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Contact modelling of human skin: What
value to use for the modulus of elasticity?

Julien van Kuilenburg, Marc A Masen and Emile van der Heide

Abstract

In modelling and understanding the contact and friction behaviour of human skin, the elastic modulus of the skin is an
important input parameter. For the development of design rules for the engineering of surfaces in contact with the skin
an expression that describes the relation between the elastic modulus of the skin and the size of the contact is essential.
Although an exact description of the mechanical behaviour of the skin requires an anisotropic, nonlinear, viscoelastic
model, in this study it was found that for contact modelling involving relatively small deformations, the mechanical
behaviour seems to be accurately described by a single parameter: the effective elastic modulus. The effective elastic
modulus is shown to decrease several orders of magnitude when the length scale increases, which is the consequence of
the rather complex anatomy of the skin. At an indentation depth of 10 um, the effective elastic modulus was shown to
decrease from 0.15 to 0.015 MPa when the radius of curvature of the indenter increases from 10 um to 10 mm. The
variation of the elasticity is explained by the variation in the composition and properties of the different skin layers. This
study shows that for the contact modelling of human skin, a closed-form expression based on the anatomy of the skin
exists, which yields the magnitude of the effective elastic modulus of the skin as a function of the length scale of the

contact depending on variables such as age, gender and environmental conditions.
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Introduction

To a large extent, the functionality and comfort
experienced during the use of daily life products,
such as apparel, household appliances and sports
equipment, are determined by the frictional behaviour
of the contacts that occur with the skin; yet design
diagrams or design rules for the engineering of prod-
uct surfaces with prescribed friction and touch prop-
erties are missing. In the field of skin tribology, the
sliding contact between surfaces and the human skin
is investigated with the aim to develop such design
rules. The frictional behaviour of two surfaces that
are in sliding contact depends on the material com-
bination, the micro-geometry of the surfaces, any
lubricants and the environmental conditions, as well
as the operational conditions of the contact.' The fric-
tion force that occurs in the contact is a combination
of the forces required to break the adhesive bonds
between the two surfaces and the forces related to
the deformation of the bodies in contact. The adhe-
sion component in the friction force can be expressed
as the product of the shear strength of the interface
and the area of the contact. When a body that indents

the skin is moved forward, work is dissipated due to
the viscoelastic nature of the skin. The deformation
component equals the amount of work lost by visco-
elastic hysteresis per unit sliding distance, thus being
proportional to the indentation of the body into the
skin. In many cases, the mechanical behaviour of the
skin can be assumed to be elastic, so that the contact
theory developed by Hertz applies.>* Hertz’s
theory® is based on the assumption that the material
is homogeneous and isotropic, and is valid for rela-
tively small deformations. The dimensions of the
so-called Hertzian contact are determined by the geo-
metrical and loading parameters and the elastic
behaviour of the skin.
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In modelling and understanding the contact and
friction behaviour of human skin, the elastic modulus
of the skin E is thus an essential input parameter.’®
As a material, skin behaves in a complex manner; it
has a layered structure with highly changing proper-
ties through the layers, its behaviour is viscoelastic,
anisotropic and there may be an influence of under-
lying tissue and bones. The properties of the skin vary
with anatomical location and with subject, age,
gender, level of care and hydration. The different
layers of the skin have different thicknesses and mech-
anical properties. The outermost surface of the skin,
the stratum corneum, is a 2040 um thick layer, which
is composed of hornified cells giving this layer its high
stiffness, whereas the thickness of the extremely vis-
cous and soft hypodermis ranges from 1 to 50 mm,
depending on anatomical site and dietary habits.”'°
Common methods for quantifying the skin mechan-
ical behaviour are extension, torsion, suction and
indentation. When investigating the friction behav-
iour of human skin, a commonly used experimental
set-up is the spherical probe sliding over the skin. At
the microlevel, the contact between a rough surface
and the skin can be imagined as a collection of spher-
ical tipped asperities, each asperity indenting the
skin.'' It is therefore that the indentation principle is
the most appropriate technique for measuring the
mechanical properties, which determines the contact
and friction behaviour of human skin. Elastic moduli
reported throughout the literature have been measured
with a wide range of indenter geometries, making a
straight translation to the particular geometry of

interest difficult. Even though numerous results from
experiments using spherical indenters can be found in
the literature, the variation of used tip radii and normal
loads does not allow an easy comparison of these
values. The inner, also volar, forearm is a site com-
monly used for investigating tribological and mechan-
ical properties of the skin: not only is it representative
for nonglabrous skin, but it is also having a relatively
low hair fiber density and its surface is relatively
smooth. Figure 1 shows data for the measured elastic
modulus of in vivo skin of the inner forearm obtained
from the literature. Reported data for the measured
elastic modulus of isolated stratum corneum as a func-
tion of indentation depth are shown in Figure 2.

