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Abstract
The skin is the largest organ in the human body and serves various functions, including mechanical protection and mecha-
nosensation. Yet, even though skin’s biomechanics are attributed to two main layers—epidermis and dermis—computational 
models have often treated this tissue as a thin homogeneous material or, when considering multiple layers, have ignored the 
most prominent heterogeneities of skin seen at the mesoscale. Here, we create finite element models of representative volume 
elements (RVEs) of skin, including the three-dimensional variation of the interface between the epidermis and dermis as well 
as considering the presence of hair follicles. The sinusoidal interface, which approximates the anatomical features known 
as Rete ridges, does not affect the homogenized mechanical response of the RVE but contributes to stress concentration, 
particularly at the valleys of the Rete ridges. The stress profile is three-dimensional due to the skin’s anisotropy, leading to 
high-stress bands connecting the valleys of the Rete ridges through one type of saddle point. The peaks of the Rete ridges 
and the other class of saddle points of the sinusoidal surface form a second set of low-stress bands under equi-biaxial load-
ing. Another prominent feature of the heterogeneous stress pattern is a switch in the stress jump across the interface, which 
becomes lower with respect to the flat interface at increasing deformations. These features are seen in both tension and shear 
loading. The RVE with the hair follicle showed strains concentrating at the epidermis adjacent to the hair follicle, the epithe-
lial tissue surrounding the hair right below the epidermis, and the bulb or base region of the hair follicle. The regions of strain 
concentration near the hair follicle in equi-biaxial and shear loading align with the presence of distinct mechanoreceptors 
in the skin, except for the bulb or base region. This study highlights the importance of skin heterogeneities, particularly its 
potential mechanophysiological role in the sense of touch and the prevention of skin delamination.

Keywords  Mechanosensation · Skin biomechanics · Representative volume element · Multiscale tissue mechanics · 
Interface mechanics · Hair follicle biomechanics

1  Introduction

Understanding and correctly simulating human skin’s 
mechanical properties is crucial to improving a wide range 
of medical applications and gaining fundamental knowledge 
of skin mechanophysiology. For example, skin’s mechanical 
behavior can influence pressure ulcer development (Bouten 

et al. 2003), skin growth in tissue expansion (Janes et al. 
2020), drug delivery with auto-injector devices (Sree et al. 
2023), and interaction with prostheses (Logozzo et al. 2022). 
The mechanical behavior of skin has been characterized pri-
marily as a whole tissue (on the scale of mm to cm) (Meador 
et al. 2020; Limbert 2017). However, skin is a multi-layered 
organ with heterogeneous composition and microstructure 
(on the scale of μm to mm). The individual layer properties 
and their interaction contribute to the unique mechanics of 
skin at the macroscale (Yazdi and Baqersad 2022). Even 
though recent efforts have acknowledged the effect of con-
sidering multiple layers for an accurate understanding of 
skin’s mechanical behavior, existing models still ignore the 
intricate interface geometry between layers and the presence 
of skin appendages (Sachs et al. 2021; Zhao et al. 2020; 
Flynn and McCormack 2010).
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The epidermis is the top layer of the skin. It is an epi-
thelial layer and is, thus, mostly made from cells called 
keratinocytes. The epidermis plays a role in the overall 
skin mechanical properties primarily at small tensile defor-
mations, during compression, and in the contact mechan-
ics against other surfaces (Gerhardt et al. 2008; Amaied 
et al. 2015). It is also an essential component of the tactile 
sense (Zimmerman et al. 2014). Several nerve endings and 
appendages are embedded in the epidermis, such as Mer-
kel cells and Meissner's corpuscles, which are known for 
their role in the sense of touch (Zimmerman et al. 2014). 
The dermis is the middle layer of the skin. It is the major 
load-bearing layer at larger tensile stretches because of its 
collagen network (Meador et al. 2020; Lynch et al. 2017; 
Pissarenko and Meyers 2020). The hypodermis is the bottom 
layer. It is a soft tissue that connects the dermis to the under-
lying muscle tissue. The hypodermis or subcutaneous tissue 
is important during compression and for its role in trans-
port during subcutaneous drug delivery (Sree et al. 2023). 
This study focuses on the epidermis and dermis layers and 
their role in skin biomechanics under tension and shear. In 
addition to each layer’s unique composition and structure, 
we specifically model the wavy surface between the dermis 
and epidermis. That is, we model the array of sinusoidal-
like peaks and valleys at the dermis–epidermis interface, 
so-called Rete ridges (Shen et al. 2022). Skin properties do 
not only differ through thickness but also with anatomical 
location. Therein, we can differentiate between two main 
types of skin, glabrous skin, and hairy skin (McGrath et al. 
2004). As the name indicates, hairy skin contains hair folli-
cles, while glabrous skin lacks hair. Hairy skin varies further 
in the geometry of its hair follicles and their density, e.g., the 
scalp versus the rest of the body (Whitting et al. 2008; Buf-
foli et al. 2014; Vogt et al. 2007). The glabrous skin is found 
in the palms of our hands and feet. Here, we create a detailed 
three-dimensional (3D) skin model including a general sine 
wave interface to capture the effect of the Rete ridges on the 
epidermis–dermis interface. Our model also includes hair 
follicles to elucidate their possible role in tactile sensation 
and overall skin properties.

