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Abstract
The present study investigates the layer-specific mechanical behavior of human skin. Motivated by skin’s histology, a biphasic 
model is proposed which differentiates between epidermis, papillary and reticular dermis, and hypodermis. Inverse analysis 
of ex vivo tensile and in vivo suction experiments yields mechanical parameters for each layer and predicts a stiff reticular 
dermis and successively softer papillary dermis, epidermis and hypodermis. Layer-specific analysis of simulations under-
lines the dominating role of the reticular dermis in tensile loading. Furthermore, it shows that the observed out-of-plane 
deflection in ex vivo tensile tests is a direct consequence of the layered structure of skin. In in vivo suction experiments, 
the softer upper layers strongly influence the mechanical response, whose dissipative part is determined by interstitial fluid 
redistribution within the tissue. Magnetic resonance imaging-based visualization of skin deformation in suction experiments 
confirms the deformation pattern predicted by the multilayer model, showing a consistent decrease in dermal thickness for 
large probe opening diameters.

Keywords  Human skin · Hyperelasticity · Poroelastic soft tissue · Inverse analysis · Biphasic material

1  Introduction

Understanding and correctly predicting the mechanical prop-
erties of human skin are essential for medical applications. 
Planning of reconstructive surgery (Mollemans et al. 2007; 

Beldie et al. 2010; Lee et al. 2018), wound healing (Buganza 
Tepole and Kuhl 2016; Evans et al. 2013; Barnes et al. 2018; 
Chen et al. 2019) and growth through “expanders” (Zöll-
ner et al. 2012, 2013; Buganza Tepole et al. 2011) depend 
on deformations as well as the force distribution within the 
skin. Investigating and unveiling the underlying mechanical 
and mechanobiological processes require accurate models 
of the skin’s response under diverse conditions of mechani-
cal loading.

In order to characterize the mechanical properties of skin 
in vivo, several methods were proposed such as suction 
(Müller et al. 2018; Diridollou et al. 1998, 2000; Barbarino 
et al. 2011), indentation (Virén et al. 2018; Abellan et al. 
2013; Iivarinen et al. 2014) and in-situ tension (Flynn et al. 
2011; Bhushan et al. 2010). Uniaxial tension (Wahlsten et al. 
2019; Ní Annaidh et al. 2012), biaxial tension (Tonge et al. 
2013) and shear experiments (Soetens et al. 2018; Lamers 
et al. 2013; Geerligs et al. 2011) were performed to deter-
mine mechanical properties of skin ex vivo. All data show a 
pronounced J-shaped stress–strain response, typical for bio-
logical tissues. The experimental observations were rational-
ized using several nonlinear material models, as reviewed by 
Limbert (2017), Benítez and Montáns (2017) and Joodaki 
and Panzer (2018). Model formulations include the hyper-
elastic isotropic neo-Hookean (Flynn and McCormack 2008; 
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Delalleau et al. 2008) or Arruda–Boyce models (Bischoff 
et al. 2000), the an- isotropic Holzapfel–Gasser–Ogden 
model (Ní Annaidh et  al. 2012) and the viscoelastic 
Rubin–Bodner model (Weickenmeier et al. 2014; Wahlsten 
et al. 2019). Most previous approaches model the skin as 
a single-layer, mono-phasic, incompressible material. It’s 
histological composition (Montagna and Parakkal 1974) 
and recent uniaxial mechanical observations (Wahlsten 
et al. 2019) suggest, however, a multilayer and multi-phase 
representation. Epidermis, papillary dermis and reticular 
dermis show a clear difference in cellular composition as 
well as in collagen content and structure (Ruth and Frein-
kel 2001), which is expected to result in markedly different 
mechanical properties. Indeed, multilayer models as well 
as attempts to characterize single layers of skin have been 
undertaken. Hendriks et al. (2006) used suction to differenti-
ate between the reticular dermis and the upper layer, com-
posed of epidermis and papillary dermis. They concluded 
that the upper layer is several orders of magnitude softer. 
Crichton et al. (2011) applied nanoindentation on dermis and 
epidermis samples of murine skin to show that dermis shows 
the stiffest instantaneous response, while force–relaxation 
were most pronounced in epidermis. Soetens et al. (2018) 
performed ex vivo shear experiments and divided the skin 
geometrically into ten layers. Remarkably, they found the 
highest shear stiffness to be within the papillary dermis. Fur-
ther, existing multi-phasic models highlight the importance 
of interstitial fluid mobility for the mechanical response of 
skin (Wahlsten et al. 2019; Oomens et al. 1987; Abellan 
et al. 2013, 2014; Oftadeh et al. 2018).

The objective of the present work is to develop a 
mechanical model of skin’s layered structure. We first 
introduce a multilayered biphasic model of skin, based on 
its histological structure. Second, material parameters are 
determined for each layer based on a wide range of ex vivo 
and in vivo experimental data. Finally, we investigate and 
discuss layer-specific mechanical properties and local 
changes with physiological deformation in-vivo.

2 � Skin as a multilayered material

Human skin consists of several layers, of which the main 
three are epidermis, dermis and hypodermis, as shown in 
Fig. 1 (Ruth and Freinkel 2001; Montagna and Parakkal 
1974).

