted for in the distribution evaluation. Each particular zone’s response is
described in terms of the median value (50th percentile of the distribution), the statistical dispersion defined by the
interquartile range (IQR) (i.e. range of values between the first (25%) and third quartiles (75%)) and the peak values
range (PVR) (range between the minimum and maximum values).



Within data sets, data points located in the tail of the distribution curves are classified as near or far outliers
according to the following criteria (Wolfram Research, 2014):

Q1 + 1.5(IQR) < nearoutlier <Q1 - 1.5(IQR); Q3 + 3(IQR) < faroutlier < Q1 -3(IQR) (3)

Here Q; and Qg are respectively the first (25th percentile) and third (75th percentile) quartiles of the distribution.
Although still accounted for in the PVR, the outliers are ignored in the figures for better visualisation. The range bars
indicate values of the extreme data points that are not classified as outliers.

The deformed geometry of the stratum corneum was nearly identical in both cases A (where viable epidermis and
dermis feature the same material properties) and B (where the three layers’ properties are distinct) when subjected to
compressive or extensive deformation (Figure 6-Figure 9). However, when considering the strain magnitude in the
stratum corneum a different picture emerges.

Under skin compression, median values for the minimum principal strains in the stratum corneum can reach 19.2 %
(case A1, Figure 14) and 6.8 % (case B1, Figure 14) depending on the anatomical locations, showing lower dispersion
levels for case B1. Increasing the Young’s modulus of the stratum corneum from 0.6 to 370 MPa (Figure 15, cases A2
and B2) has a drastic effect on the median and peak values of the minimum principal strains which are reduced in
amplitude and exhibit lower variations across the anatomical zones considered. These median values do not exceed 1
%.

For the case of skin extension, there is a wide distribution of maximum principal strain values reaching up to 50 % in
the interquartile range (Figure 16, cases Al and B1) with a very heterogeneous response when considering each
anatomical zone. The median values are predominantly lower in case Al, while the amplitude of dispersion is
substantially reduced in case B1. For a stiffer stratum corneum (Esc = 370 MPa), the maximum principal strain ranges
in the stratum corneum are significantly reduced (Figure 17). Median values lie within the 0-1.5% range. Lower median
strains and dispersion levels are observed in case B2.

It was found that the principal strain PVR representing the maximum dispersion was correlated to the geometry at the
furrow. This was established by conducting a regression analysis (Figure 21) using a logarithmic form
f(d)=m-In(d)+b,where f(z)=PVR and d is the furrow depth. Table 3 lists the parameters m and b of the
regression function corresponding to each of the tests and their respective coefficient of determination, R% The
coefficients of determination between the simulation results and the values estimated by the logarithmic regression
were R>> 0.69 for compression and R’> 0.81 for extension.

Under macroscopic compressive load the stratum corneum exhibits the following mechanical response at the
characteristic anatomical locations:
= Crests (A, G, E, G, J, L): The LMS lie in the same respective range for each specific case (A1, A2, B1, B2) with
average minimum principal strains from -0.08 % to -3.37 % when the Young’s modulus of the stratum corneum
is minimal (Figure 14) and do not exceed -0.35 % when it is maximal (Figure 15). Lower dispersion levels (IQR)
are observed in the more protruding crests.
= Deep furrows (B, H): The intensity of the LMS is significantly reduced by the presence of a soft viable epidermis
and the stiffening of the stratum corneum, showing average minimum principal strain of -16.34 % and -6.02%
for Cases Al and B1 (Figure 14), and -0.43 % and -0.32 % for cases A2 and B2 (Figure 14). These values are
significantly higher in magnitude than the ones observed for the crests. The IQR is similarly affected.
= Superficial furrows (F, K): The LMS is -11.37 % and -2.62 % minimum principal strain in cases Al and B1,
respectively (Figure 14), while it reduces to -0.64 % and -0.28 % for cases A2 and B2 (Figure 15). The dispersion
levels are similar to the ones observed for the deep furrows.
=  Wide furrow (D): LMS values of minimum principal strain lie between those of the crests and deep furrows
showing a reduction from -11.94 % to -5.97% for a soft stratum corneum (Figure 14), and from -0.58 % to -0.38
% for a stiff stratum corneum (Figure 15), due to the presence of a soft viable epidermis. The dispersion levels
(IQR) in this area are similar to those observed in other furrows.

Higher LMS are observed in the shallower superficial furrow F for case A, shifting to the shallower deep furrow H for
case B. The higher IQR dispersion values were found among furrows H and K (next to each other in terms of depth, but
classified as deep and superficial, respectively). Correlation between principal strain PVR of all furrows and their
respective depth are: for A1, R’= 0.87; A2, R’=0.86; B1, R’=0.91; B2, R°=0.69), showing higher overall dispersion in the
deep furrows (Table 3).



Under macroscopic tensile load the stratum corneum exhibits the following mechanical response:

= Crests (A, G, E, G, J, L): The LMS lie in the same respective range for each specific case (A1, A2, B1, B2) with
average maximum principal strains varying from 2.73 % (case Al) to 4.56 % (case B1) when the Young’s
modulus of the stratum corneum is minimal (Figure 16). When the Young’s modulus of the stratum corneum is
increased from 0.6 to 370 MPa these LMS are within 0.64 % and 0.36 % (Figure 17). Low dispersion levels (IQR)
are observed in the more protruding crests (e.g. crests G and A had the lowest LMS for soft and stiff stratum
corneum, respectively).