Owing to their different compositions, different skin 
layers have distinct mechanical behavior. The epidermis is 
largely comprised of keratinocyte cells. Owing to its small 
thickness, its mechanics have been measured primarily via 
indentation (Geerligs et al. 2011; Kendall et al. 2007). To 
this end, inverse finite element models have been created to 
infer individual layer properties from this complex loading 
mode. From these experiments, we know that the epidermis 
behaves isotropically and, while moderately nonlinear, can 
be modeled with hyperelastic potentials such as the Ogden 
and neo-Hookean forms. In contrast with the epidermis, 
the dermis is comprised largely of collagen and elastin (Jor 
et al. 2013). At low stretches, it is very soft, and mechanical 

properties can be attributed mostly to elastin (Lanir 1983). 
As the tissue is stretched, collagen fibers uncrimp and 
exhibit an exponential-like strain stiffening (Chen et al. 
2020). Additionally, the dermis tissue is anisotropic, with 
its axes of symmetry depending on where the tissue was 
excised from as best described in the so-called Langer lines 
(Annaidh et al. 2012). Models of dermal biomechanics have 
been calibrated against either tensile test data of whole tis-
sue or individual layers, or against inverse finite element 
models based on indentation and suction measurements 
(Tonge et al. 2013; Müller et al. 2018). The most popular 
hyperelastic potentials to describe dermal mechanics have 
been the Holzapfel, Ogden, and Gasser (HGO) potentials 
(Meador et al. 2020).

Using the above information about the different mechani-
cal behaviors of individual layers, interface geometry, and 
hair follicle geometry, we create a representative mesoscale 
volume element (RVE) of skin on the order of 0.2 mm3 with 
features on the order of 100 μm. We test this model under 
tension and shear configurations. The study is thus designed 
to shed light on how the strain and stress distribution in the 
skin are affected by the interface and appendage geometries. 
This study thus fills the gap in our understanding of how 
heterogeneities in skin tissue impact its mechanical behav-
ior at larger scales, and conversely, how large-scale defor-
mations translate into stress and strain concentrations that 
might be the key to understanding skin mechanosensing and 
mechanobiology.

2 � Methods

To study the mechanics of skin at the mesoscale, we created 
a representative volume element (RVE) that features an epi-
dermis and dermis layer, a sinusoidal interface between both 
layers, and also includes hair follicles. Further, we deform 
this model under both stretch and shear to elucidate the role 
of anisotropy, material properties, and interface parameters.

2.1 � Finite element model

The RVE model consists of the two skin layers that majorly 
contribute to skin’s mechanical and mechanobiological 
response under tension and shear: the epidermis and the 
dermis (Fig. 1a). The epidermis was assigned an average 
thickness of 0.1 mm. The dermis was modeled as 0.9-mm 
thick on average. The width and length of the model was set 
to 0.4002 mm in order to achieve periodicity of the RVE. 
The sine wave interface was modeled with the equation

(1)z = A(sin(B x) + sin(B y)) ,
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where A is the amplitude, and B is the period. For the base-
line model, A = 0.015mm, B = 78.5 1∕mm determined 
by measuring the vertical and horizontal distance between 
peaks and valleys of Rete ridges on skin histology images 
in ImageJ (Fig. 1b, see also Supplemental Material). Sev-
eral variations of this model were created. One model was 
assigned equal thickness to epidermis and dermis layers in 
order to investigate the contribution of the different materi-
als to the homogenized response while ignoring the role of 
volume fraction of each layer. A set of five models were gen-
erated by changing the A and B values of the sine interface, 
described below. The last finite element model was created 
with a hair follicle and surrounding epithelium at the center 
of the standard skin model containing the epidermis and 
dermis. The hair follicle geometry was based on average 
anatomical measures reported in Vogt et al. (2007) as well as 
using a histology images of a hair follicle in Whitting et al. 
(2008) (Fig. 1c, see also Supplemental Material).

To compare the finite element model against analytical 
approximations, we considered an ideal model with a flat 

interface solved using the rule of mixtures (Fig. 1d) and a 
semi-analytical model solved by considering a composite 
with three different arrangements of material strips loaded 
in parallel. The three strips were either homogeneously made 
out of epidermis or dermis material, or an alternating pat-
tern of epidermis and dermis (Fig. 1e). RVE meshes of the 
analytical models were also built for verification of the finite 
element simulation setup.

All of the simulations were conducted using Abaqus 
Standard. For the baseline model (Fig. 1a), we identified 
a mesh of 195704 hexahedral hybrid elements C3D8H and 
tetrahedral elements C3D6H as converged with regards 
to element size. For the hair follicle RVE, we found that 
202074 C3D10H and C3D10 elements were necessary for 
convergence of the solution with respect to the element 
size. To correctly approximate the homogenized material 
response, periodic boundary conditions (PBC) were imposed 
as linear constraints between corresponding nodes on oppo-
site faces. The periodic displacement boundary conditions 
were applied on all the side faces, i.e., the faces containing 

Fig. 1   Representative volume elements (RVE) of skin. a Histology 
image from porcine skin, with epidermis at the top and dermis at the 
bottom. b Histology measurements of epidermis thickness were used 
to create a finite element model of a skin RVE with a sinusoidal inter-

face between the epidermis and dermis. c RVE with a hair follicle. d 
Flat interface model used for the analytical results based on the rules 
of mixtures. e Modified interface used for the semi-analytical results
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vectors parallel to the z axis. For the faces orthogonal to the 
z-axis, fixed displacement uz = 0 was imposed at the bottom 
boundary and traction-free boundary conditions at the top 
boundary. These boundary conditions are justified because 
the RVE can extend periodically in the x − y plane to cover 
a large skin surface, the bottom of the dermis is attached to 
the adipose and muscle tissue, and the top of the epidermis 
is exposed to the environment and thus traction-free. For the 
hair follicle simulations, we did not apply periodic boundary 
conditions as the mesh did not allow us to identify a bijective 
map between nodes on opposite faces. For the hair follicle 
geometry, Dirichlet boundary conditions were imposed on 
the lateral faces of the RVE, fixed z displacement at the bot-
tom, and traction-free at the top.