2.1 � Layers histology

The epidermis is the outermost layer of the skin. It consists 
mainly of keratinocytes, melanocytes, Langerhans cells and 
Merkel cells. Starting from the basal layer, keratinocytes 

migrate upwards during their lifetime and undergo differenti-
ation. Because of this process, the epidermis is often divided 
into a living and a cornified cell region, with the stratum 
corneum building its uppermost layer. At the lower end, the 
epidermis is connected to the dermis by the dermal–epider-
mal junction, a complex network of interconnecting proteins 
(Ruth and Freinkel 2001; Burgeson and Christiano 1997). 
Hemidesmosomes and anchoring fibrils within the der-
mal–epidermal junction firmly connect it to epidermis and 
dermis, respectively (Briggaman and Wheeler 1975; Turcan 
and Jonkman 2015; Rohrbach and Timpl 1993).

The dermis, in contrast with the epidermis, contains 
fewer cells and is mainly composed of the fibrous proteins 
collagen and elastin. Due to their arrangement and content, 
a papillary and a reticular zone are distinguished. Adjacent 
to the dermal–epidermal junction is the papillary dermis. 
The reticular dermis lies below it and forms the deeper 
part of the dermis. Small unstructured collagen fibrils are 
found within the papillary dermis, while the reticular der-
mis contains larger fibrils that form fiber bundles. The 
papillary dermis consists of finely woven collagen type III 
fibers, whereas the reticular dermis is dominated by fiber 
bundles of collagen type I (Smith et al. 1982; Guimber-
teau et al. 2017; Meigel et al. 1977; Weber et al. 1984). 
The mean cross-sectional dimensions of collagen fibers 
thereby increase from papillary to reticular dermis, though 
corresponding values vary significantly in the literature. 
Reported cross-sectional dimensions of fibers range from 
3 to 47 μ m in the papillary dermis and from 40 to 136 μ m 
in the reticular dermis (Brown 1973; Ueda et al. 2019; 
Stewart 1995; Junqueira et al. 1983). In terms of collagen 
content, there is no sharp transition between the two lay-
ers, but rather a continuous increase in collagen content 
from the dermal–epidermal junction toward the reticular 
dermis. This increase can be observed further down than 
just until the end of the papillary layer (Wang et al. 2015). 
Similarly, the arrangement of collagen fibers differs with 
the mean in-plane orientation of collagen fibers being 
more pronounced the deeper they lie in the dermis (Lovell 
et al. 1987). Difference in composition is not restricted 
to collagen fibers. Depth-dependent changes in thickness 
(Ueda et al. 2019), orientation (Smith et al. 1982) as well 

Fig. 1   Layered model, (b), differentiates epidermis, papillary and 
reticular dermis and hypodermis, based on skin’s histology (a)



971A biphasic multilayer computational model of human skin﻿	

1 3

as content (Wang et al. 2015) have been reported for elas-
tin fibers, with changes similar as described for collagen. 
Finally, between papillary and reticular dermis there is 
a clear difference in fibroblast physiology, extracellular 
matrix production and organization as well as participation 
in inflammatory responses (Smith et al. 1982; Sorrell and 
Caplan 2004; Harper and Grove 1979).

The deepest layer of skin is the hypodermis. An abrupt 
transition from the fibrous dermal matrix to adipocytes-
rich tissue defines the hypodermis. In fact, the hypodermis 
consists mainly of adipocytes supported by the interlobular 
septa, a collagen-based structure (Sheldon 2011; Comley 
and Fleck 2010).

2.2 � Multilayer model of skin

Considering its histological composition, we model skin as a 
layered biphasic material. With the focus on the dermal–epi-
dermal layers, we thereby distinguish epidermis (Epi), papil-
lary (PD) and reticular dermis (RD) as well as hypodermis 
(Hypo). Thickness values for the epidermis and the papillary 
dermis are chosen to be 100 μ m and 200 μ m, respectively 
(Mogensen et al. 2008; Reed and Ackerman 1973; Smith 
et al. 1982). The thickness of the reticular dermis is not fixed 
a priori but left unspecified as a parameter to evaluate the 
influence of different skin thicknesses. The thickness of the 
hypodermis was chosen to be 3 mm.

All four layers are modeled as biphasic materials 
according to the theory of porous media (Ehlers 2002; 
Ehlers et al. 2009; Stracuzzi et al. 2018). Assuming the 
mapping x = ��(X� , t) between material X� and spatial x 
position of a material particle of phase � , the deformation 
of the solid phase is characterized by the deformation gra-
dient F =

�� s(Xs,t)

�Xs

 . The left Cauchy–Green tensor follows 
as b = FFT and the volume ratio J = det(F) . The constitu-
tive equation for the solid phase of epidermis, papillary 
and reticular dermis is defined based on the formulation 
proposed by Wahlsten et al. (2019). Thus, for each layer a 
Rubin and Bodner-type strain energy function �s is applied 
to describe the mechanical contribution of the solid phase 
to the free energy:

where gm, gfe and gfd correspond to matrix, elastic fiber 
response and dissipative fiber response. They are defined as