= Deep furrows (B, H): The intensity of the LMS is significantly amplified by the presence of a soft viable
epidermis when the stratum corneum is soft, but this trend is reversed when the stratum corneum is much
stiffer (Esc = 370 MPa), showing average maximum principal strain of 4.55 % and 10.35 % for cases Al and B1
(Figure 16), and -0.95 % and 0.68 % for cases A2 and B2 (Figure 17). These values are significantly higher in
magnitude than the ones observed for the crests. The IQR are reduced by the presence of the soft viable
epidermis, having a larger effect (i.e. more reduction) in the furrows showing larger dispersion in case Al. The
opposite reaction is observed, at a lower scale, for a stiff stratum corneum (cases A2 and B2).

= Superficial furrows (K): The LMS is about 20.30 % and 10.98 % maximum principal strain in respectively cases
Al and B1 (Figure 16) while it goes down to 1.43% and 0.96% in cases A2 and B2 (Figure 17).The dispersion
levels are similarly affected to the ones observed for the deep furrows, showing larger amplification due to the
presence of the soft living epidermis and stiff stratum corneum.

= Wide furrow (D): LMS values of minimal principal strain lie between those of the crests and deep furrows
showing a reduction from 17.71 % to 13.67 % for a soft stratum corneum (Figure 16), and from 1.16 % to 0.47
% for a stiff stratum corneum (Figure 17), due to the presence of a soft viable epidermis. Dispersion levels (IQR)
observed in furrow D are as low as the ones witnessed in the crests, unlike what is observed in compression.

Higher LMS are observed in the superficial furrows F and K, and in the shallower deep ridge H. The higher IQR
dispersion values were found mainly at deep furrow H. Correlation between principal strain PVR of all furrows and
their respective depth are: for A1, R’= 0.81; A2, R’=0.91; B1, R’=0.85; B2, R’=0.91), showing higher overall dispersion
in the deep furrows (Table 3).

Generally, Figure 14-Figure 17 show that, for the compression case, the LMS and IQR of principal strain magnitude
and directions in the stratum corneum can be significantly affected by the value of the Young’s modulus chosen for
the viable epidermis provided that the Young’s modulus of the stratum corneum is approximately an order magnitude
greater. These effects are more or less pronounced depending on the topographical features of the stratum corneum
(zones A-L). When considering the extension case, significant difference exists between the case of £y = 0.6 MPa and
Eye = 0.05 MPa (cases A and B). There appears to be much more significant change in LMS and IQR of strain in specific
topographic zones compared to the compression case. Moreover, for the case when Esc = 370 MPa (cases A2 and B2),
lowering the Young’s modulus of the viable epidermis from 0.6 to 0.05 MPa has the effect of reversing the direction of
principal strains in some of the features.

The effect caused by the presence of a lower stiffness viable epidermis is a major result to consider in the light of all
multi-layer finite element models of the skin found in the literature which typically assume flat interface between
layers. These models are unlikely to capture these effects even by varying the Young’s modulus of the viable
epidermis.

3.8 The role of structural features of the skin and stratum corneum stiffness in strain

reduction/amplification
One of the key objectives of this study was to assess the level of strain in the stratum corneum during simulated in-
plane compression and extension of the skin. An important aspect to consider concerns the possible variations of the
stratum corneum stiffness as a function of environmental or ageing conditions which, in turn, are likely to affect strain
magnitude in the stratum corneum. To assess the effect of variations of the Young’s modulus of the stratum corneum
and also that of the viable epidermis a strain ratio metric was defined.
The strain ratio metric R was defined as the ratio of principal strains (i.e. minimum and maximum principal strains
respectively for compression and extension) of the compared model (models A2, B2, Esc = 370 MPa) over those of the
reference model (models A1, B1, Esc = 0.6 MPa) at each of the elements composing the skin model. R =1 indicates
that strain levels remain the same, R > 1 indicates an amplification of strains, 0 < R < 1 a reduction in the strain levels.
A negative value for R implies a change in the principal direction of strain (from compressive to tensile and vice versa).
Distribution of ratios of principal strains in the compression and extension cases are respectively depicted in Figure 18
and Figure 19 for models A1, A2, B1 and B2 and described in the following section. For each of the topographical
zones, the median value of the strain ratio metric distribution R,, is taken to represent the ratio of amplification or
reduction while the IQR for these distributions is a measure of dispersion.



3.8.1 Compression

As intuitively expected, increasing the Young’s modulus from Esc = 0.6 MPa to Esc = 370 MPa significantly reduces the
principal strains in the stratum corneum (Figure 18) for all characteristic anatomical zones, with a GMS ratio (i.e. the
median ratio observed for the whole stratum corneum elements) of R = 0.1. The minimum principal strains are mostly
reduced in deep furrows with an average median value of R < 0.05 for both cases A and B. The wide furrow D and the
shallower superficial furrow F follow close with R < 0.06 and R < 0.075 for cases A and B, respectively. With respect to
dispersion, most of the furrows show a rather homogeneous reduction of strains with IQR <0.075 except for furrow K
(IQR £ 0.50).

Minimum reduction is found in crest L as R is 0.45 for both cases. The most remarkable result is shown in the most
protruding crest G, as while R = 0.15 with a dispersion ratio of 0.21 is found in case A, the resulting ratios for case B
shows an amplification of R = 1.57 and IQR of 3.37. These results show how heterogeneous the effect is in the
elements contained in this crest. In general, greater R values are observed in the crests, and lower ones in the furrows.