The baseline RVE was deformed in str ip-x 
( �x ∈ [1, 1.5], �y = 1 ), strip-y ( �y ∶∈ [1, 1.5], �x = 1 ), and 
equi-biaxial deformation ( �x ∶ �y = 1 ∶ 1 up to �x = 1.5 ). 
Shear simulations were also performed on this model by 
displacing the top surface in the x-direction by usx = 0.2 mm. 
The RVE with equal epidermis–dermis thickness and the 
RVEs with varying amplitude and period of the sine inter-
face were subjected only to equi-biaxial deformation. The 
hair follicle model was subjected to both equi-biaxial and 
shear deformations.

To obtain the homogenized properties from the RVEs, 
reaction forces on the boundary faces were integrated 
and divided by the corresponding area. The homogenized 
stresses for each deformation are denoted as �h . Addition-
ally, we were interested in the absolute value of the stress 
jump across the epidermis–dermis interface denoted as [[�]].

2.2 � Analytical model

Two simple models were used to estimate the homogenized 
properties of the skin tissue. The first was the rule of mix-
tures, which simply considers the additive split of the strain 
energy (or the stress tensor) based on the initial volume frac-
tion of each material

where Wh is the homogenized strain energy, while WE,WD 
are the strain energies describing the material response of 
epidermis and dermis, respectively. This approach assumes 
that both domains are subject to the same deformation gra-
dient F . The homogenized response is then a convex inter-
polation between the response of either material in terms of 
the volume fraction of epidermis and dermis �E,�D , which 
satisfy �E + �D = 1 . For example, for the case of strip-x 
biaxial deformation and assuming incompressible behavior 
( J = detF = 1 ), �x = � ∈ [1, 1.5], �y = 1, �z = 1∕� , and the 
stress of the mixture in the x-direction follows as

(2)Wh(F) = �EWE(F) + �DWD(F)

where the Lagrange multiplier p can be determined via the 
plane stress condition. The specific material models for epi-
dermis and dermis are detailed later.

For the second analytical approach, we considered the 
three strips in Fig. 1e. Under strip-x biaxial loading, the 
stress in the x-direction in the top and bottom strips, S1 and 
S3 , is that of a uniform material made out of either dermis 
or epidermis,

where pE and pD are Lagrange multipliers to enforce incom-
pressible behavior of either dermis or epidermis layers. The 
middle strip S2 can be seen as springs in series made out of 
either dermis or epidermis materials. In accordance with 
Newton’s third law, the stress has to be fully transferred 
across the dermis and epidermis domains such that

Equation (6) has to be solved for �E,S2, �D,S2 with the addi-
tional constraint that (�E,S2 + �D,S2)∕2 = � . The solution 
of these two equations does not necessarily have a simple 
closed-form solution, depending on the material mod-
els WE,WD . In practice, we solve the system of equations 
numerically with Newton–Raphson iterations. The homog-
enized response becomes

2.3 � Constitutive equations

The epidermis and epithelium surrounding the hair follicle 
were modeled using the nearly incompressible Ogden mate-
rial model (Groves et al. 2012),

where 𝜆̄i = J−1∕3𝜆i is the isochoric principal stretches, 
�i being the principal stretches of the deformation, and 
J = �1�2�3 is the volume change. The Ogden model is 
parameterized by �,�E,DE . Note that for the analytical cal-
culations, the incompressibility assumption was enforced 

(3)�h(�) = �E�
�WE(�)

��
+ �D�

�WD(�)

��
+ p,

(4)�S1 = �E(�) = �
�WE(�)

��
+ pE

(5)�S3 = �D(�) = �
�WD(�)

��
+ pD ,

(6)
�S2 = �E,S2 = �D,S2 = �E,S2

�WE(�E,S2)

��E,S2
+ pE,S2

= �D,S2

�WD(�D,S2)

��D,S2
+ pD,S2 .

(7)�h(�) = a1�S1 + (a2 − a1)�S2 + (1 − a1)�S3 .

(8)

W(𝜆̄1, 𝜆̄2, 𝜆̄3, J) =
𝜇E

𝛼2
(𝜆̄𝛼

1
+ 𝜆̄𝛼

2
+ 𝜆̄𝛼

3
− 3) + D−1

E
(J − 1)2 ,
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exactly while nearly incompressible behavior was used in 
the finite element simulations.

The dermis  was  modeled us ing the  Gas-
ser–Ogden–Holzapfel (GOH) model, and it was assumed 
nearly incompressible (Ní Annaidh et al. 2012). The strain 
energy function for the nearly incompressible GOH model 
reads

where I1 = tr(C) and I4 = a0 ⋅ C ⋅ a0 are invariants of the 
Cauchy Green deformation tensor, and �D, k1, k2, �,DD are 
material parameters. We directly set DD = 0 to denote the 
incompressible response in Abaqus. The first invariant is 
standard in hyperelastic material models, while the other 
invariant depends on the choice of an anisotropy direction 
a0 . In our simulations, we set a0 to be aligned with the x-axis.

The hair follicle was modeled using the compressible iso-
tropic neo-Hookean model (Hu et al. 2010),

parameterized by �H ,DH . The material parameters used in 
Abaqus for the material models are shown in Tables 1, 2, 
and 3.

(9)
W =

�
D

2
(I
1
− 3) +

k
1

2k
2

(

e
k
2
[�I

1
+(1−3�)I

4
−1]2 − 1

)

+D−1
D
(J − 1)2

(10)
W(�1, �2, �3, J) = �H(�

2

1
+ �2

2
+ �2

3
− 3) + D−1

H
(J − 1)2 ,

3 � Results

3.1 � Homogenized properties are dominated 
by the dermis and are independent 
of the interface geometry

In Fig. 2, the homogenized stresses �h
xx

 and �h
yy

 of the RVE 
tested in strip-x, strip-y, and equi-biaxial deformation are 
between the curves corresponding to the analytical models 
of either dermis or epidermis bulk materials. Since the der-
mis is described with the GOH strain energy, the analytical 
response of this material is highly nonlinear, with the clas-
sical J-shaped response at increasing stretches. On the other 
hand, the epidermis, modeled with the Ogden potential, 
shows a more linear response. The RVE, consisting mostly 
of dermis material, shows homogenized response closer to 
the dermis than to the epidermis analytical models.