(1)�s = �ref
s

�0

2q
(exp(qg) − 1) with g = gm + gfe + gfd

(2)gm = m1

[
tr(Fb0F

T ) − 3
]
+

m1

m2

[(
JJ0

)−2m2 − 1
]

where �0, q,m1,m2,mfe,m4e,mfd and m4d are material param-
eters, �ref

s
 is the solid volume fraction in the reference con-

figuration, N accounts for the number of fibers and �i
fe
 and 

�i
fd

 are fiber stretches for the elastic and dissipative contribu-
tions. The Macaulay brackets ⟨⋅⟩ ensure fibers being only 
active in tension. The initial deformation state b0 and J0 
therein result from initial swelling from the zero-energy state 
to the reference configuration, due to a nonzero osmotic 
pressure within each layer. Since the geometry is prescribed 
in the swollen state, different swelling stretches in different 
layers do not induce bending (Lucantonio et al. 2014).

The motion of the fluid depends on its chemical potential 
�F:

where p is the fluid hydrostatic pressure and �� the osmotic 
pressure. Following the approach by Ehret et al. (2017) and 
Stracuzzi et al. (2018), we describe the osmotic contribution 
constitutively as a volumetric term, which arises due to fixed 
charges in the tissue:

Herein, �0 and �1 are experimentally derived material spe-
cific parameters.

Finally, fluid flow q and fluid chemical potential �F are 
connected via Darcy’s law under the assumption of a spa-
tially isotropic permeability tensor k = k(J)I.

Further details on the model formulation and its implemen-
tation for numerical calculations are provided in Wahlsten 
et al. (2019) and Ehlers et al. (2009).

The formulation of the constitutive model applied to 
different skin layers is based on the microstructure of the 
papillary and reticular dermis. For these layers, a clear cor-
respondence between the fibrous components of the model 
and the collagen fibers as well as the matrix and the ground 
substance exists. A similar direct correlation does not 

(3)gfe =
mfe

m4e

1

N

N�

i=1

⟨�i
fe
− 1⟩2m4e

(4)gfd =
mfd

m4d

1

N

N�

i=1

⟨�i
fd
− 1⟩2m4d .

(5)�F = p − ��

(6)�� = −
��OSM(J)

�J
= �0

(
1 − �ref

s

J − �ref
s

)�1

.

(7)q = −k grad
[
�F

]

(8)k(J) = k0

(
J − �ref

s

1 − �ref
s

)�
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exist for the other two layers, i.e., epidermis and adipose 
tissue. Yet, the histology of these layers and the results of 
mechanical tests (Sommer et al. 2013) suggest that they are 
biphasic, dissipative and nonlinear. In addition, both layers 
include fibrous elements: the protein filaments present in the 
cytoskeleton of keratinocytes in the epidermis and the col-
lagen structure of the hypodermis. Thus, the chosen model 
formulation can provide a phenomenological representation 
of the mechanical response of all layers.

3 � Experimental observations

The analysis considers a set of previously performed tensile 
(Wahlsten et al. 2019) and suction experiments (Pensalfini 
et al. 2018) (3.1). The data are complemented with in situ 
visualization of skin deformation during in vivo suction 
(3.2) and out-of-plane deflection during ex vivo uniaxial 
tension (3.3).

3.1 � Existing data

The multilayered model is used to rationalize ex vivo (uni-
axial tension Wahlsten et al. 2019) and in vivo (suction 
Pensalfini et al. 2018) experimental data. Ex vivo tensile 
experiments on human abdominal and breast skin samples 
were performed in physiological saline solution (0.15 M 
NaCl). Specimen gauge dimensions were 20 × 5 × 2 mm3 . 
The nominal strain rate was 0.001 s−1 for monotonic tensile 
tests. In relaxation experiments, samples were elongated at 
a nominal strain rate of 0.05 s−1 until a pre-defined peak 
force of 1.0 N was reached after which sample length was 
hold fixed. Tension–stretch measurements show a distinct 
J-shaped curve with significant volume reduction under 
uniaxial loading. Important for the present work, out-of-
plane bending of the top surface of the skin was consistently 
observed in uniaxial tension experiments.

A finite element model in COMSOL Multiphysics 
®(COMSOL MultiphysicsⓇ 5.4a, COMSOL AB, Stock-
holm, Sweden) using a rectangular cuboid domain of 
1 × 2.5 × 2 mm3 was used to simulate the uniaxial experi-
ments, see Fig. 2. The volume was discretized with 252 
hexahedral elements. Displacement and fluid chemical 
potential were interpolated using quadratic and linear func-
tions, respectively. The right lateral and bottom sides were 
modeled with homogeneous Dirichlet boundary condition 
for the fluid chemical potential, while the top surface was 
modeled as impermeable, in line with the barrier function 
of the stratum corneum. Impermeability was also assumed 
for the longitudinal side due to the dimensions of the speci-
men. Symmetry condition applies for the left lateral side. As 
shown in Fig. 2, for the face at x1 = 0 , the x-component of 
the displacement was constrained while at the opposite side 

( x1 = 1 mm) a x-displacement was imposed in accordance 
with the uniaxial monotonic and relaxation experiments. 
Symmetry condition was again assumed for the left lateral 
side, and the left bottom node was fixed to suppress any rigid 
body motion. All other displacement degrees of freedom of 
the nodes on the external faces were free, in order to repre-
sent the traction free boundary condition.