Figures 1 and 2 point out that different elastic
moduli should be taken into account whether model-
ling macrocontacts, such as skin in contact with prod-
uct parts, or microcontacts, such as skin, i.e. stratum
corneum, against surface features. For the purpose of
contact modelling, it is of practical use to present
the skin elastic properties as a function of the size of
the contact. For an axisymmetric indenter this char-
acteristic length scale can be the contact radius a.
The appropriate value of E to be used should be deter-
mined at the correct length scale and under represen-
tative conditions. A simple expression describing
the relation between the elastic modulus of the skin
and the size of the contact from microlevel to macro-
level is currently not available. For the development
of design rules for the engineering of surfaces in con-
tact with the skin such an expression E=f(a) is
essential.
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Theory

The contact of an individual asperity is generally
modelled as a spherical contact. To a first approxima-
tion, Johnson et al.'> and Adams et al.'? give the total
friction force of a spherical indenter sliding against
the human skin by the sum of two noninteracting
terms

Fp_ = Fp.,adh + F;/.,def (1)

The first term in equation (1) can be calculated from
the shear strength of the interface T and the contact
radius a by

Fp_,adh = UTaz (2)

When a spherical probe indenting the skin is moved
forward, work is dissipated due to the viscoelastic
nature of the skin. The deformation component
equals the amount of work lost by viscoelastic hyster-
esis per unit sliding distance, thus being proportional
to a viscoelastic loss fraction 8 and the indentation §
of the probe into the skin

3 4
F/L,d(ff = E,BEF (3)

By regarding the skin as an elastic half-space loaded
over a small circular region of its plane surface, the
contact radius « and indentation depth § can be cal-
culated from the normal load F and radius of

curvature of the body R using Hertz’s theory as
shown in equations (4) and (5), respectively

3/3 RF
“=\iE @
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in which E" represents the reduced elastic modulus,
defined as

1 l—v% l—v%
e B 6
E* E + E> ©)

with E; and E, the respective elastic moduli and v,
and v, the Poisson ratios of the contacting materials.
In the case of contact between skin and a stiff counter-
body, Ecounterboay > Esin and the reduced elastic
modulus depends solely on the properties of the skin
so that E* & Egy,/(1 — v%;,). However, the skin is a
layered material, being composed of three layers; the
epidermis, the underlying connective tissue called the
dermis and the hypodermis, or subcutis, consisting of
fatty connective tissue, that connects the dermis to the
underlying muscles or bones. Therefore it is question-
able whether a simple elastic parameter such as the
elastic modulus can be used to accurately describe the
behaviour of a complex material such as the human
skin.
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Figure 2. Measured elastic modulus of isolated stratum corneum as a function of indentation depth. Data taken from Pailler-Mattei

et al,* Yuan and Verma'” and Geerligs et al.'®
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Mechanical properties of the skin

For measuring the mechanical properties as they
apply to a tribological contact in which the skin is
one of the contacting surfaces, the indentation tech-
nique yields the proper results as discussed in the
introduction. In an indentation experiment, an instru-
ment continuously measures force and displacement
applied to a rigid indenter. Depending on the pos-
itioning accuracy of the instrument used, mechanical
properties can be determined down to the submicron
level, so for skin at the level of the stratum corneum.
The indentation technique can be applied in vitro on
isolated skin samples or in vivo, then always measur-
ing the combined response of the different skin layers.
For any axisymmetric indenter, the reduced elastic
modulus E” of the indented material can be obtained
from the initial unloading slope of the load—displace-
ment curve, which plots the normal load F versus
indentation 8 as proposed by Oliver and Pharr®®

J7 OF
Ef=_—
24 3

The projected area of the elastic contact 4 can be
determined from the indenter geometry and the inden-
tation depth. For a spherical indenter, the contact
radius « is a function of indentation depth § and tip
radius R given by Hertz as

a=+/8R (8)

For a conical indenter, the contact radius is related to
the indentation depth through the half angle « of the
tip so that

()

2 48
a=—
mtan o

©)

For a Berkovich indenter, the projected area A is
obtained from the area function A4 =24.58%, which
relates the area to the indentation depth.”® For the
purpose of scaling the results obtained with a
Berkovich indenter to those obtained using an axi-
symmetric indenter, an equivalent contact radius is
obtained from A =ma® so that a ~ 2.85.

A less common method to obtain the reduced elas-
tic modulus is to fit the load—displacement data to the
Hertz equation.®'? Some studies calculate the elastic
modulus by numerical analysis of the indentation
curve.>"?

Stratum corneum and epidermis

At the length scale of surface roughness, i.e. smaller
than 10 um, the elastic properties of the skin are deter-
mined by the top layer of the skin. Several studies
report the mechanical properties of isolated stratum
corneum as a function of indentation depth

determined from indentation experiments, shown in
Figure 2. Yuan and Verma'’ obtained elastic moduli
for dry and wet isolated porcine stratum corneum.
Load-displacement curves were measured using a
Berkovich tip. For dry stratum corneum, the reduced
elastic modulus decreased from order 300 MPa at
0.2 um indentation to about 75MPa at 1pum. For
wet stratum corneum, a considerably lower elasticity
was measured decreasing from about 50 to 10 MPa at
0.2 and 2 um indentation, respectively.