Because the dermis is modeled as an anisotropic solid in 
accordance with the parameters in Ní Annaidh et al. (2012), 
when tested in strip-x biaxial loading, the dermis stress in 
the direction of anisotropy is much greater compared to the 
epidermis stress 𝜎D

xx
> 𝜎h

xx
> 𝜎E

xx
 , but the dermis stress in 

the y-direction is actually smaller than the epidermis coun-
terpart 𝜎D

yy
< 𝜎h

yy
< 𝜎E

yy
 . In strip-y biaxial loading, which 

does not stretch the fiber family of the dermis, the epidermis 
stresses are greater than dermis stresses in both directions, 
𝜎D
xx
, 𝜎D

yy
< 𝜎h

xx
, 𝜎h

yy
< 𝜎E

xx
, 𝜎E

yy
 . In equi-biaxial loading, similar 

trends to the strip-x case were seen. These results show the 
importance of multi-layer models depending on the type of 
loading applied to the skin.

The homogenized response from the RVE with the sinusoi-
dal interface, a finite element model with a flat interface, and 
the rule of mixtures, all show the same homogenized response 
(Fig. 2). Therefore, the sinusoidal interface does not contribute 
to the homogenized biaxial mechanics of skin. On the other 
hand, there are significant stress variations along the sinusoidal 
interface. For the dermis, stresses in the direction of anisotropy 
�xx are greater in the valleys of the sinusoidal interface (where 
the epidermis is thicker) compared to the peaks (where the 
epidermis is thinner). Furthermore, even though the sinusoidal 
interface has the same periodicity in x and y, for �xx , the higher 
stresses are not just the valleys of the interface, rather, there are 
bands of high stress which are perpendicular to the direction 
of anisotropy (see, for example, �xx in Fig. 2e). For the regions 
of low stress in the dermis, the �xx values are close to the val-
ues observed in the epidermis regions right across the inter-
face. For the epidermis, regions of high and low stress depend 
on the type of loading. For strip-x and equi-biaxial loading, 
regions of high stress are seen in regions of higher epidermis 
thickness (which are the valleys from the perspective of the 
dermis). For the strip-y loading, the stress concentration in the 
epidermis is reversed, with the regions of smaller epidermis 

Table 1   Ogden material parameters for the epidermis (Groves et  al. 
2012)

�
E

� D
E

6.1105 MPa 2.9814 0.0164 MPa−1

Table 2   Gasser–Ogden–Holzapfel material parameters for dermis (Ní 
Annaidh et al. 2012)

�
D

k
1

k
2

� D
D

0.2014 MPa 24.53 MPa 0.1327 MPa 0.14 0 MPa−1

Table 3   Neo-Hookean material 
parameters for the hair follicle 
(Hu et al. 2010)

�
H

D
H

1.57 GPa 0.0003 MPa−1
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thickness having the larger stresses. This is explained by the 
overall trends mentioned before that the dermis is much stiffer 
in the direction of anisotropy compared to the epidermis, but 
the epidermis being stiffer when loaded in the strip-y mode.

3.2 � The sinusoidal interface reduces the average 
stress jump along the interface

Considering the strip-x biaxial loading, the simplified model 
with the three strips loaded in parallel, illustrated in Fig. 1e, 
was solved. Figure 3a left shows the results for this analyti-
cal model. There are three strips but four stress values as 
indicated in Fig. 3a, corresponding to Eqs. (5) and (6). The 
stress is highest on the dermis in the valleys of the sinusoidal 
interface (greater amplitude of epidermis material a = 0.17 
mm) compared to the peaks of the interface (for which the 
epidermis amplitude was a = 0.03 mm). The lowest stress 
was experienced in the epidermis side at the valleys of the 
interface. The corresponding stress jumps from the semi-
analytical model are shown in Fig. 3a, on the right. To verify 
these results, a finite element model with the same geom-
etry as illustrated in Fig. 1e was created, and similar results 
were obtained in strip-x loading, shown in Fig. 3b. From this 
analysis, we observed that the stress jump increased with 
stretch and was greater in the valleys ( a = 0.17).

The same trends were also observed in the finite element 
model with the sinusoidal interface, shown in Fig. 3c. Under 
strip-x biaxial loading, the interface location corresponding 
to valleys in the dermis had a greater stress jump compared 
to the interface at dermis peaks. In the model with the full 
sinusoidal interface, in addition to peaks and valleys, two 
other locations of interest were identified as high saddle and 
low saddle (see also Fig. 1). The high saddle followed the 
trends of the valley, whereas the stress jump across the low 
saddle resembled the response at the dermis peaks. We reit-
erate that peaks from the dermis point of view are regions 
with lower epidermis thickness, and valleys in the dermis 
are those with greater epidermis thickness.

The most interesting result was the comparison of the 
stress jump between the models with the sinusoidal interface 
and the flat interface model. The sinusoidal interface showed 
a lower average stress jump than the model with the flat 
interface. The contour of the stress jump in Fig. 3d shows 
that the stress jump is concentrated along strips that run 
through the entire width of the model, which is why we see 

similar trends between valleys and low saddles and between 
peaks and high saddles. These strips of high-stress jumps are 
oriented orthogonal to the direction of anisotropy which, for 
this example, coincided with the direction of loading in the 
x-direction. These results suggest that even though the sinu-
soidal interface increased stress concentration in both dermis 
and epidermis and did not affect the homogenized response, 
the reduction of the stress jump can have mechanophysi-
ological advantages, e.g., potential impact on delamination 
properties.