As reported in Pensalfini et  al. (2018), in  vivo suc-
tion experiments on facial skin were performed using the 
CUTOMETER ®(Courage & Khazaka electronic GmbH, 
Köln, Germany). Instantaneous as well as linear pressure 
changes were applied using probe opening diameters of 2 
mm and 8 mm. A description of the loading schemes is pro-
vided in Fig. 3. Measured skin responses as mean apex dis-
placement–time curves are reported in Fig. 4. Linear loading 
shows an initial softer response which stiffens as pressure 
increases and a distinct remaining displacement at the end 
of the experiment. The latter is also observed for the instan-
taneous case. Additionally, we see that during the constant 
pressure phase in loading and unloading the apex elevation 
of skin shows a characteristic creep-like behavior.

The suction experiments were simulated using a 2D 
axisymmetric model in COMSOL Multiphysics. As shown 
in Fig. 3, the overall dimensions of the model for the 8 mm 
suction opening were 10 × 16 mm2 , as required to avoid an 
influence of the far field boundary conditions on the simu-
lated suction response (Nava 2007). In line with facial skin 
thickness measurements (Chopra et al. 2015), simulations 
were carried out with a thickness of 0.1 mm for epidermis, 
0.2 mm for papillary dermis and 1.1 mm for reticular dermis. 
For the 2 mm probe, the model included a layer of hypoder-
mis below the skin, while the 8 mm probe simulation addi-
tionally had a 2 mm layer of stiff muscle tissue at the bottom, 
see Fig. 3. The top surface was modeled as impermeable, 
while all other edges had a homogeneous Dirichlet bound-
ary condition for the fluid chemical potential. According to 
previous investigations (Weickenmeier et al. 2015), friction-
less contact was assumed between skin and Cutometer. The 

0 tend

1

λ1,max

λ̇1

λ̇1 = 0.01s−1

λ1,max = 1.21
tend = 210 s

0 tend

1

λ1,max

λ1,max = 1.1
tend = 200 s

a
5 mm

b

c

Fig. 2   Uniaxial monotonic and relaxation protocols. a Loading proto-
col applied. b Illustration of the experiment (side view). c FE model: 
the mesh is depicted and the displacement boundary conditions 
(arrows on green face). Symmetry conditions were applied on the fac-
ing plane (blue), All other faces are traction-free
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contact was assumed to be closed at all times of the simula-
tion. The load was applied as a negative pressure. All other 
boundaries were assumed traction free. Part of the FE model 
is depicted in Fig. 3c. The top layers as well as the edge of 
the Cutometer require a finer mesh to avoid mesh depend-
ence of simulation results. As for the uniaxial simulations, 
displacement and fluid chemical potential were interpolated 
using quadratic and linear functions, respectively.

As a first step, the data from uniaxial and suction experi-
ments were analyzed using the biphasic single-layer model 
proposed by Wahlsten et al. (2019). Based on an optimiza-
tion procedure (using MATLABs Global Optimization Tool-
box MATLAB Optimization Toolbox 2018), several model 
parameter sets were obtained providing a good representa-
tion of the uniaxial data, as shown for a selected representa-
tive parameter set in Fig. 4. Application of all these param-
eter sets to simulate suction experiments provided a too stiff 
response for both the 8 mm and 2 mm probe, see Fig. 4a, c 
and e. When improving the suction response by softening the 
fiber stiffness in the whole material, the predicted response 
in uniaxial experiments is far from the measurements (data 
not shown). Correspondingly, a single-layer model fitted to 
2-mm suction experiments results in a much too soft predic-
tion for the monotonic uniaxial experiments and the 8-mm 
suction experiment, see Fig. 4b, d and f. These results indi-
cate a possible limitation of a single-layer model in its ability 
to represent the results of different experiments. However, 
we cannot exclude that the observed discrepancies could 

be reduced through a global fitting procedure that aims at 
simultaneously optimizing the response for all experiments. 
This global inverse analysis was not performed here due to 
the large computational cost associated with all simulations. 
Based on this, we hypothesized that the observed contra-
dictions may be resolved by considering the multilayered 
structure of the skin.

3.2 � MRI imaging of suction experiments

In-depth visualization of deformation in suction experi-
ments was performed using a 3 T Philips Achieva system 
(Philips Healthcare, Best, the Netherlands). Measurements 
were performed on the volar forearm of a 29-year-old female 
volunteer. Experiments were performed after receiving writ-
ten informed consent and according to the ethics and institu-
tional guidelines (EK 2018-N-45). A suction device (Müller 
et al. 2018), adapted for MRI measurements, with a diameter 
of 10 mm and a maximum tissue elevation of 2.5 mm was 
used. An image resolution of 200 μ m resulted in an MR 
image acquisition time of approximately 7 min. Measure-
ments were first performed at zero suction pressure and then 