3.8.2 Extension

Like in the load case corresponding to in-plane compression of the skin, stiffening of the stratum corneum by a factor
in excess of a 600 induces a significant reduction in the magnitude of principal strains (Figure 19) with a GMS ratio R <
0.20. However, unlike the case of compression where the GMS ratio was similar between cases A and B, the GMS ratio
of case A is larger than the one observed in case B by a factor of about 2. Regardless of that, both cases show
particularly different behaviours in terms of the reduction and amplification of strains in each of the topographic
features. For case A, the maximum principal strains are mostly reduced in the shallower furrows (R < 0.08), but a
relevant contrast between the two superficial and the two deep furrows is observed (i.e. a 3 to 5 times larger ratio is
observed in the deeper furrow of each category). The ratio in most of the crests ranges from 0.12 to 0.44 with no
shape dependency. In contrast, crest G, exhibits a significant amplification factor (R = 2.20).

For case B, the distribution of R is rather homogeneous across the topographic features, with a range between 0.05
and 0.16 for crests and between 0.04 and 0.11 for furrows. Although a lower ratio is observed in the wide furrow D
and a larger ratio at the crest G, no topographic shape dependency is observed.

3.9 Influence of the skin topography on the distribution and modulation of strains across skin

layers
In Figure 22 and Figure 23 the ratio of the strain distribution magnitude of each skin layer (stratum corneum, viable
epidermis and dermis) over the respective applied macroscopic strain (20%) is reported for each case A1, A2, B1 and
B2. This metric expressed in % assess whether the magnitude of applied macroscopic strain is amplified or reduced in
the skin layers. A value above or below 100 % means that strains are respectively magnified or reduced. This
effectively highlights the effect of the structural properties of the skin layers in redistributing strains—and so the
stress—within the skin.
Even when the skin is modelled as a homogeneous material (case A1) the median proportional strain values of the
outer layer are remarkably lower than the ones observed in the layers underneath. For case A, it is observed that
strains in the dermal layer are the least attenuated whilst those in the stratum corneum experience the largest
reduction. For case B, strains in the viable epidermis are the least attenuated. When the Young’s modulus of the
stratum corneum is increased from 0.6 to 370 MPa, the magnitude of strain is obviously reduced and so is the
dispersion.

In compression (Figure 22), the proportional median strain levels in cases A and B are respectively 7 and 15 times
lower for the stiffer stratum corneum, while the dispersion levels are reduced 20 and 12 times for the IQR, and 6 and 9
times for the PVR. The changes in the stiffness of the stratum corneum have a marginal effect in the proportion of
macroscopic strains transmitted to the viable epidermis and dermis. Between cases A1-A2 and B1-B2, the median
values of this proportion are hardly altered in the dermis.

For extension (Figure 23), the change in stiffness of the stratum corneum has a relatively different effect as the
median proportional strain levels in cases A and B are respectively 5 and 13 times lower as the Young’s modulus of this
layer increases, while the dispersion levels are reduced 9 and 11 times for the IQR, and 25 and 10 times for the PVR.
The stiffening of the stratum corneum not only increases the median values of the proportional maximum principal
strain distributions in the layers underneath, but also has an important effect on their dispersion parameters. The
increase of proportional strain in the viable epidermis is 20% and 40% for cases A and B respectively, and 25% and 4%
for the dermis. The interquartile dispersion is augmented on average by 50% for the viable epidermis in both cases,
but for the dermis the IQR doubles in case A, while a negligible reduction is observed for case B. In terms of peak
values dispersion, the results show negligible variation for the dermis and case A for the viable epidermis, while the
PVR of case B2 is 2.5 times larger than the one observed in case B1.
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4 Discussion

The imaged-based computational study presented in this paper has highlighted and quantified the critical role of the
structural and mechanical characteristics of the skin layers over their mechanical response under tension and
compression as well as on the global response of the skin as a 2D composite structure. Given that the skin is the
human body’s interface to the external environment, these results have implications for a variety of mechanical
and/or mechanobiological processes (Limbert and Simms, 2013) across many domains of application including skin
tribology in general (van Kuilenburg et al., 201343, b; Veijgen et al., 2013b), pressure sores (Brand, 2006) and wound
healing (Evans et al., 2013).

Geerligs (2010) stated that, during stretching of the skin, the stratum corneum partially unfolds without elongating,
but to the best of our knowledge, this had not been previously quantified until now. In our 2D study it was revealed
that, for a given imposed in-plane macroscopic deformation of the skin and fixed value of Young’s modulus of the
stratum corneum, the magnitude of strain in the stratum corneum tends to be significantly attenuated, particularly at
specific topographic locations (crests, see Figure 5 and Figure 10-Figure 13). When all layers have identical mechanical
properties (case Al), this phenomenon is still present. There is, therefore, evidence that the convoluted geometry of
the stratum corneum, in its own, is a contributor to this effect. When each skin layer features different mechanical
properties, in addition to the stratum corneum, the contribution of the viable epidermis and dermis to these
structural effects is modulated by the balance of mechanical properties between these three layers. When the viable
epidermis is 12 times softer than the dermis this strain reduction effect in the stratum corneum is even stronger (cases
B1-B4). In all the cases considered in the computational analyses, the strain deflection mechanism provided by the
topographical features of the stratum corneum and underlying layers is clear. In all cases the 75" percentile of the
stratum corneum’s finite elements experience a strain lower than half of the applied macroscopic strain. Similarly, in
most of the results, more than 75% of the finite elements contained in the deeper layers sustain less than the total
applied macroscopic strain. For case B, results show that the viable epidermis is the most strained layer, experiencing
2.5 to 3 times more strain than those that are macroscopically applied.