3.3 � There is a transition in the load carrying layers 
as a function of deformation

Because the epidermis material is more linear compared 
to the dermis response, we noticed in the simulations of 
Fig. 2 that the epidermis stresses could actually dominate 
the homogenized response at low stretches for which the 
dermis response is soft. In Fig. 2, the more prominent con-
tribution of the epidermis to the homogenized response was 
mostly observed in the stresses orthogonal to the direction of 
anisotropy. However, because of the J-shaped stress–stretch 
curve of the GOH model, we anticipated that even in the 
direction of anisotropy, we would see a dominant role of the 
epidermis depending on the nonlinearity of the GOH model. 
We, therefore, decided to employ an RVE with 50% volume 
of epidermis and dermis and vary the parameter k1 related 
to collagen stiffness in the dermis.

At low collagen stiffness k1 = 10 MPa, there is a transi-
tion in the stress concentration at the interface during equi-
biaxial loading illustrated in Fig. 4. At small deformation, 
the valleys on the side of the dermis interface (greater epi-
dermis thickness) have a small stress compared to the epi-
dermis in both �xx, �yy . This is in contrast with the results of 
Fig. 2. As deformation increases, the behavior qualitatively 
changes and the location of maximum stresses become the 
valleys of the dermis (greater epidermis thickness), similar 
to the results in Fig. 2. Figure 4a shows that at � = 1.25 , 
there is a transition in the distribution of �xx across the inter-
face. Beyond the � = 1.25 stretch, the patterns of Fig. 2 are 
recovered, and the bands of high stress in the valleys of the 
dermis appear. These results suggest that even when loaded 
in the direction of anisotropy, epidermis mechanics con-
tribute to and can dominate the overall tissue mechanical 
behavior at small deformations.
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Fig. 2   RVE simulations show 
stress concentrations, but 
the homogenized behavior is 
independent of the sinusoidal 
interface. The RVE was simu-
lated under strip-x (a), strip-y 
(b), and equi-biaxial loading (c) 
to obtain homogenized stresses 
�h
xx

 and �h
yy

 . The homogenized 
response was obtained from 
RVEs with flat (F) or sinusoidal 
(S) interface and compared 
against the analytical (An) stress 
curves of either bulk material, 
dermis (D), or epidermis (E). 
The homogenized response is 
independent of the interface 
geometry, but the simulations 
show how regions of higher epi-
dermis content (valleys of the 
sinusoidal wave from the per-
spective of the dermis) induce 
larger �xx stresses in the dermis, 
which is the stiffer material in 
that loading direction due to its 
anisotropy
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3.4 � The amplitude of the sinusoidal 
interface affects the stress concentration 
but not the homogenized response

The parameters of the sinusoidal interface were determined 
from analyzing histology images (see Supplemental Mate-
rial). Even though we used the average values, variation in 
the parameters was observed. Further, variability between 

subjects and anatomical location is likely to contribute to 
even more variation on the Rete ridge geometry, which we 
captured as a sinusoidal interface. We thus tested differ-
ent values of the amplitude and period of the parametric 
equation (Eq. 1). The period variation had an expected role, 
distributing the stress differently over the interface but not 
changing the values of the stress at the interface. In other 
words, the period changes are simply corresponding to 

Fig. 3   Stress jumps are smaller 
in the sinusoidal interface 
compared to the flat interface 
between epidermis and dermis. 
a Semi-analytical model from 
Fig. 1e loaded in strip-x. 
Stresses are reported for the dif-
ferent locations along the Rete 
ridges, i.e., different epidermis 
amplitudes ( a = 0.03mm or 
a = 0.17mm ) for either the 
dermis side (D) or the epidermis 
side (E). b Results from a finite 
element model with the same 
geometry as Fig. 1e show the 
same results in strip-x load-
ing, providing confidence in 
the semi-analytical approach. 
c Finite element simulation for 
the RVE with the sinusoidal 
interface shows the variation in 
stress for all locations of inter-
est, as well as the stress jump 
at each of those locations. d 
The absolute value of the stress 
jump is on average higher on 
the flat interface model com-
pared to the sinusoidal interface 
RVE model
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different RVE dimensions but do not change the mechanics 
at the interface, see Fig. 5b.

The amplitude changes, on the other hand, changed the 
values of the stress at the interface, see Fig. 5a. The results 
are further documented in Table 4. In summary, the stress 
increases at the high saddle on the dermis side as the ampli-
tude of the sine wave increased, and the stress decreased on 
the low saddle as the amplitude increased. Despite changes 
in the stress concentration, the homogenized response is 
unaffected by changes in the interface geometry, which was 
expected based on the results of Fig. 2.

3.5 � The stress jump is lower across a sinusoidal 
interface loaded in shear compared to the flat 
interface

The final simulations with the RVE depicted in Fig. 1b were 
the shear simulations in the x- and y-directions. Only the 
results for shear in x are shown in Fig. 6, the other shear 

results are reserved for the Supplemental Material. We were 
interested in the shear stress in the plane of deformation as 
well as the maximum principal stresses. Regions of stress 
concentration remained similar to previous observations 
under biaxial loading. The valleys of the dermis had higher 
stresses.