2mm 8mm

0 tinst tend

0

pmax

pmax = 500 mbar pmax = 66 mbar
tinst = 60 s tinst = 30 s
tend = 70 s tend = 40 s

0 tramp

0

pmax

ṗ
ṗ = 15 mbar/s ṗ = 10 mbar/s
tramp = 17.5 s tramp = 10 s

a

b c

Fig. 3   Information on suction experiments and corresponding simula-
tion: a the protocols for instantaneous and linear pressure loading for 
2 mm and 8 mm openings; b a resulting deformation of the axisym-
metric simulation for the 8 mm opening indicating the epidermis 
(black), papillary dermis (red) and reticular dermis (blue) as well as 
the applied pressure (green and arrows) and c a picture of the Cutom-
eter as employed during the experiments in-vivo
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at the elevated state. For the latter, it was ensured that the 
skin was always at the maximum elevation for the whole 
duration required for image acquisition. Tracking of natural 
features allows estimating strains in out-of-plane and in-
plane direction, see Fig. 5. Strains were defined as the ratio 
of the distance between the respective points in deformed 
and undeformed configuration. The hypodermis experiences 
large positive out-of-plane strains, which increase closer to 
the reticular dermis. Experiments show a decrease in skin 
thickness of about 10%. In-plane strains at different depths 
of the hypodermis are all negative, confirming that the tissue 
is pulled toward the center of the suction region.

3.3 � Quantification of out‑of plane deformation 
in tensile experiments

Based on the hypothesis that out-of-plane deflection during 
uniaxial tensile tests might be associated with the multilay-
ered structure of the skin, measurements were preformed 
to quantify this deformation. Experiments were conducted 
using a 3D Laser Scanning Confocal Microscope (Key-
ence Cooperation, Osaka, Japan). Human skin biopsies 
were accessed through the Dermatology department of the 
University Hospital Zurich with assistance of the SKIN-
TEGRITY biobank. The donors provided signed informed 
consent that was approved by the local institutional review 
board (EK 647 and EK 800). The use of surplus skin for 
biomechanical experiments had been approved by the Ethi-
cal Committee of Canton Zurich (BASEC ID: 2017-00684). 
Skin biopsies were cut into specimens of 40 × 5 mm2 . The 
thickness of the skin samples was approximately 2 mm. 
Experiments were performed with specimens partially sub-
merged in a physiological saline solution, with the epidermal 
surface emerging out of the liquid to enable optical out-of-
plane deflection measurements. The skin sample was elon-
gated from an initially untaut state with increments of 1.25% 

nominal strain. Each acquisition required approximately 5 
min. Measurements confirmed expectations: the skin shows 
an out-of-plane curvature in the unloaded state already and 
the out-of-plane deflection increases as extension is applied, 
as shown in Fig. 6. For the deflection, the difference between 
the out-pf-plane deformation of the center and points 2 mm 
from the center was taken.

4 � Results of multilayer model simulations

4.1 � The multilayer model describes uniaxial 
and suction experiments

Model parameters for each layer were determined based on 
an iterative procedure aiming at representing ex vivo uni-
axial as well as in vivo suction observations. The corre-
sponding parameter values are reported in Table 1. The 
multilayered model leads to a good agreement for all meas-
ured curves, as shown in Fig. 7. The distinct J-shaped ten-
sion–stretch relationship as well as the volume loss upon 
uniaxial stretching is well reproduced. Note that due to the 
newly resulting out-of-plane deflection in the simulations, 
comparison with experimental data used the following defi-
nition for the apparent global contraction stretches �a

2
 and �a

3
 : 

�a
2
=

Wdef

W0

 and �a
3
=

Tdef

T0
 , with the corresponding lengths 

defined in Fig. 9. For �a
3
 only the lower part of the reticular 

dermis was considered to be consistent with experiments. 
Strong stress reduction within the first two minutes during 
relaxation experiments is well captured as depicted in Fig. 8.

The new model also well describes the experimental results 
for linear and instantaneous suction experiments for 2 mm and 
8 mm probe opening diameters, as shown in Fig. 7. Especially 
for the 8 mm probe, it captures the full loading path very well. 
For the linear loading, the apex displacement is under-pre-
dicted during the unloading phase and the apex height drops 
faster after the peak compared to the experimental results. For 
the instantaneous loading, the apex displacement drop at the 
end is well captured by the 8 mm simulation, whereas the 2 
mm simulation overestimates it. In the suction experiments, 
the highest strains occur at the surface of the skin. Thus, the 
upper layers, i.e., papillary dermis and epidermis, strongly 
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]
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Fig. 5   MR Imaging of suction experiments with a 10 mm probe 
opening. Strains in hypodermis and skin in a out-of-plane and d in-
plane direction. The corresponding features tracked in the initial (b, 
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influence the results of these experiments. The fluid perme-
ability of these two layers proved to be an important param-
eter in modeling the viscous behavior during the instantaneous 
response as well as the remaining apex displacement at the end 
of the simulation for both experiments. This behavior is more 
pronounced for the 2 mm than for the 8 mm probe opening.

4.2 � Layer‑specific material parameters

The results of the parameter fit are reported in Table 1. These 
result in a stiff reticular dermis, a softer papillary dermis and a 
very soft epidermis. This difference is mainly reflected in the 
elastic fiber stiffness mfe . The matrix properties were generally 
similar for all three layers. The permeability of the interstitial 
fluid reduces continuously from reticular to papillary dermis 
to epidermis. The out-of-plane orientation of the fibers on the 
other hand increases from reticular dermis to epidermis. While 
in the reticular dermis fibers have an out-of-plane angle of only 
8 ◦ , resulting in a strongly anisotropic material, the out-of-plane 
angle of 30◦ in the epidermis produces an almost isotropic 
response.