It was shown that the stiffness of the stratum corneum plays a critical role in conditioning the folding characteristics of
the skin surface in both simulated in-plane (parallel to the outer surface of the skin) compression and extension of the
skin (Figure 6-Figure 9). When the stratum corneum tends to stiffen—for example, as a result of a dryer external
environment—cavities are likely to form in deep furrows, between skin folds, in compression while, in extension, the
bottom surface of furrows experience limited rotation and significant strains. In this latter case, the base of a deep
furrow acts like the fixed axis of a hinge mechanism in which the surrounding “vertical walls” of the furrow undergo
large rotations with minimal straining. This observation suggests that, for the simulated 2D loading conditions, deep
furrows convert in-plane deformations into out-of-plane deformations. In compression, this is very similar to the
buckling of a column where compressive loads are converted into bending loads. Moreover, this functionality creates
concentrated high strain zones in the deeper layers of the epidermis and dermis. Interestingly, dermal papillae tend to
be very small or non-existent immediately under deep furrows and there might be a causal correlation here which
could be relevant to the mechanobiology of skin.

The surface topography of the skin and how it deforms under loads are critical factors to consider for applications
where the skin undergoes contact interactions with external devices like consumer good products (e.g. for dry and
wet shaving the skin interacts with metal and polymer components, water, body secretions, gel or foam) or cosmetic
agents (e.g. moisturiser). The aforementioned strain reduction and amplification mechanisms are therefore
potentially very important to consider. Depending on the initial stiffness of the stratum corneum and its structural
geometry, the skin will produce certain types of mechanical response, particularly if one considers the presence of a
liquid thin-film (e.g. shave preparation) which introduces additional complex tribophysical phenomena (Israelachvili,
2011; Pailler-Mattei et al., 2007; Pailler-Mattei et al., 2006; Pailler-Mattei and Zahouani, 2004). The application of
water-based agents to the skin has a plasticising effect on the stratum corneum which drastically reduces its Young’s
modulus (Wu et al., 2002, 2006). In these conditions, where friction forces tend to increase, rubbing of hard or softer
surfaces against the skin can generate significant local strains which, in turn, can lead to important strain and stress
redistribution in the underlying skin layers. The 2D computational study presented in this paper demonstrated the
complex interplay between the material and structural properties of the skin layers during simulated compression and
extension of the skin and therefore highlighted the importance of faithfully capturing these characteristics for reliable
numerical analyses, especially when they are used to assist design decisions in industrial applications.
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The numerical analyses showed that, for a given imposed macroscopic deformation of the skin, increasing the Young's
modulus of the stratum corneum from 0.6 to 370 MPa led to higher strains in the deeper layers of the skin (viable
epidermis and dermis). Drying stresses arising as a result of water loss in the stratum corneum (Levi et al., 2010) are
generally perceived through the feeling of skin “tightness”. Given that the stratum corneum has no mechanoreceptors
capable of sensing changes in the homeostatic state of stress and/or strain, the computational results are consistent
with this observation, namely that stiffening of the stratum corneum in combination with in-plane loads increases the
depth of influence of mechanical stress/strain which reaches deeper in the viable epidermis and dermis where free
nerve endings, Merkel cells, Meissner’s, Ruffini’s and Pacinian corpuscules are located (Shimizu, 2007).

As in any computational model, a number of limiting assumptions had to be made. The major limitation of the present
model concerns its restriction to 2D geometry, boundary and loading conditions. The computational model was
restricted to 2D due to the imaging technique used in this study and a desire to focus on the simplest modelling
approach that would facilitate interpretation of results. An extension to 3D, straightforward in principle, would likely
affect the results. However, based on the 2D results, one would also expect a strong influence of the structural and
material properties of each skin layer on strain/stress magnitude and distribution as well as on surface topography.
The 2D model is already a significant addition to what has been proposed in the literature so far. To the best of the
authors’ s knowledge, the proposed micromechanical model is the first to account for such a level of structural details
for the skin (high-fidelity anatomical geometries for the stratum corneum, living epidermis and papillary dermis) and
the objectives were to assess how such structural features play a role in transforming macroscopic strains and
redistribute loads. The emphasis was on identifying structural effects on a 2D model and use that to suggest potential
deformation mechanisms occurring in real skin structures. The simulations highlighted potentially important effects
that are missed by idealised multi-layer models of the skin. The present study is a first attempt to pave the way for
more advanced 3D microstructural models of the skin. The complex 3D patterns of sulci and how they might control
deformations of the upper part of the epidermis should be explored in future studies.

The constitutive models used for the skin layers were based on isotropic neo-Hookean elasticity and ignored
viscoelasticity. There is evidence that the stratum corneum possesses anisotropic properties (Geerligs, Oomens, et al.,
2011). Due to its high content of collagenous fibres, the dermis also has directional properties. Thanks to the work of
the Austrian anatomist Karl Langer (Langer, 1861, 197843, b) it has been known since the 19" century that the skin is in
a state of residual tension in vivo. Flynn et al. (2013a; 2013b) determined a relation between the in vivo the relaxed
skin tension lines (RSTL) on a human face and the directional dependency of the skin stiffness using a combination of
contact measurement techniques and inverse finite element methods. These authors demonstrated the need to
account for these tension lines in the characterisation of the anisotropic properties of the human skin. It is noteworthy
that mechanical anisotropy of the skin is due to the combined effects of the presence of Langer lines and to the
anisotropy induced by the structural characteristics of the skin layers and their sub-structural components. In-plane
anisotropy of the skin is correlated with Langer lines (Ni Annaidh et al. (2011) while out-of-plane (or across-the-
thickness) anisotropy is due to the distinct mechanical properties and complex 3D structure of the skin layers. In the
dermis, the organisation of collagen changes from loose and tortuous fibres in the papillary dermis to large dense
stratified fibre bundles in the reticular dermis (Shimizu, 2007). The inclusion of such features (residual strains and
fibrous microstructure) in a microstructural finite element model of the skin, although possible in principle, would only
make sense in a 3D setting and would require significantly more information on skin microstructure, data on the level
and 3D directions of pre-strain in the specific skin sample (i.e. consistent with anatomical location) and may likely
require higher resolution imaging modalities. In a 3D finite element context, the question of reliably applying pre-
strains with regards their non-uniform distributions and directions would present technical challenges (Limbert et al.,
2004; Rausch and Kuhl, 2013; Weiss et al., 1995). The aforementioned observations provide justification to the choice
of using initially stress-free 2D computational multi-layer skin models.