Pailler-Mattei et al.* compared mechanical and
tribological properties of isolated stratum corneum
with in vivo measurements. Isolated human stratum
corneum with a thickness of around 10-20 um was
attached to a glass plate. Indentation experiments
were carried out using a spherical diamond tip with
7.8 um radius. By extrapolation, the elastic modulus
of the skin outer surface was obtained, being around
1 GPa. The elastic modulus then decreased with
increasing indentation depth to around 100 MPa
at 4 pum.

Geerligs et al.'® carried out indentation tests on
isolated human stratum corneum and isolated
human epidermis using a spherical sapphire tip with
500 um radius. For the stratum corneum, a reduced
elastic modulus of 3.44 + 0.8 MPa was measured at
about 2 um indentation. For the epidermis, a reduced
elastic modulus of 1.46 + 0.26 MPa was measured at
about 8 um indentation.

Hydration

Depth profiles of water content of the stratum cor-
neum can be measured in vivo using confocal Raman
spectroscopy. The moisture content of nonhydrated
stratum corneum of the inner forearm can be seen
to increase from below 30% at the outer surface to
approximately 70% at a depth of 20 um, showing a
steep gradient from 5 to 15 pum.**** Mechanical prop-
erties of the stratum corneum are strongly dependent
on environmental temperature and relative humidity
(RH). Wildnauer et al.>' carried out stress—strain
measurements on isolated human stratum corneum
samples which were kept at different relative humid-
ities for 48 hours. Load—elongation curves were mea-
sured on 2mm wide strips. Assuming a thickness of
the stratum corneum of 20 um, tensile elastic moduli
can be calculated decreasing from about 4 GPa at
32% RH to 2GPa at 76% RH and 1 GPa at 98%
RH. Using a tensile tester, Park and Baddiel** mea-
sured the tensile elastic modulus of 2mm wide iso-
lated stratum corneum strips as a function of
relative humidity. The tensile elastic modulus was
found to decrease from 2 GPa at 30% RH to 3 MPa
at 100% RH. Papir et al.> investigated the influence
of relative humidity and temperature on the tensile
properties of isolated newborn rat stratum corneum.
A continuous decrease of the elastic modulus was
observed with an increase in either relative humidity
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Figure 3. Tensile elastic modulus of isolated stratum corneum as a function of relative humidity. Data adapted from

Wildnauer et al.,2I Park and Baddiel?? and Papir et al?

or temperature. In a semilogarithmic plot of the rela-
tive humidity versus tensile elastic modulus, two
regimes can be observed separated by a clear discon-
tinuity. At low relative humidity a moderate decline is
observed from 8.87 GPa at 26% RH to 2.44 GPa at
68% RH, where above 70% RH an order of magni-
tude decrease can be seen to 12MPa at 100% RH.
More recently, the influence of relative humidity on
the mechanical properties of the stratum corneum has
been discussed by Wu et al.?® They also report that
their own inplane tensile measurements yielded
moduli decreasing from approximately 1GPa to
5MPa with increasing hydration.

From Figure 3 it can be seen that the elasticity of the
stratum corneum tends to decrease with increasing
relative humidity. It is therefore important to consider
temperature and humidity of the test environment
when comparing the results from different experiments.

Dermis and hypodermis

At larger length scales, i.e. millimeters, the properties
of the dermis and hypodermis determine the elastic
behaviour of the whole skin. For example, Pailler-
Mattei et al. investigated the influence of the stratum
cornecum on the mechanical properties of in vivo
human skin by successive removal of stratum cor-
neum layers by tape-stripping. From indentation
experiments carried out on the inner forearm using
a 6.35mm radius indenter they found that the elastic
modulus was about 7-8 kPa, independent of the thick-
ness of the stratum corneum removed. They con-
cluded that, at these length scales, the stratum

corneum mechanical properties do not influence the
global skin mechanical properties.

Delalleau et al.' calculated the skin elastic modu-
lus by numerical analysis of results obtained from
indentation of the human forearm using a 6.22 mm
radius spherical indenter. Isotropic, linear -elastic
behaviour was assumed when analysing the load—
indentation curves. A reduced elastic modulus of
7.37kPa was measured at 600 um indentation. From
numerical analysis of indentation curves measured on
the inner forearm using a 6.35mm radius indenter,
Elleuch et al.? obtained a reduced elastic modulus of
15.4kPa at 80 mN normal load. It was observed that
within the range of conditions tested, skin showed a
dominant elastic behaviour.

Pailler-Mattei et al.'> compared the elastic moduli
measured on the inner forearm of two subjects differ-
ent in age using a 6.35 mm radius steel indenter. For a
30-year-old subject a reduced elastic modulus of
8.8 kPa was measured at 900 um indentation. At the
same normal load for the 60-year-old subject, the
reduced elastic modulus was 5.2kPa at 1400 pm.
These results show a clear decrease of the elastic
modulus with age. The same observations were
made in a study by Zahouani et al.'® At 20mN
normal load, the reduced elastic modulus decreases
with age from 10.2kPa at 30 years to 7.5 and 5.3
kPa at 60 and 80 years, respectively.