The jump in principal stress across the interface is plotted 
in Fig. 6. For the flat interface, the jump is computed based 
on the difference between the maximum principal stresses, 
which are aligned with �xx . As the model is loaded in shear, 
the jump in �xx across the flat interface increases nonlinearly. 
In contrast, the stress jump across different key regions in 
the interface all show less magnitude compared to the flat 
interface at larger stretches. On average, the stress jump 
across the sinusoidal interface in shear was only greater than 
the flat interface at small deformation. As the deformation 
increased, the flat interface showed a much greater stress 
jump compared to the RVE model with the sinusoidal inter-
face. Together with the biaxial deformation results, the shear 
simulations also support the role of the sinusoidal interface 

Fig. 4   Stress transition at the interface depends on the nonlinear-
ity of the dermis and epidermis properties. Loaded in equi-biaxial 
deformation, a RVE made out of 50% dermis and 50% epidermis 
material and with low collagen stiffness k1 = 10 MPa shows that 
there can be a complete switch in the stress concentration pattern at 
the interface because the epidermis can be stiffer at low deformations 
compared to the dermis. The analytical response of either dermis or 

epidermis (An-D and An-E, respectively) is plotted together with the 
homogenized RVE response for �xx (a) and �yy (b). Due to the high 
nonlinearity of the dermis model, eventually this material dominates 
the homogenized response and shows band of high stress for regions 
with high epidermis content (valleys of the sinousoidal wave from the 
perspective of the dermis). The transition is more evident in �xx com-
pared to �yy
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in reducing the stress jump across the epidermis and dermis 
in a nonlinear fashion as a function of deformation.

3.6 � Hair follicles induce strain concentration 
at the bulge and bulb regions

Under equi-biaxial loading, the RVEs with the hair follicle 
showed that the largest strains are concentrated around the 
hair follicle (Fig. 7). For a notation of the different regions 
of the hair follicle please refer to the Supplementary Fig-
ure. The bottom of the hair follicle is called the bulb. It is a 

hollow spherical region of epithelial tissue surrounded by 
the dermis. The bulb region shows increasing strains as a 
function of equi-biaxial deformation, with a clear region of 
high strain at stretches ≥ 1.18 . The strains in the sinusoidal 
interface are low compared to the strains in the epithelial 
tissue surrounding the hair follicle. Interestingly, as the skin 
is biaxially stretched and the thickness reduced, the hair fol-
licle shows a slight relative displacement with respect to 
the skin surface because the hair follicle is much stiffer and 
oriented perpendicular to the stretching of the skin.

Shear simulations showed an even more prominent role 
for the hair follicle. Even though the �xz stresses do not 
show a particular spatial distribution, the principal strain 
reveals two regions of strain concentration. Once again, the 
two regions of high strain were located in distinct anatomi-
cal regions, the bulb at the base and the bulge region near 
the epidermis–dermis interface adjacent to the hair follicle. 
For the bulge, the strain concentration is at the transition 
between the spherical region and the epithelium covering 
the shaft of the hair, whereas the strain concentration near 
the bulge region occurred toward the opposite side.

Fig. 5   Amplitude but not period variations change the magnitude 
of the stress concentration. Under biaxial deformation, amplitude 
increases lead to higher and lower stresses at key interface locations 
(a), whereas the period redistributes the stress but without change 

in the magnitude of the stress concentration (b). The homogenized 
response is unchanged by either amplitude (c) of period (d) variations 
as expected. Higher stresses occur at the valley and high saddle com-
pared to the peak and load saddle points (e)

Table 4   Stress values at various locations along the interface for 
amplitude variation a in mm

Location a = 0.0075 a = 0.015 a = 0.022

Valley 61.02 (4.05) 62.34 (0.41) 60.22 (0.32)
High saddle 61.38 (4.44) 66.56 (1.21) 72.80 (0.94)
Peak 20.53 (1.56) 14.11 (0.20) 14.50 (0.23)
Low saddle 21.87 (1.68) 13.66 (0.22) 10.69 (0.25)
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4 � Discussion

In this study, we showed that the sinusoidal epider-
mal–dermal interface contributes to the concentration of 
stress between both layers, which could have an impact on 
skin mechanophysiology. We observed that the homogenized 
response was independent of the interface geometry, but that 
this interface shape led to stress and strain concentrations 
at particular locations. Even though it increased the stress 
concentrations, the sinusoidal interface led to smaller stress 
jumps across the interface under both biaxial and shear load-
ing. The biomechanics of the model with the hair follicle 
showed even more intricate distribution of the stress and 
deformation of the skin RVE. In particular, deformation was 
localized to the region of the epithelium surrounding the hair 
follicle right below the epidermis layer. The results from this 
study, therefore, add to our understanding of skin mecha-
nophysiology and suggest the need for models that include 

skin heterogeneities in particular for studies interested in 
the delamination properties of the skin, for studies related to 
differential biological response driven by strain/stress con-
centrations such as tissue expansion, and studies interested 
in the sense of touch and deformation of skin mechanorecep-
tors embedded in particular sub-structures of this complex 
and heterogeneous tissue.

The role of rough interfaces in the delamination behavior 
of composites has produced knowledge that is the basis for 
understanding the results observed here in the context of 
skin biomechanics. Zavatieri et al. investigated crack propa-
gation for sinusoidal interfaces across linear elastic materials 
(Zavattieri et al. 2007). In particular, they showed that for a 
sinusoidal interface of amplitude A and period � , the stress 
intensity factor for mode-I crack propagation increased lin-
early with the ratio A∕� . In other words, the stress intensity 
factor, or effective fracture toughness, increased as the angle 
of rotation along the interface became sharper, in agreement 