The composite skin model did not account for the full thickness of the dermis and its underlying hypodermis.
Addressing this limitation would likely affect the results by reducing the effect of imposed boundary conditions,
particularly the symmetry boundary. Future computational analyses should also include skin appendices such as hair
follicles and pores which could play a mechanical role in redistributing strain and stress in the skin as well as in
stopping fracture propagation in the (drying) stratum corneum.

All skin layers were assumed to be perfectly bonded to each other without the presence of any intermediary interface.
This simplifying assumption was deemed necessary to focus on other factors, namely, the geometrical and material
properties of each layer. It was also necessary due to the significantly higher computing power that this would have
required because of the level of mesh refinement needed. The living epidermis is connected to the underlying dermis
through a 3D interlocking wavy interface called the dermal-epidermal junction (DEJ) or basal lamina which is
effectively a 0.5-1 pm thick basement membrane (Chan, 1997).
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In the epidermis, the basal cells of the stratum basale are connected to the basement membrane by anchoring
filaments of hemidesmosomes while the cells of the papillary dermis connect to the basement membrane through
type VIl collagen fibrils. The geometry and material properties of these structural elements are likely to play a critical
role in load transmission between layers, particularly in 3D. Future studies should investigate this further but are likely
to require a multiscale approach given the large span of spatial dimensions involved.

As is always the case with mathematical and computational models, a critical step, before relying on the predictive
capabilities of these models, is to validate them—even partially—using physical experiments. This is currently very
challenging but there are very promising emerging approaches in skin research. For example, using digital image
correlation techniques it is possible to obtain full (strain) field measurements (Tonge et al., 2013a; Tonge et al.,
2013b). The modelling approach adopted here is a first step towards models to assess, understand and control the
effects of the structural properties of skin in medicine, biology and industrial applications.

In the last few years, the concept of skin microclimate has been in the spotlight with regards to pressure ulcer
research (Gefen, 2011). Skin microclimate encompasses a number of physical factors such as temperature, humidity
and air flow at the skin surface. These interacting factors are believed to play a critical role in compromising skin
integrity by reducing its natural barrier function. These effects are amplified when the skin acts as a load-bearing
surface, particularly when subjected to shear loads (Zhong et al., 2006). There is evidence that the skin surface
topography changes during loading but it is unclear whether these changes are purely driven by mechanics or partly
induced by microclimate factors such as temperature and moisture (Kottner et al., 2013; Veijgen et al., 2013a). The
models developed in our study offer the potential to address these questions by either focusing on the mechanics only
or by considering coupled thermo-mechanical effects combined with moisture absorption or exudation. Our study
showed that, during in-plane compression of the skin, if the Young’s modulus of the stratum corneum and the viable
epidermis are both 0.6 MPa (low end of the spectrum for the stratum corneum) maximum strains are located in the
dermis and lower regions of the viable epidermis rather than branching from the skin surface (Figure 6). When
considering the viable epidermis with a Young’s modulus 12 times lower, strains are intensified in these regions
(Figure 7). This effect increases the likelihood of compromising the integrity of the dermal-epidermal junction (DEJ)
which is believed to play a major role in the chemo-mechano-biology of the skin. Indeed, the DEJ controls the transit
of molecules between the dermis and epidermis according to their dimension and charge. It allows the passage of
migrating and invading cells under normal (i.e. melanocytes and Langerhans cells) or pathological (i.e. lymphocytes
and tumour cells) conditions (Burgeson and Christiano, 1997). However, it is important to reiterate that the results
were obtained for a 2D setting and, that future 3D studies may unravel more complex structural effects.

After an injury, the folding/unfolding or straining of the skin furrows may play an important role during the scar
formation process by controlling the mechanical environment around a wound (Wong et al., 2012). This environment
has been clinically shown to be of the utmost importance for conditioning scar tissue formation (Longaker et al.,
2011). Using an external device to mechanically shield a wound, Longaker et al. (2011) showed that creating a
mechanical equilibrium state around the wound would in turn lead to homeostasis (biological equilibrium), effectively
inhibiting the production of new scar tissue with undesirable structural and mechanical characteristics (e.g. fibrosis).
There is evidence that mechanical tension can induce phenotypic alteration in fibroblasts during wound healing under
the form of altered collagen network characteristics (Dunn et al., 1985). These effects lead to hypertrophic scar tissue
formation where the new tissue features a reduced extensibility rather than an increased stiffness. Compared to
normal skin, scar tissue loses the uncrimping phase of the typical J-shape of the tensile stress-strain curve (Fung,
1981). Recently, using a 3D in vitro tissue engineered model, Suarez et al. (2014) demonstrated that skin tension up-
regulates tension-related gene expression in keloid fibroblasts thus confirming the role of mechanics as a regulator of
the scarring process.

There have been few computational studies in the literature examining the mechanical or chemo-bio-mechanical
environment around a wound or skin suture. In a recent computational study examining the mechanics of local skin
flaps after tissue expansion, Tepole et al. (2014b) suggested a direct correlation between regions of maximum stress
and tissue necrosis. Their model considered the skin as a mono-layer transversely isotropic hyperelastic structure.
Cerda (2005) developed a mechanical model of wound contraction in skin with special focus on wrinkles induced by
the existence of residual tension in the skin. To analyse stress and displacement distributions produced by different
wound shapes and suture patterns, (Chaudhry et al., 1998) established a 2D mathematical model of the skin. Skin was
assumed to be a linear orthotropic elastic material. Following a similar motivation, Flynn (2010) developed a series of
finite element models featuring different types of wound shapes and compared the distribution and magnitude of
stress. The skin was modelled as an orthotropic hyperelastic material (Bischoff et al., 2002).