Variation between subjects

Age and gender cause the effective elastic modulus to
deviate from an average value. Besides age and
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gender, variation in measured mechanical properties
between subjects arises from variation in skin proper-
ties such as thickness of the different skin layers or
variation in aging. Differences in used test equipment,
test conditions and the location on the inner forearm
on which the measurements are carried out give
further rise to the observed variation in results.
Some studies report results obtained from a larger
population of test results, so giving insight in the vari-
ation of the measured elastic properties. From an
extensive study of the load—displacement response of
the forearm skin, Flynn et al.?” observed a large vari-
ation within a population of 21 subjects between 21
and 52 years. Analysis of the measurement data
yielded a standard deviation of about 50%.
Jachowicz et al.? observed that mechanical properties
changed with gender. Elastic moduli were measured
on the forecarm of 6 female and 4 male subjects
between 28 and 65 years using a 7.94mm diameter
spherical probe. The reduced elastic modulus was cal-
culated by fitting the loading part of the load—inden-
tation curve to Hertz theory. At normal loads of 0.06
and 0.1 N, the average reduced elastic modulus was
13.7 and 11.2kPa for the female subjects, where for
the male subjects 28.6 and 24 kPa were measured.
The data reported in the studies described earlier
were obtained from experiments carried out on sub-
jects of different age and gender as shown in Table 1.
From the results reported in the literature it is evident
that the subject age.'>'® and gender® have a consider-
able influence on the measured elastic properties.

Subcutaneous tissue

With the length scale increasing further, the influence
of underlying tissues such as muscles and bones
becomes apparent. Pailler-Mattei et al.'"* measured
the elastic properties of the skin as a function of
indentation depth using a conical steel indenter with
45° half angle and 10 mm height. Elastic moduli were

Table |. Variation between subjects.

Data elastic
Study Subjects  Age modulus
Jachowicz et al.® 4 males  28-65 years  28.6 + 4kPa
24 + 3.8kPa
6 females 28-65 years  13.7 & 5.3 kPa
11.2 + 2.8kPa
Pailler-Mattei 10 males about 30 years 18 +4kPa
etal'
Pailler-Mattei | female 30 years 8.8 kPa
etal'
| female 60 years 5.2 kPa
Zahouani et al.'® 20 females 55-70 years 8.3 + |.74kPa

Geerlings et al.'® 3 females 43 + 4 years 3.44 + 0.8MPa
1.46 £+ 0.26 MPa

calculated from the normal contact stiffness obtained
from the initial part of the unloading curve. From
about 1.5mm depth, the elastic modulus increases
with indentation depth from 12 to 18 kPa at about
4mm. It was stated that this increase is due to the
increasing contribution of subcutaneous tissues such
as the muscles. From data found in the literature by
Pailler-Mattei et al.,'"* a reduced elastic modulus for
muscle was calculated varying between 32 and 96 kPa,
which is larger than the elasticity measured for whole
skin. Below 1.5mm indentation, the elastic modulus
tends to increase with decreasing indentation.

In a pioneering study on the tribology of human
skin, Johnson et al.'? investigated the sliding contact
of a glass probe on the inner forearm under different
conditions. The mechanical response of the skin to
normal loading was measured for a glass sphere
with 8 mm radius of curvature. The loading curve fol-
lowed a power law with an exponent of 1.44, very
close to the Hertz equation (5). At 1 N normal load
and 3mm indentation, a reduced elastic modulus of
52.6kPa was calculated wusing Hertz’s theory.
Tivarinen et al.?® obtained elastic moduli of the skin
from numerical analysis of the results from experi-
ments using a 2mm diameter flat indenter. At rest,
the elastic modulus for skin was 210kPa, increasing
to 446 and 651 kPa under flexor and extensor loading
of the muscle, respectively. Although in most studies
the forearm is at rest during the experiments, in in
vivo experiments on the volar forearm, the mechan-
ical response at large length scales might be influenced
by the tension of the underlying muscle.

What value to use for the elastic modulus?