Fig. 6   RVE with sinusoidal interface loaded in shear. a Initial and 
final deformation of the RVE with shear deformation imposed by dis-
placing the top surface in the x-direction. b Plots of the stress jump 
at different locations in the sinusoidal interface compared to the flat 
model, as well as c the average stress jump in the model with the 

sinusoidal interface compared to the flat interface model. d Contour 
plots for �xz and maximum principal stress �1 show the expected 
stress concentrations on the dermis and epidermis sides of the inter-
face. e The contour of stress jump for the maximum principal stress 
�1 at the interface between epidermis and dermis
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with analytical models of mode-I fracture for a flat crack 
that suddenly needs to turn by an angle � (Cotterell and Rice 
1980). Finite element simulations of fracture across other 
kinds of non-flat interfaces showed similar results (Hirsch 
and Kästner 2017). Even though we did not perform frac-
ture simulations, these earlier works point toward sinusoidal 
interfaces in biological tissues as a mechanism to increase 
effective fracture toughness against delamination. Indeed, 
it has been hypothesized that flattening of Rete ridges with 
aging is one of the causes for increased risk of epidermis 

delamination in the elderly (Langton et al. 2019; Shen et al. 
2022). There are several studies suggesting that the origin 
of Rete ridges is due to different growth rates of dermis and 
epidermis during development causing buckling and result-
ing in the wavy interface (Ovadia and Nie 2013; Ciarletta 
and Amar 2012). However, unlike in other tissues, the role 
of buckling during development of skin was not tied to a 
mechanophysiological role in these studies. In contrast, for 
other tissues with similar wavy interface such as the brain or 
the gut, the obvious benefit of buckling is increased surface 

Fig. 7   RVE with hair follicle under equi-biaxial and shear loading. a 
Under equi-biaxial loading, maximum principal strain E1 concentrates 
in the epithelium surrounding the hair follicle due to the contrast in 
stiffness between the dermis, epithelium, and hair follicle materials, 
with the epithelial tissue the softest of the three. In particular, strains 

concentrate at the bulb of the hair follicle and at the epidermis level. 
b Under shear, even though the �xz stresses are distributed in the 
entire epithelium around the hair follicle (c), strains E1 are localized 
at the bulb and the bulge regions (d)
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area (Balbi and Ciarletta 2013; Wang et al. 2021). For the 
skin, a direct mechanical role of Rete ridges seems a logical 
hypothesis (Boyle et al. 2019). In support of this hypoth-
esis, our simulations show that the stress jump across the 
interface decreases with the introduction of the sinusoidal 
interface. If the interface between dermis and epidermis is 
in fact the weakest material and the first to fracture under 
mechanical loading as suggested in the literature (Willsteed 
et al. 1991; Zou and Maibach 2018), then reducing the stress 
jump across this interface and increasing its surface area is 
likely to optimize the energy dissipation of this failure pro-
cess. Nevertheless, further work is needed to characterize the 
delamination properties of skin taking into consideration the 
nonlinear behavior of the different layers.

Computational models taking into consideration the dif-
ferent layers of skin have been developed before (Diosa et al. 
2021; Sachs et al. 2021; Limbert and Kuhl 2018; Zhao et al. 
2020; Flynn and McCormack 2010). However, these efforts 
were focused on flat interface geometries between epider-
mis and dermis. We confirm that the sinusoidal interface is 
not needed if the emphasis is on the macroscale mechanical 
behavior because the homogenized response of the RVEs 
is independent of the interface geometry (Fig. 2, 5). This is 
not entirely surprising since the sinusoidal interface has a 
height profile whose mean vanishes over the RVE and there-
fore does not influence the homogenized response (Nemat-
Nasser and Hori 2013). In fact, the rule of mixtures and 
semi-analytical approaches from Fig. 1d and e is already 
appropriate for the homogenized response given that the 
macroscale behavior is dictated by the dermis, particularly 
under larger deformations, as is usually argued in models 
of the skin as a homogeneous material (Limbert 2017; Jor 
et al. 2013; Meador et al. 2020). Multi-layer models are nec-
essary for particular applications such as drug delivery or 
skin tribology (Diosa et al. 2021; Rahimi et al. 2022). Here, 
we show that the addition of the sinusoidal interface leads 
to specific patterns of stress/strain concentration which, 
beyond implications for fracture, might play a role in skin 
mechanobiology. At larger deformations, the valleys of the 
Rete ridges show the larger stresses. Interestingly, there are 
two conflicting hypotheses regarding the distribution of stem 
cells of the epidermis with respect to the Rete ridges, with 
evidence for two distinct stem cell populations, one at the 
peak of the Rete ridges (Jensen and Watt 2006; Iriyama et al. 
2020) and one at the valleys (Schlüter et al. 2013; Webb 
et al. 2004). It remains unclear if the mechanics or the geom-
etry alone of the interface have a distinct role in the prefer-
ential accumulation of stem cells in these regions, but it is 
clear that these two regions have distinct states of stresses 
under tensile loading. Investigating the mechanobiology of 
stem cell sub-populations is a natural direction for future 
research. It has also been established that loss of the stem 
cell populations with aging results in the flattening of the 

Rete ridges and contributes to skin fragility (Iriyama et al. 
2020). A key insight from our simulations is that the result-
ing stress concentrations are three-dimensional in nature. 
While most analysis of Rete ridges in either experiments 
or simulations simplify the skin to a two-dimensional body 
under plane strain, we show that the biomechanics of the 
interface are inherently three-dimensional. For instance, we 
show that skin anisotropy can lead to bands of higher stress 
at the interface that extends across valleys and saddle points 
of Rete ridges (Fig. 2). Rather than two, we suggest to con-
sider four locations to fully characterize the state of stress 
at the interface, the peaks, and valleys but also the saddle 
points (Fig. 5).