Hypodermis and muscle tissue are modeled using the same 
model formulation. Neither of the two layers has a significant 
influence on the mechanical response in the experiments con-
sidered. Thus, the simulations do not allow to evaluate corre-
sponding model parameters for these tissues. Hence, an order 
of magnitude estimation of the parameters was performed 
using information available in the literature (Weickenmeier 
et al. 2015) as well as data from own experiments.

4.3 � Layer‑specific analysis of uniaxial tension 
experiments

To investigate the layer-specific response in tension, we 
calculated the nominal tension (force per unit width) for 
each layer during a uniaxial tension simulation. Figure 10a 
shows the tension distribution in the layers of skin for the 
monotonic uniaxial test. All three layers show a J-shaped 
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tension–stretch response with the stiffness increasing from 
epidermis to papillary dermis to reticular dermis. The domi-
nant role of the reticular dermis is evident bearing almost 
the entire load.

The multilayer model predicts a heterogeneous distribu-
tion of osmotic pressure, fluid chemical potential and hydro-
static pressure during uniaxial experiments, as shown in 
Fig. 10. Quantities are evaluated in the center of the respec-
tive layer. Osmotic pressure increases from epidermis to 
reticular dermis as a consequence of the out-of-plane deflec-
tion and the thereby induced non-homogeneous deformation. 
The stiff collagen fibers induce a larger volume change in 

the reticular dermis, which results from loss of interstitial 
fluid and therefore an increase in osmotic pressure. The 
fluid chemical potential decreases from the epidermis to the 
deeper layers, thus driving fluid flux from epidermis down 
toward the reticular dermis.

The uniaxial experiments presented in Fig. 6 show an 
increase in ouf-of-plane bending of the skin under uniaxial 
tension. The multilayer model predicts this increase in con-
trast with a single-layer model as shown in Fig. 11a. When 
starting the simulations from a flat surface, the single-layer 
model initially predicts out-of-plane bending from a down-
wards transient fluid flux (due to the impermeable condi-
tion on the epidermal surface). In equilibrium, however, the 
single-layer model returns to the flat state, as shown in 11b. 
The multilayer model, shown in (c), in contrast, captures the 
observed out-of-plane bending in equilibrium. Out-of-plane 
deflection depends on the relative thickness of the upper 
layers and the reticular dermis. Corresponding simulations 
showed that a thinner reticular dermis results in increased 
and a thicker reticular dermis in a decreased out-of-plane 
deflection (not shown).

Table 1   Material parameters for 
each layer of the biphasic model 
used for representing uniaxial 
and suction experiments

The parameters refer to the model formulation in Eqs. (1)–(8) and Wahlsten et al. (2019)

Epidermis Papillary dermis Reticular dermis Hypodermis Muscle tissue
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0
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4.4 � Multilayer analysis of suction experiments

The multilayer model allows to quantify layer-specific defor-
mations in suction experiments, shown in Fig. 12. Change of 
thickness and strains are evaluated on the symmetry axis of 
the simulated domain. The simulation highlights important 
differences between suction with a small and a large probe. 
For small probe openings, papillary and reticular dermis 
show an increase in thickness. The largest out-of-plane strain 
occurs in the papillary dermis, underlying its importance for 
this deformation state. For large probe openings, the thick-
ness of all three skin layers decreases. Fibers are stretched 
due to an in-plane biaxial stress state, resulting in a contrac-
tion in vertical direction. Hypodermis moves significantly in 
out-of-plane direction. Yet, it imposes almost no resistance 
to the deformation due to its high compliance in comparison 
with the upper layers. The computational results are in line 
with the experimental observation presented in Fig. 5. Both 
simulations and experimental observations show a reduc-
tion in skin thickness during suction for large probe open-
ings. With an observed reduction of approximately 10 % 
in experiments, numerical results are well in line with the 
observations.

The creep and relaxation of the skin observed in suction 
experiments depends on the motion of interstitial fluid. Gra-
dients in the fluid chemical potential within the tissue are the 
driving force for fluid flux and influence the observed creep 
as well as relaxation behavior, as shown in Fig. 13b, c. Trac-
ing of fluid particles during corresponding simulations ena-
bles the visualization of this effect. Fluid motion in the spa-
tial domain results from motion with the solid and interstitial 
flux; thus, the new position �f  of a fluid particle after 
timestep �t is given by �f (t + �t) = �f (t) + �s�t +

1

�f

��t , 
with �s and � being the spatial velocity field of the solid 
particles and the spatial velocity field of the fluid particles, 
respectively, and �f  the current fluid volume fraction. Fluid 
motion is visualized in the undeformed geometry (material 
description) for the phases of constant maximum pressure 
(d) and during zero pressure (e). Corresponding flow fields 
derived from fluid displacements are shown in (f) and (g) 
and underline the overall fluid motion from the far field 
toward the center during constant maximum pressure and 
vice versa during zero pressure. Integrating fluid particle 
velocities over one full cycle reveals residual fluid displace-
ment after unloading, associated with residual deformation. 
Interestingly, in both limiting cases of zero and infinite per-
meability the apex displacement vanishes at the end of one 
cycle, minimizing final fluid displacement (data not shown). 
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In fact, if the permeability is zero, no flux is possible, while 
the opposite case results in fast flow toward the center during 
loading, but also fast outflow from the center during unload-
ing, resulting in complete recovery of apex displacement.