In all these numerical studies the skin was assumed to be either a 2D or 3D homogeneous structure. There was no
account of realistic anatomical skin topography or geometry of the stratum corneum, living epidermis and dermis.
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It is often assumed that the collagen-rich dermis is the main mechanical contributor to the macroscopic response of
the skin, particularly under finite extension. However, under surface loads or loads applied in the upper strata of the
skin like in the present study, there is a complex mechanical interplay between these layers. If one considers these
purely mechanical phenomena in combination with the presence of a wound it is straightforward to anticipate that
the coupled mechanobiological processes involved in epidermal and dermal wound healing (Vodovotz et al., 2008)
would be affected by the microstructural response of the skin. In the light of the computational results obtained in the
present study, it is suggested that past computational studies should be revisited by incorporating anatomical
geometries into skin models, ideally in 3D, in order to provide additional insight.

5 Conclusion

The study presented in this paper has introduced a 2D image-based finite element modelling approach, with special
emphasis on anatomical realism, to study the microstructural and mechanical interplay of the stratum corneum, viable
epidermis and dermis layers of the human skin under simulated in-plane compression and extension. The hybrid
experimental-computational methodology has proven to be robust and has offered valuable insights into the
simulated 2D mechanics of the skin, and that of the stratum corneum in particular, by providing qualitative and
quantitative information on strain magnitude and distribution. The implications of this study are many-fold across a
wide range of sectors where simulating the mechanics of the skin is relevant, particularly in biomedical, consumer
goods, cosmetics, sport equipment and computer graphics. Based on 2D finite element simulations, it appears that the
geometry of the skin layers (together with their material properties) could play a significant role in controlling the
local mechanical environment at the surface and within the skin.

The series of finite element analyses has highlighted and quantified the following key points

=  Through a complex non-linear interplay, the geometry and mechanical characteristics of the skin layers (and
their relative balance), play a critical role in conditioning the 2D skin mechanical response to macroscopic in-
plane compression and extension. Topographical features of the skin surface such as furrows were shown to
offer an effective means to deflect, convert and redistribute strain—and so stress—within the stratum
corneum, viable epidermis and dermis. This is achieved through geometrical features and structural effects
that energetically favour certain deformation modes like bending. A corollary consequence of these
phenomena is that strains can be amplified or reduced in certain locations of the skin structure. This confirms
the work hypothesis of the present study although these conclusions are based on a 2D approach and it is
therefore important to exercise caution in the interpretation of the results, particularly with regards to the
real 3D characteristics of the human skin (e.g. material and structural properties as well as residual tension
lines). Extension of the model to 3D is likely to highlight comparable structural effects in terms of
deformation mechanisms (i.e. local modulation of macroscopic strains) but potentially different in terms of
spatial distributions and orientations. Future studies should investigate these questions.

= Despite the small thickness of the stratum corneum, its Young’s modulus has a significant effect not only on
the magnitude and directions of the strains it experiences but also on those of the underlying layers. This
effect is reflected in the deformed shape of the 2D skin surface in simulated compression and extension and
is intrinsically linked to the rather complex geometrical characteristics of each skin layer. Moreover, if the
Young’s modulus of the viable epidermis is assumed to be reduced by a factor 12, the area of skin folding is
likely to increase under skin compression. These results should be considered in the light of published
computational models of the skin which, up to now, have ignored these characteristics.

= Stiffening of the stratum corneum, for example, as a result of a dryer environment, has consequences not
only for its own mechanical response but also for the underlying viable epidermis and dermis because of the
intimate mutual structural relations between these layers.
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epidermis, D - dermis). Parameter values which were not in the original paper reference and that were derived for our study [e.g.
calculation of neo-Hookean parameters from Young’s modulus and Poisson’s ratio and vice-versa, see equation (2)] are indicated in
bold characters. The parameter D, is related to the bulk modulus s as D, =2 / K, .