To account for the multilayered and nonhomoge-
neous structure of the skin, as well as the relatively
large deformations and any nonlinear effects in a rela-
tively straightforward manner, it is suggested to use
the effective elastic modulus E,; sometimes referred
to as the apparent or equivalent elastic modulus.
Although it might formally not be correct from a
physical point of view, the concept of an effective elas-
tic modulus is very useful in contact and friction mod-
elling as it reduces a multiparameter expression to
a single parameter. The effective elastic modulus is a
combination of the respective moduli of the skin
layers and of the underlying tissue such as muscles
and bones. The relative contribution of each individ-
ual skin layer to the effective elastic modulus is deter-
mined by the ratio of the thickness of the layer ¢ to the
length scale of the contact a. Generally, the effective
elastic modulus can be expressed as

Eef' = Emhxtraza + (Elayer - E?Lthxtraze)(b(z) (10)

in which ® is a weight function depending on the
relative penetration z. The relative penetration z
being defined as the ratio of the indentation depth
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to the layer thickness §/z, or as the ratio of the length
scale of the contact to the film thickness a/¢, which is
actually a relative length scale. Several methods to
determine the relation between the effective modulus
and the moduli of which it is composed can be found
in the literature. An analytical solution to calculate
the effective modulus of a layered material developed
by Swain and Men¢ik,” based on the work of Gao
et al.,*® was used succesfully in the modelling of the
contact between a rough surface and a layered mater-
ial by Pasaribu and Schipper.’’ However, this model
is valid only for modulus ratios up to 2. For a layered
material such as the skin, the modulus ratios vary
between 0.01 and 100, and the evolution of the effect-
ive elastic modulus with the ratio a/t can be calculated
following the numerical procedure of Perriot and
Barthel.>> Based on the calculated results, they pre-
sented an empirical function E:f_-/(a/t) for a single-
layer system. An analytical single-layer model devel-
oped by Bec et al.*® was used to analyse the elastic
behaviour of skin by Pailler-Mattei et al.,'* who
described the effective elastic modulus of the skin by
considering the skin as a soft elastic layer on a less
compliant substrate, the muscle. To account for the
relative contributions of the dermis and hypodermis
they extended the Bec-model to a two-layer model.
With this model, realistic values for the elastic
moduli of the skin layers were obtained from the mea-
sured effective elastic modulus for relatively large
length scales.

In the current study, the effects of the epidermis
including the high modulus stratum corneum are
incorporated by extending the two-layer model to a
four-layer model. The global stiffness of the skin K, is
given as the reciprocal sum of the stiffnesses of the
different skin layers K; and of the underlying tissue
K,. From the definition of the stiffnesses
K; = nd®Ef/t and K, =2Efa, the effective elastic
modulus is given as

To ensure correct boundary conditions, the polyno-
mial functions fi(a) were introduced in the expressions
of the different moduli.'*??

e When the contact size is very small as compared to
the thickness of the upper layer, the effective elastic
modulus equals the elastic modulus of the upper
layer.

e If the properties of the different layers are the same
as those of the substrate, the effective elastic modu-
lus equals the elastic modulus of the substrate.

e If the properties of neighbouring layers are the
same, those layers respond as one thick layer
with the same elastic properties.

In analogy to the work of Bec et al.** and Pailler-

Mattei et al.'"* for the four-layer model, this leads to

the following expressions for the functions fi(a)

) 2t
fila) =1+
a

) i—1 2 i

fori=2,...,n—1
2n—1
W@ =1+ 12
n(@) (+MIZIJ) (12)

From equations (11) and (12) it can be seen that the
relation between the effective elastic modulus of the
skin E7, and the size of the contact a depends solely
on the respective thicknesses ¢; and elastic moduli E}
of the different skin layers, indicated by the subscripts
i=1,...,4, and the underlying tissue indicated by the
subscript n=5. Figure 4 gives a summary of the
foregoing.

Skin properties

For the properties of the different skin layers, a wide

n—1
b =2 Z fi + ! (11) range of values are reported in the literature. The sur-
Eyr = filaymaE; - fu(a)E; face of the skin is formed by the stratum corneum,
< -
stratum corneum t
E, 1
A ty
E:rfe)
c t 2a °
dermis E; 1
_ . t,
hypodermis E,
underlying tissue & skin

Figure 4. Schematic overview of the contact between a rough indenter and the skin simplified to the contact of a smooth spherical

indenter and the skin.
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which is actually the outermost layer of the epidermis,
the skin top layer. The thickness of the stratum cor-
neum varies between 10 and 40 um.*'"'® Values for
the elastic modulus, measured from indentation
experiments on isolated samples, vary from 3.5 to
2000 MPa as shown in the section ‘Mechanical prop-
erties of the skin’. For wet stratum corneum, the mea-
sured elastic modulus is considerably lower than for
dry stratum corneum.*'”'® The viable epidermis has a
thickness varying from 40 to 150 um.*® and an elastic
modulus of about 1.5 MPa.'® The second skin layer is
the dermis, for which a thickness between 800 and
2000 pum is reported.*'* Elastic moduli are found ran-
ging from 8.5 and 35kPa to 1.7MPa.'*!'® Below the
dermis lies the hypodermis, or subcutaneous fat layer.
The thickness of the hypodermis varies considerably
with anatomical site and between persons. At the
volar forearm, the thickness and elastic modulus are
approximately 800pum and 2kPa, respectively.'*
Finally, for the underlying muscle, the elastic modulus
is found to vary between 100 and 400 kPa.'**®

Table 2 shows the parameter values for layer thick-
ness #; and elastic modulus £} that have been used to
calculate the effective elastic modulus of the skin of
the volar forearm E7, as a function of contact length

scale a. Average values were calculated from the
ranges found in the literature.