5 � Discussion

5.1 � Layer‑specific mechanical behavior

Linearized stiffness values for human skin in the literature 
vary significantly, from few kPa to several MPa depending 
on the chosen deformation state and the applied experimental 
method. For in vivo indentation, stiffness values range from 
1 to 10 kPa (Pailler-Mattei et al. 2008; Bader and Bowker 
1983; Delalleau et al. 2006). Small-strain shear values for 
skin fall within this order of magnitude, with reported values 
of 0.5 kPa (Bader and Bowker 1983) and 2 kPa (Weicken-
meier et al. 2015). Much higher values of stiffness are found 
for in vivo suction and ex vivo tensile tests, ranging from 
several hundred kPa in suction (Diridollou et al. 2000) to 
several MPa in ex vivo uniaxial tensile tests (Ní Annaidh 
et al. 2012; Ottenio et al. 2015). To compare our results, 
we linearize the quasi-static uniaxial stress–strain responses 
( 𝜖̇ = 0.001 s −1 ) of each individual layer at small, intermedi-
ate and large strains with �s ≈ 1 , �i ≈ 1.10 and �l ≈ 1.20 , 
respectively. Tangent stiffness is then calculated from nomi-
nal Tension T with E =

1

t

�T

��
 and t being the initial thickness 

of the sample. The reticular dermis, the stiffest layer, exhib-
its ERD,s = 170 kPa, ERD,i = 588 kPa and ERD,l = 11 MPa. 
Corresponding values for papillary dermis are EPD,s = 93 
kPa, EPD,i = 200 kPa and EPD,l = 1.3 MPa and for epidermis 
EEpi,s = 14 kPa, EEpi,m = 35 kPa and EEpi,l = 77 kPa. Lin-
earized tangent stiffness values thus confirm expectations 
from the well-known J-shaped stress–strain curve for soft 
biological tissues, and that our values fall within the wide 
scatter of previously reported data. Only few layer-specific 
values are found in literature. Hendriks et al. (2006) used 
suction to distinguish between the reticular dermis and the 
upper layers and fitted a neo-Hookean model to each layer. 
They report a 1000 times higher stiffness of reticular der-
mis and thus a larger difference for small strains than our 
model. The neo-Hookean model, however, does not offer 
the ability to represent volume changes or to distinguish 
between differences in layer-specific stiffening behavior 
for large strains. Thus, applying a neo-Hookean model for 
large strains might result in an overestimation of stiffness 
differences for small strains. Instantaneous Young’s moduli 
calculated from indentation and a fit to an Ogden model by 
Crichton et al. (2011) resulted in a tenfold stiffer dermis 
than epidermis. Moreover, a larger value of the exponent 
of the dermis in Crichton et al. (2011) results in a stronger 
stiffening behavior for large strains and thus supports our 

prediction that differences in linearized tangent stiffness 
between the layers increase with applied strain. Numerical 
studies on skin wrinkling often differentiate between papil-
lary and reticular dermis (Zhao et al. 2020; Kuwazuru et al. 
2008). The reported Young’s moduli of the layers differ by 
a factor of two. Interestingly, in contrast with our model, 
they often assume an even larger Young’s modulus for the 
epidermis. Ex vivo shear experiments (Soetens et al. 2018; 
Lamers et al. 2013) indicate a higher value of shear stiffness 
in the papillary dermis than in the reticular dermis. These 
findings are in line with the data reported in Ventre et al. 
(2009) based on ex vivo oscillatory shear experiments. For 
small loading magnitude, these results are captured by our 
model with shear strains being larger in reticular dermis than 
in papillary dermis (data not shown).

As indicated in Sect. 2.2 and motivated by the layers’ 
distinct microstructure, different model formulations could 
have been selected for different layers. However, using the 
same strain energy function allows to directly relate differ-
ences in model parameters with histological evidence. In 
fact, the cellular structure of the epidermis is expected to 
result in a less pronounced anisotropy and nonlinearity of 
the stress–strain curves, when compared to the dermal lay-
ers. Indeed, the corresponding out-of-plane angle of the fiber 
component of the model is larger, and fiber’s stiffness and 
nonlinearity are lower with respect to papillary and reticular 
dermis (see Table 1). Moreover, fluid motion is likely to 
be hindered more in the epidermis, which is reflected by a 
lower permeability. Similar conclusions can be drawn for 
the adipose tissue, which displays weak anisotropy and low 
stiffness, associated with softer fibers with respect to their 
matrix.