Even though skin appendages are a ubiquitous feature of 
histology and key for skin mechanophysiology, e.g., sense 
of touch, they are completely absent in skin biomechan-
ics studies. We included a hair follicle in our simulation to 
determine the strain distribution in the presence of this par-
ticular heterogeneity. Our emphasis on strain concentrations 
induced by hair follicles originated from the known roles of 
hair in mechanosensation (Horch et al. 1977). There are five 
types of mechanoreceptors in hairy skin in many mammals 
such as mice and humans (Kuehn et al. 2019). Their clas-
sification depends on the conduction velocity of the action 
potential from the receptor to the spinal cord, as well as their 
capacity to adapt to sustained loading (Jenkins and Lumpkin 
2017). We showed that under equi-biaxial deformations, the 
strains concentrate first at the epidermis region immediately 
adjacent to the hair follicle. At increasing deformation, more 
of the epithelium surrounding the hair become stretched. 
The epidermis region adjacent to hair follicles is character-
ized by the presence of Merkel cells, which are prominent 
mechanoreceptors (Kuehn et al. 2019; Woo et al. 2015). The 
epithelium surrounding the hair follicle itself, just below 
the epidermis, contains different kinds of slow and fast act-
ing mechanoreceptors. What is most interesting is that these 
receptors come in two different types of nerve ending align-
ment, either circumferential around the hair follicle (Bai 
et al. 2015), or in lanceloate endings aligned with the axis of 
the hair follicle (Li and Ginty 2014). The fact that maximum 
strains under physiological loading coincide with distinct 
location of mechanoreceptors in the skin suggests a possible 
optimization of these receptors to particular type of defor-
mations. The concentration of strain is even cleared under 
shear, for which high strains exist near the bulge region of 
the hair follicle, where the circumferential and lanceloate 
nerve endings are known to exist Bai et al. (2015) and Li and 
Ginty (2014). However, the bulb region of the hair follicle 
also showed strain concentrations, particularly under shear, 
but this region is not a primary locus of mechanoreceptors 
(Jenkins and Lumpkin 2017). Future work should investigate 
the strain patterns achieved by specific type of deformations 
beyond the ones studied here.
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4.1 � Limitations

This study is not without limitations. As already discussed, 
our study points toward a mechanophysiological role of the 
Rete ridges in reducing the stress jump and increasing the 
surface area of the dermis–epidermis interface. Yet, for this 
analysis, we focused on the deformation and stresses that 
occur before fracture within the hyperelastic framework. 
To better understand the mechanics of the epidermis–der-
mis interface, damage and fracture mechanics in soft tissue 
should be considered (Larose et al. 2020; Kaurin et al. 2022). 
For example, Berkey et al. 2022 have conducted explicit 
dynamic simulations of blast-induced epidermis delami-
nation but considered only a flat interface. Even ignoring 
fracture, the assumption of incompressible hyperelasticity 
should be further challenged. Skin can show compressible 
behavior due to loss of fluid requiring a poroelastic descrip-
tion, as well as energy dissipation through viscoelasticity, 
which we ignored here (Logozzo et  al. 2022; Wahlsten 
et al. 2019). Another limitation of the present study is the 
use of displacement boundary conditions. Homogenization 
based on RVE simulations can lead to either overestimating 
the stiffness or the compliance depending on the boundary 
conditions (prescribed strain or stress, respectively (Nemat-
Nasser and Hori 2013)). These two estimates converge as the 
RVE becomes larger (Saeb et al. 2016). Periodic boundary 
conditions, used for most of our simulations, yield a homog-
enized response bounded by either the constant displace-
ment or constant traction boundary conditions. Addition-
ally, the RVEs in this study account for multiple periods of 
the feature, minimizing boundary effects (Saeb et al. 2016). 
However, for the hair follicle, we could not apply periodic 
boundary conditions, and the RVE contains a single hair fea-
ture. Thus, it is possible that for the hair follicle simulations, 
we overestimate the RVE stiffness. Also, for the hair follicle 
case, different boundary conditions between epithelium and 
hair should be explored, such as sliding contact. In many 
practical applications, the full strain/stress field of the RVE 
is unnecessary, and homogenization of the RVE response 
with finite element models is also not practical. The semi-
analytical examples are useful to get a crude estimate of the 
homogenized response. However, here, we focused on semi-
analytical estimates for the plane–strain case implying a 
sinusoidal interface in one dimension and not the sinusoidal 
surface of the finite element simulation. Extensions of the 
semi-analytical approach to a simplified three-dimensional 
case should be explored. Lastly, here, we considered only 
the immediate loading of skin tissue under tensile loading 
but ignored other loading scenarios and long-term growth 
and remodeling under sustained loading. Compression can 
lead to buckling depending on the mesoscale features (Zhao 
et al. 2020; Limbert and Kuhl 2018; Zhao et al. 2020). Sus-
tained loading such as in tissue expansion or in bed-ridden 

individuals can trigger permanent remodeling of the skin 
structure. These remain areas of future investigation (Led-
won et al. 2022; Bouten et al. 2003).

5 � Conclusion

The previous work has studied multi-layered models of 
skin but little effort has been invested in understanding the 
role of the epidermal–dermal interface, and how it affects 
the overall skin mechanics. Here, we found that the over-
all stress–strain response is not affected by the geometry of 
the interface but that there were changes in local stresses 
at the epidermal–dermal interface. Stresses increased with 
increasing amplitude of the Rete ridges, particularly at the 
high saddle points of the interface. The stress at this loca-
tion was about 62 MPa (at a stretch of 1.3) for an amplitude 
of 0.0075 mm and 77 MPa for an amplitude of 0.022 mm. 
Even though the presence of Rete ridges increased stress 
at some locations, the total interface surface was larger 
and the average stress jump decreased with the presence of 
the sinusoidal interface, which can explain a physiological 
role of this interface geometry in preventing delamination. 
There was also clear evidence that heterogeneities, such as 
hair follicles, disrupt the mechanics of skin, showing that 
these heterogeneities lead to stress/strain concentration in 
the epithelium and the epidermal–dermal interface where 
mechanorecepters are located. This might have an influence 
on skin mechaniobiology as different touch-sensin cells are 
exposed to differential stresses and strains.
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