Results and discussion

Figure 5 shows the effective elastic modulus as a func-
tion of length scale calculated using the data from
Table 2. The complex behaviour of the skin of the
volar forearm can be characterised by a single curve
describing the elastic behaviour as a function of the
length scale of the contact. As discussed in the section
‘Skin properties’, different values for the respective
layer thicknesses and elastic moduli can be found in
the literature. The influence of the variation in these
parameters on the effective elastic modulus has been
indicated by dashed lines. The effective elastic modu-
lus of the skin decreases several orders of magnitude
when the length scale increases.

The evolution of the effective elastic modulus with
contact length scale depicted in Figure 5 is the conse-
quence of the rather complex anatomy of the skin. At
different length scales different layers contribute to the
apparent elasticity. The elastic moduli of the respect-
ive layers decrease with depth. With increasing length
scale, the contribution of the lower and softer skin

Table 2. Parameters used for calculating the skin effective elastic modulus: average values and ranges (in parentheses).

i Skin layer, tissue Elastic modulus E; (MPa) Thickness t; (mm) References

| Stratum corneum dry 500 (3.5-1000) 0.025 (0.01-0.04) 4,17, 18
wet 30 (10-50)

2 Viable epidermis 1.5 0.095 (0.04-0.15) 4,9, 18

3 Dermis 0.02 (8-35x107%) 1.4 (0.8-2) 4,9, 14, 16

4 Hypodermis 2x 1073 0.8 14

5 Muscle 0.25 (0.1-0.4) 14, 28

*

Effective elastic modulus Eeff (MPa)

Yuan and Verma [17]
Yuan and Verma [17]
Pailler—Mattei et al. [4]
Geerligs et al. [18]
Johnson et al. [12]
Dellaleau et al. [13]
Elleuch et al. [2]
Pailler—Mattei et al. [4]
Jachowicz et al. [3]
Pailler—Mattei et al. [14]
Pailler-Mattei et al. [15]

Zahouani et al. [16]

x + »# 4 O D < @ p o O =&

Length scale a (mm)

Figure 5. Effective elastic modulus of the skin of the volar forearm Es as a function of length scale a: calculated using average values

(solid line), calculated using extreme values (dashed lines) and results from the literature.

2-4,12-18
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layers to the effective elastic modulus increases, its
magnitude being determined by the ratio of elastically
deformed volumes a*/1,a%, or relative length scale a/1;.
Figure 6 plots the effective elastic modulus as a func-
tion of indentation depth § for different indenter radii
R at indentations § < 0.25R. At small indentation
depths, the effective elastic modulus decreases with
increasing indenter radius or, in other words, increas-
ing elastically deformed volume due to the increasing
contribution of the lower and softer skin layers.
At larger indentation depths, the increasing contribu-
tion of the stiffer underlying tissue leads to an increase
of the effective elastic modulus with increasing inden-
ter radius.

Stratum corneum and epidermis

The stratum corneum serves a barrier function, pre-
venting exogenous materials from penetrating into the
body and vital components such as water from leav-
ing the body.'® The stratum corneum is the outermost
layer of the viable epidermis which consists of kera-
tinocytes, viable cells which are migrating towards the
outer surface, eventually forming the stratum cor-
neum. This top layer is composed of cornified dead
cells which have a diameter of 20-40 pm and a thick-
ness of 1 pum. The amount of keratin, a tough struc-
tural protein, ranges from 30% at the base layer of
the epidermis to 80% in the stratum corneum.’ The
corneocytes are held together by lipids and corneodes-
mosomes, protein structures acting as ‘rivets’. The

structure of the corneocytes being embedded in a
intercellular lipid matrix is commonly referred to as
a brick-and-mortar structure.** From a mechanical
point of view, the corneocytes provide the stratum
corneum with rigidity, whereas the lipids give it, its
flexibility.

Although in the studies described in the section
‘Mechanical properties’ of the skin, the elastic modu-
lus is reported as a function of indentation depth,
using equations (8) and (9) the reported values can
be plotted as a function of the length scale of the
contact. The elastic properties from stratum cor-
neum obtained from the literature are plotted as a
function of contact length scale in Figure 5. As com-
pared to the high elastic modulus measured for iso-
lated stratum corneum, the calculated effective
elastic modulus at small length scales is rather low.
Perriot and Barthel®® calculated equivalent elastic
moduli as a function of relative length scale «/t for
substrate to layer elastic moduli ratios ranging from
1072 to 102 Their results show that the mechanical
response of the layered system is dominated by
the softer material, whether the softer material is
the layer or the substrate, which explains the differ-
ence observed from Figure 5. The proposed model
can be applied to a soft layer supported by a harder
substrate, i.e. E; = 70 GPa, as indicated by the dash-
dotted line in Figure 5. Although it can be seen in
Figure 5 that the elastic modulus of wet isolated
stratum corneum is considerably lower than for
dry stratum corneum.'” hydration has only a minor
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Figure 6. Effective elastic modulus of the skin of the volar forearm EZ; as a function of indentation depth § for different indenter

radii R.
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influence on the magnitude of the effective elastic
modulus.