Linear elastic

Neo-Hookean

Layer [ 1 Test Reference
c,. (MPa D (MPa
s o (MPa) D (MPa
Human skin, ex vivo
SC 0.60 0.3t . 7
0.115 4.000 indentation (Geerligs et al., 2011)
Human skin, ex vivo
+ ,
1.20 03 0.231 2.000 indentation (Geerligs et al., 2011)
6.00 0.50 1.003 0.010 FE model (Magnenat-Thalmann et al,
2002)
8.87 0.3t 1.706 0.271 Murine skin, tensile test (Delalleau, 2007)#
10.00 0.30 1.923 0.240 FE model (Lévéque & Audoly, 2013) "
(Magnenat-Thalmann et al.,
12.00 0.50 2.007 0.005 FE model 2002) §
13.50 0.3t 2.596 0.178 Human skin, ex vivo out of (Wu, van Osdol, & Dauskardt,
plane test 2006)
13.00 0.31 2.500 0.185 Human skin, in vivo (Delalleau, 2007)+°
Human skin, in vivo sonic
+ ,
>7.80 03 11.115 0.042 propagation (Delalleau, 2007)3°
Human skin, in vivo
+ )
100.00 03 19.231 0.024 indentation (Delalleau, 2007)#*
Human skin, in-plane tensile
+ )
175.30 0.3 33.712 0.014 tost (Wu et al,, 2006)
240.00 0.48 40.535 1010.000 Porcine skin, rheological test (Flynn & McCormack, 2009) +°
Human skin, in vivo
+ )
1000.00 03 192.30% gro2 indentation (Delalleau, 2007)#°
Human skin, in vivo suction (Hendriks, Brokken, Oomens
+ ) ) ) )
VE 0.00 0.3 0.000 4195.804 tost Bader, & Baaijens, 2006)
0.05 0.30 0.010 48.000 FE model (Lévéque & Audoly, 2013) 3"
0.05 0.50 0.008 1.200 FE model (Magnenat-Thalmann et al,
2002)
(Magnenat-Thalmann et al.,
0.05 0.50 0.008 1.200 FE model 2002) §
Human skin, ex vivo
+ ,
0.60 03 0.115 4.000 indentation (Geerligs et al., 2011)
Human skin, in vivo
+ ,
7.80 03 1.500 0.308 indentation (Delalleau, 2007)#
Human skin, in vivo
+ ,
D 0.01 03 0.001 480.000 indentation (Delalleau, 2007)3%
0.60 0.30 0.115 4.000 FE model (Lévéque & Audoly, 2013) "
0.60 0.50 0.100 0.100 FE model (Magnenat-Thalmann et al.
2002)
0.83 0.3F 0.160 2.885 Human skin, suction test (Hendriks et al., 2006)
(Magnenat-Thalmann et al.,
1.00 0.50 0.167 0.060 FE model 2002) §
1.61 0.3t 0.310 1.489 Human skin, in vivo

indentation

(Delalleau, 2007)#

§ Values for aged skin. T Estimated value.

¥ Originally published by:
a - Papir et al. (1975)
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b - Pannisset et al. (1994)

c - Dahlgren (1984).

d - Pailler-Mattei and Zahouani (2004)
e - Park (1972).

f- Tran et al. (2005)

g - Lanir et al. (1990)

h - Serup et al. (1995).

Table 2. Design of computational experiment. Mechanical properties of the skin layers implemented in the eight cases/finite
element models considered in this study.

Analyses Stratum corneum Living Epidermis Dermis
E (MPa) v E (MPa) v E (MPa) v
A B
Al B1 0.6 0.3 0.6 0.05 | 0.3 0.6 0.3
A2 B2 370 0.3 0.6 0.05 | 0.3 0.6 0.3
A3 B3 0.6 0.45 0.6 0.05 | 0.3 0.6 0.3
A4 B4 370 0.45 0.6 0.05 | 0.3 0.6 0.3

Table 3. Fitting function parameters obtained from the logarithmic regression of the furrow depth-strain PVR data. Quality of the
correlation is indicated by the coefficient of determination R%.

Analysis type Case m b R’

Compression Al 14.06 78.94 0.87
A2 2.52 13.38 0.86
B1 16.28 77.51 0.91
B2 1.60 8.33 0.69

Extension Al 194.19 794.40 | 0.81
A2 6.70 31.59 0.91
Bl 53.00 226.33 | 0.85
B2 491 22.94 0.93
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Stratum corneum Viable epidermis Dermis

Figure 1. Histological section of human middle back skin, haematoxylin and eosin stained, showing several skin furrows. The
stratum corneum (SC), viable epidermis (VE) and dermis (D) are clearly visible.

21



Figure 2. Two-dimensional finite element mesh of the skin histological section with zoomed-in view at the top. For sake of clarity,
the edges of the finite elements constituting the stratum corneum and viable epidermis are not displayed in the bottom picture.
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Figure 3. lllustration of the image-based finite element model generation process from histology, image segmentation and mesh
generation.
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Figure 4. lllustration of the macroscopic loading condition of skin for the compression case (indicated by blue arrows). Vertical

displacements are fixed at y = 0 and horizontal displacements are fixed at x = 0. The transparent overlay corresponds to the
deformed 2D skin structure after 20+1% deformation.
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Figure 5. Topographic features of the anatomical multi-layer skin model. These region of interest were selected according to their
geometrical characteristics and the magnitude of principal strains for case A1 and A2: (a) in compression (A1) and (b) in extension
(A2). These features, which were identified by the letters A-L (omitting letter 1), distinguish areas with high strain peaks (skin
furrows) from those with small peak strains (crests); (c) plot of the finite elements’ centroids in the stratum corneum (SC, plum
colour), viable epidermis (VE, purple) and dermis (DE, pink). The horizontal lines indicate the mean value of the location of the layer
interfaces.
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Figure 6. Colour plot of minimum principal strains in the skin for analysis cases A1, A2, A3 and A4 (ELE =E =0.6MPa and
v =v, =03 ) under simulated compression.
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Figure 7. Colour plot of minimum principal strainsin the skin for analysis cases B1, B2, B3 and B4 (£ = 0.05MPa, E = 0.6 MPa
and v, =v, =03 ) under simulated compression.
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Figure 8. Colour plot of maximum principal strains in the skin for analysis cases A1, A2, A3 and A4 (ELE =E =0.6MPa and
v, =v, =03 ) under simulated extension.
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Figure 9. Colour plot of maximum principal strains in the skin for analysis cases B1, B2, B3 and B4 (ELE =0.05MPa, E = 0.6MPa
and v, =v, =03 ) under simulated extension.
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Figure 10. Bar chart representing local median minimum principal strain (LMS) values in the stratum corneum at each characteristic
skin topographic zone (A, B, C, D, E, F, G, H, J, K and L, Figure 5) for cases A1, A2, A3 and A4 (in compression). The horizontal lines
correspond to the global median principal strain values (GMS) of the whole stratum corneum (GMS).
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Figure 11. Bar chart representing local median minimum principal strain (LMS) values in the stratum corneum at each characteristic
skin topographic zone (A, B, C, D, E, F, G, H, J, K and L, Figure 5) for cases B1, B2, B3 and B4 (in compression). The horizontal lines
correspond to the global median principal strain values (GMS) of the whole stratum corneum (GMS).
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Figure 12. Bar chart representing local median maximum principal strain (LMS) values in the stratum corneum at each
characteristic skin topographic zone (A, B, C, D, E, F, G, H, J, Kand L, Figure 5) for cases A1, A2, A3 and A4 (in extension). The
horizontal lines correspond to the global median principal strain values (GMS) of the whole stratum corneum (GMS).
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Figure 13. Bar chart representing local median maximum principal strain (LMS) values in the stratum corneum at each
characteristic skin topographic zone (A, B, C, D, E, F, G, H, J, Kand L, Figure 5) for cases B1, B2, B3 and B4 (in extension). The
horizontal lines correspond to the global median principal strain values (GMS) of the whole stratum corneum (GMS).