5.2 � Layer‑specific properties at physiological 
deformation levels

The new model allows analyzing layer-specific changes 
associated with physiological levels of skin deformation. 
To this end we simulated an in vivo condition under physi-
ological stretch as it occurs, for example, during bending 
and stretching of the volar forearm (Maiti et al. 2016). We 
considered epidermis, papillary and reticular dermis as well 
as hypodermis. Hypodermis was free to slide in the in-plane 
directions, but constrained in out-of-plane direction. To 
prevent influence of boundary effects, we modeled a large 
tissue portion and imposed in-plane constraints in the far 
field. The simulation domain is depicted in Fig. 14g. The 
tissue is deformed rapidly within 2 s to 20 % uniaxial strain 
and kept at that position for the remainder of the simula-
tion. Interestingly, we see that the reduction in the thick-
ness as described in similar in vivo experiments (Maiti et al. 
2016) is reproduced by our model, as shown in Fig. 14e, f. 
Furthermore, all three layers show a fast rise in hydrostatic 
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pressure, shown in (a), (b) and (c), indicating an instantane-
ous isochoric response, with the highest peak occurring in 
the reticular dermis. Fluid chemical potential drops quickly 
to low levels in the papillary and the reticular dermis. In the 
epidermis, however, the relaxation is much slower. Similar 

levels of hydrostatic pressure are encountered in all three 
layers at the end of the simulation, with the highest pressure 
occurring again in the reticular dermis. The reticular dermis 
is also responsible for limiting the deformation since it bears 
most of the load, as shown in (d).

5.3 � Model limitations

The present model includes several simplifications and 
limitations. First, it should be highlighted that the material 
parameters reported in Table 1 represent one combination 
of parameter values among several which might yield a 
prediction of similar quality. In fact, the existence of sev-
eral minima for the hypersurface of the optimization cost 
function is typical for this type of inverse analysis (Evans 
and Avril 2012). Appendix reports the influence of selected 
model parameters on the uniaxial and suction response. 
A significant limitation is also the fact that the model is 
only calibrated using a few specific deformation modes and 
rates. Indentation (Virén et al. 2018; Abellan et al. 2013; 
Iivarinen et al. 2014) and shear (Soetens et al. 2018; Lamers 
et al. 2013; Geerligs et al. 2011) are relevant deformation 
modes not considered in the present inverse analysis. Fur-
thermore, dissipative processes observed during fast cyclic 
shear loading (Lamers et al. 2013) are not fully captured by 
our model, which considers dissipative effects only through 
time-dependent fiber response and fluid flux. Note in this 
respect that dissipation in the original formulation of the 
Rubin–Bodner model (Rubin and Bodner 2002) was based 
on the distortional deformation of the matrix, which is rel-
evant for shear deformations. Corresponding modifications 
of the present model equations could thus allow to reproduce 
cyclic shear observations.

A further important limitation is the fact that we neglect 
possible mechanical and hydraulic anisotropy. We model 
skin as a mechanically in-plane isotropic material. Due to 
preferred orientation of collagen fibers, especially in the der-
mis, skin is known to exhibit in-plane anisotropic behavior 
(Ní Annaidh et al. 2012; Ehret et al. 2012; Ridge and Wright 
1966; Ueda et al. 2019). Similarly, we apply an isotropic per-
meability tensor. It was shown that the anisotropic organiza-
tion of fibers in soft tissues leads to anisotropic hydraulic 
properties (Wellen et al. 2004). Formulations of anisotropic 
permeability tensors for large deformation exist in the litera-
ture (Ateshian and Weiss 2010; Federico and Herzog 2008; 
Federico and Grillo 2012) and might lead to a more accurate 
description of fluid motion within the tissue.

Finally, we assume sharp and flat in-plane interfaces 
between the skin layers. While an abrupt transition might 
be a realistic assumption for the interface between reticular 
dermis and hypodermis (Ruth and Freinkel 2001), this is 
not valid for the other boundaries. The change of stiff-
ness in the dermis is likely to be more gradual between 
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papillary and reticular layer as collagen content changes 
continuously along the thickness (Wang et al. 2015). In the 
same manner, the dermal–epidermal junction is an undu-
lated surface, which flattens upon physiological applied 
strain (Maiti et al. 2016) and thus questions whether a 
sharp flat interface is a valid model assumption. Since flat-
tening of the dermal–epidermal junction occurs before a 
stretching of epidermal cells during physiological defor-
mations the current model might underestimate the actual 
stiffness of the epidermis (Maiti et al. 2016; Ferguson and 
Barbenel 1981).

6 � Conclusions

A biphasic multilayer model of skin was proposed and 
implemented for finite element simulations. The model 
rationalizes observations from ex vivo tension and in vivo 
suction experiments. The obtained distributions of prop-
erties indicate that: (a) the reticular dermis is the stiffest 
layer in tension, bearing almost all load in uniaxial tensile 
tests; (b) the softer papillary dermis and epidermis ensure 
a more compliant response in suction experiments; (c) 
the differences in mechanical properties of the layers are 
responsible for out-of-plane curvature during ex vivo uni-
axial tensile experiments; (d) the low permeability in epi-
dermis and papillary dermis results in stronger hindrance 
for fluid flow which determines time-dependent phenom-
ena in suction experiments. The model further predicts 
layer-specific deformations and changes in osmotic and 
hydrostatic pressures associated with each specific loading 
mode, and this information is important for the analysis 
of mechanotransduction in human skin. Several model 
assumptions and simplifications were identified for which 
future work is required, provided corresponding experi-
mental information.
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