When the length scale is of the same order as the
thickness of the stratum corneum, the influence of the
epidermis and lower skin layers increases and the
effective elastic modulus is found to decrease due to
the lower elasticity of these layers.

Dermis and hypodermis

The dermis forms the second layer of the skin. The
dermis houses several of the skin’s appendages, such
as the hair follicles, sweat and sebaceous glands and
different nerve cells. Adhesion between the dermis and
the epidermis is provided by the dermal-epidermal
junction appearing like fingerlike projections provid-
ing mechanical strength by increasing the contact area
and by mechanical interlocking. The dermis is the
main mechanical component of the skin, maintaining
spatial organisation of the underlying tissues and pro-
tecting against mechanical stresses from the outside so
acting as a shock absorber. It is composed of collagen
and elastin fibers in a viscous fluid, the extrafibrillar
matrix. The collagen is the load-carrying element with
intramolecular crosslinks giving strength to the
dermis. The elastin provides the skin with its elasti-
city. With age, the density and orientation of these
fibers change, leading to a considerable decrease in
elasticity.

Underlying the dermis is the hypodermis, or sub-
cutis, connecting the dermis to the underlying skeletal
components. The hypodermis houses bloodvessels

and nerves. Furthermore, this subcutaneous fat layer
provides for energy storage, thermal insulation and is
a cushion, protecting against mechanical shock. The
thickness of the hypodermis is 1mm to 5cm and
depends strongly on anatomical site and other factors
such as a person’s diet. The hypodermis is an extre-
mely viscous and soft layer.

The results for the elastic moduli measured in vivo
are plotted as a function of contact length scale in
Figure 5. Although the model omits the nonlinear
characteristics of the skin and does not take into
account the presence of hair follicles, the different
glands and bloodvessels, the curve describes the evo-
lution of the effective elastic modulus with the lenght
scale of the contact rather well. Variation of proper-
ties of the lower and softer skin layers with age,
gender or anatomical site give rise to the reported
variations in elastic properties. Figure 7 shows the
data reported earlier in Figures 1 and 5 for the
reduced elastic modulus of in vivo human skin as a
function of subject gender and age. With increasing
age, the reduced elastic modulus at the larger length
scales tends to decrease; for females, a lower elasticity
is measured than for males. The variation in elastic
properties can be contributed to a variation in elastic
properties of the dermis.

After a decrease of several orders of magnitude
with the length scale increasing from the micron to
millimeter range, from a length scale of several milli-
meters a slight increase of the effective elastic modulus
of the skin is caused by the underlying tissues such as
muscle.

Measured elastic modulus E (MPa)

B males young (= 30 yrs)

females young (20-30 yrs)
O females old (>60 yrs)

1073
10-1

Length scale a (mm)

100 10!

Figure 7. Measured elastic modulus of in vivo skin of the human volar forearm as a function of length scale. Data adapted from the

literature.2 %216
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Contact and friction

As shown in equations (2) and (3), the friction force of
a spherical probe sliding against the human skin is a
function of the contact radius and the indentation
depth. These contact parameters can be calculated
iteratively from the indenter geometry and contact
load using Hertz’s equations (4) and (5) as depicted
schematically in Figure 8. The effective elastic modu-
lus of the skin decreases with increasing length scale to
a minimum value, after which a slight increase can be
observed. Obviously, the evolution of the effective
elastic modulus with the length scale of the contact
leads to a deviation from the relation predicted by
Hertz, which assumes a constant elastic modulus.
With decreasing elastic modulus, the contact radius
shows a stronger increase with increasing indenter
radius and contact load. The indentation depth
shows a stronger increase with increasing contact
load and, as it is inversely proportional to the indenter
radius, a weaker decrease with increasing indenter
radius.

Although the solution provided by Hertz is based
on several assumptions™® Hertz’s theory is commonly
used in all contact problems involving spherical
bodies. Dintwa et al.* investigated the accuracy of
the Hertz model under conditions in which some of
these assumptions were violated using the finite elem-
ent method. They found that friction between the

Geometrical and loading
parameters R, F

l

Initial E”

|

Calculate a using
equation (4)

}

Calculate E_ using
equations (11), (12)

Adjust E*

No
Yes
R Calculate 6 using
a = a(Eer) equation (5)

Figure 8. Algorithm for calculating the contact radius a and
indentation depth § from the indenter radius R and normal load
F taking into account the length scale effect of the effective
elastic modulus EZ of the skin.

contacting bodies (Hertz’s theory assumes frictionless
contacts) had no significant effect on the force—inden-
tation relation predicted by Hertz, although the
contact radius is slightly smaller. Furthermore, no
significant errors were found when the contact surface
is not flat, as is the case with a rigid body indenting
the softer skin. However, at large indentations, the
Hertz model appears to underestimate the normal
force, the error increasing with increasing indentation.
At a ratio §/R=0.025 an error of 9.2% was found.
They proposed an equation for the correction of the
Hertz model.