27



Esc= 0.6 MPa; Vgc = 0.3

Case Al (E\ = 0.6 MPa) Case B1 (Ey¢ = 0.05 MPa)
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Figure 14. Box plot representing the minimum principal strains distributions in the stratum corneum across the different
topographic features of the skin (zone A to L, Figure 5) under compression. Minimum principal strains are presented for cases Al
(where the viable epidermis and dermis share the same mechanical properties) and B1 (where the viable epidermis is 12 times
softer than the dermis).
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Figure 15. Box plot representing the minimum principal strains distributions in the stratum corneum across the different
topographic features of the skin (zone A to L, Figure 5) under compression. Minimum principal strains are presented for cases A2
(where the viable epidermis and dermis share the same mechanical properties) and B2 (where the viable epidermis is 12 times
softer than the dermis).
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Esc= 0.6 MPa; Vgc = 0.3

Case Al (Ey¢ = 0.6 MPa) Case B1 (Eye = 0.05 MPa)
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Figure 16. Box plot representing the minimum principal strains distributions in the stratum corneum across the different
topographic features of the skin (zone A to L, Figure 5) under extension. Minimum principal strains are presented for cases Al
(where the viable epidermis and dermis share the same mechanical properties) and B1 (where the viable epidermis is 12 times
softer than the dermis).
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Figure 17. Box plot representing the minimum principal strains distributions in the stratum corneum across the different
topographic features of the skin (zone A to L, Figure 5) under compression. Minimum principal strains are presented for cases A2
(where the viable epidermis and dermis share the same mechanical properties) and B2 (where the viable epidermis is 12 times
softer than the dermis).
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Esc= 0.6 to 370 MPa; Vgc = 0.3
Case A2/A1 (Eye= 0.6 MPa) Case B2/B1 (Eye = 0.05 MPa)
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Figure 18. Box plot representing the distribution of ratio of minimum principal strains from analysis A2 (ESC = 370 MPa, v = 0.3)
over those of analysis A1 (ESC = 0.6 MPa, v = 0.3) in the stratum corneum across the different topographic features of the skin (zone
Ato L, Figure 6) under compression. The same ratio of strains from analysis B2 over those of analysis B1 when the Young’s modulus
of the viable epidermis is 0.05 MPa is also plotted. The values between 0 and 1 (grey lines) represent a reduction in principal strains
while the values higher than one represent amplification. The blue horizontal line indicates the median value of the ratio obtained
for all the elements of the stratum corneum in the skin model (i.e. the general median strain ratio, GMS ratio).

Minimum principal strains are presented for cases A2 (where the viable epidermis and dermis share the same
mechanical properties) and B2 (where the viable epidermis is 12 times softer than the dermis).

Esc=0.6to 370 MPa; vsc = 0.3
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Figure 19. Box plot representing the distribution of ratio of minimum principal strains from analysis A2 (ESC = 370 MPa, v =0.3)
over those of analysis A1 (ESC = 0.6 MPa, v = 0.3) in the stratum corneum across the different topographic features of the skin (zone
Ato L, Figure 6) under extension. The same ratio of strains from analysis B2 over those of analysis B1 when the Young’s modulus of
the viable epidermis is 0.05 MPa is also plotted. The values between 0 and 1 (grey lines) represent a reduction in principal strains
while the values higher than one represent amplification. The blue horizontal line indicates the median value of the ratio obtained
for all the elements of the stratum corneum in the skin model (i.e. the general median strain ratio, GMS ratio).
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Figure 20. Schematic illustrating the characteristic dimensions of a skin furrow (depth and width). By selecting three points defining
the location of the furrow edges (P1, P3) and the deepest point (P2) of the furrow (blue crosses), the width was determined by the
horizontal distance between P1 and P3, and the depth as the distance between the midpoint between P1 and P3 and P2.
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Figure 21. Plot representing the regression analysis between furrow depth and the principal strain peak value range (PVR)

experienced by the stratum corneum layer under compression (left) and extension (right). The continuous lines represent the best
fit using a logarithmic regression.
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Figure 22. Ratio of minimum principal strains in each skin layer (SC — stratum corneum, VE — viable epidermis, DE - dermis) over the
macroscopic strain applied to the skin composite model (expressed in %) for the compression case. The dashed line indicates the

limit between strain amplification (> 100 %) and strain reduction (< 100 %).
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Figure 23. Ratio of minimum principal strains in each skin layer (SC — stratum corneum, VE — viable epidermis, DE - dermis) over the
macroscopic strain applied to the skin composite model (expressed in %) for the extension case. The dashed line indicates the limit
between strain amplification (> 100 %) and strain reduction (< 100 %).
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