For a layered material the relation between contact
radius and indentation as shown in equations (8)
and (9), which are valid for homogeneous materials,
break down. Perriot and Barthel*” calculated the con-
tact force and indentation as a function of contact
radius for the elastic contact of an axisymmetric
indenter and a coated substrate. For substrate to
layer elastic moduli ratios ranging from 1072 to 10%,
equivalent elastic moduli were calculated. For a
spherical indenter they showed that the relation
between indentation and contact radius is given by
8=(a*/R)-®(a/r) in which ®(a/f) deviates from one
when the contact radius a approaches the layer thick-
ness ¢. For soft layers on an harder substrate, as in
the experiments on isolated stratum corneum
attached to a glass or metal substrate, ® <1. For
large moduli ratio this leads to a maximum error of
around 30%.

Thus the curve depicted in Figure 5 can be used to
estimate contact parameters of a spherical probe slid-
ing against the nonglabrous skin of the inner forearm
with reasonable accuracy. When data for the thick-
ness and elastic modulus of the individual skin layers
are known, the equations (11) and (12) can be used to
predict the elastic behaviour at other anatomical sites.
Contact models, such as the model proposed by
Archard®® can be used to incorporate the role of the
surface topography of the nonglabrous, or hairy, skin
in the contact and friction behaviour. However,
describing the contact behaviour of the glabrous
skin of for example the fingerpad requires a more
complex model than the one presented in this study,
which was based on the sphere-on-flat geometry.
Although at first sight the fingertip seems to approxi-
mate a soft sphere, its contact behaviour is not that
simple, as was shown by Derler et al.*” They found
that at low loads the pressure distribution showed a
round profile corresponding to the distribution pre-
dicted by Hertzian theory. At larger loads, however,
the pressure distribution was conical, which was
attributed to the influence of the bony structure
underneath the softer tissues of the finger pad. The
contact and friction behaviour is further complicated
by the particular surface texture of the fingerpad skin,
the contact area being determined by the number of
fingerprint ridges rather than by deformation of the
ridges.*®
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Conclusions

Although an exact description of the mechanical
behaviour of the skin requires an anisotropic, non-
linear, viscoelastic model, for contact modelling invol-
ving relatively small deformations, the mechanical
behaviour can be described accurately by a single par-
ameter: the effective elastic modulus. The complex
behaviour of the skin of the volar forearm can be
described using a closed-form expression E=f{a)
giving the elastic modulus F as a function of contact
length scale a. Data collected from the literature shows
that the measured elastic modulus of the skin varies
orders of magnitude with varying contact length scale.
The calculated effective elastic modulus of the skin
describes the evolution of the elastic modulus with con-
tact length scale very well. The length scale of the con-
tact, which in case of a spherical contact equals the
contact radius a, is the parameter from which the effect-
ive elastic modulus is calculated. For a given load and
geometry, geometrical parameters such as the contact
radius and the indentation depth can be iteratively cal-
culated using a set of analytical expressions.

The effective elastic modulus varies considerably
with length scale. At the micro scale, for example
when investigating the effect of textures or surface
roughness, length scales are in the order of microm-
eters. The effective elastic modulus decreases several
orders of magnitude with increasing length scale, from
about 1 GPa at the outer surface to 1 MPa at a length
scale of 1um. Although the elastic modulus of the
stratum corneum decreases considerably with increas-
ing hydration, there is only a minor influence of
hydration on the magnitude of the effective elastic
modulus. For indentation at the macro scale, for
example in determining the apparent contact area in
a tribological test, length scales are in the order of
millimeters. The reduced elastic modulus is in the
order of kilopascals, and varying with age and gender.

In this work a curve is presented, which describes
the elastic response of the average inner forearm as a
function of contact lenght scale. Because the expres-
sions that were used to calculate the effective elastic
modulus account for the elastic and geometrical prop-
erties of the skin layers, they can be used to predict the
elastic behaviour at any other anatomical site for
which these data are available. However, a study to
confirm this was not conducted.

For the contact and friction modelling of human
skin, a closed-form expression based on the anatomy
of the skin exists, which yields the magnitude of the
effective elastic modulus of the skin as a function of
the length scale of the contact depending on variables
such as age, gender and environmental conditions.
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Appendix

Notation

a contact radius, length scale (m)

A contact area (m?)

E elastic modulus (Pa)

E reduced elastic modulus (Pa)

Eyy effective elastic modulus (Pa)

F normal load (N)

F, friction force (N)

Fuaan friction force due to adhesive shear (N)

Fo ey friction force due to deformation losses

(N)

R radius of curvature (m)

t layer thickness (m)

z relative penetration (—)

o angle (°)

B viscoelastic loss fraction (—)

8 indentation depth, deformation (m)

v Poisson ratio (-)

T shear strength of the interface (Pa)
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