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Abstract The surface topography of the human wrist skin

is studied using an optical method and the surface rough-

ness power spectrum is obtained. The Persson contact

mechanics theory is used to calculate the contact area for

different magnifications, for both dry and wet condition of

the skin. For dry skin, plastic yielding becomes important

and will determine the area of contact observed at the

highest magnification. The measured friction coefficient

[M.J. Adams et al., Tribol Lett 26:239, 2007] on both dry

and wet skin can be explained assuming that a frictional

shear stress rf & 15 MPa acts in the area of real contact

during sliding. This frictional shear stress is typical for

sliding on polymer surfaces, and for thin (nanometer)

confined fluid films. The big increase in the friction, which

has been observed for glass sliding on wet skin as the skin

dries up, can be explained as resulting from the increase in

the contact area arising from the attraction of capillary

bridges. This effect is predicted to operate as long as the

water layer is thinner than *14 lm, which is in good

agreement with the time period (of order 100 s) over which

the enhanced friction is observed (it takes about 100 s for

*14 lm water to evaporate at 50% relative humidity and

at room temperature). We calculate the dependency of the

sliding friction coefficient on the sliding speed on lubri-

cated surfaces (Stribeck curve). We show that sliding of a

sphere and of a cylinder gives very similar results if

the radius and load on the sphere and cylinder are

appropriately related. When applied to skin the calculated

Stribeck curve is in good agreement with experiment,

except that the curve is shifted by one velocity-decade to

higher velocities than observed experimentally. We explain

this by the role of the skin and underlying tissues visco-

elasticity on the contact mechanics.

Keywords Contact mechanics � Skin friction �
Water layer

1 Introduction

The tribology of the human skin is a fascinating but very

complex topic. This is partly due to the layered nature of

skin, to its complex viscoelastic nature, and to its great

sensitivity to the humidity. Thus, it is known that the

effective elastic modulus of the skin top-layer (the d &
20 lm thick stratum corneum) may change by a factor of

*100-1000 as the humidity increases from zero to 100%

relative humidity (see Ref. [1] and references therein). At

low humidity the stratum corneum has an elastic modulus

similar to rubber in the glassy region (with a Young’s

modulus E & 1-3 GPa), while in the wet state it behaves

as rubber in the rubbery region with the Young’s modulus

of order E & 5-10 MPa (see Refs. [1, 2]). However, if the

skin, e.g., on the inner forearm, is probed by a macroscopic

indentor, e.g., a ball with the diameter of order *1 cm, the

(macroscopic) contact mechanics is well described using

the Hertz contact model with an effective elastic modulus

10-40 kPa. This reflect the softness of the tissue layers

below the skin layer. Thus, the contact mechanics between

the indentor and the skin can only be described using a

layer-model with a thin elastically stiff layer on the top of a

soft bulk.
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IFF, FZ-Jülich, 52425 Jülich, Germany

e-mail: b.persson@fz-juelich.de

A. Kovalev � S. N. Gorb

Department of Functional Morphology and Biomechanics,

Zoological Institute at the University of Kiel, Am Botanischen

Garten 1-9, 24098 Kiel, Germany

123

Tribol Lett (2013) 50:17–30

DOI 10.1007/s11249-012-0053-2



Due to its importance for living objects, it is likely that

the skin has been highly optimized during million of years

of evolution. This probably also reflect its tribology prop-

erties and it is likely that many of its mechanical and

structural properties reflect this fact. Thus, the pattern of

channels on the skin surface on the hands may facility the

squeeze-out of fluids (similar to the tread pattern on tires)

and may increase the friction and grip between a fluid-

contaminated object and the human hand [3]. Similarly, the

strong reduction in the elastic modulus of the stratum

corneum in humid condition result in a large increase in the

contact area and the friction during sweating, which again

may increase the friction or grip between the hand and an

object, which may be particularly important in emergency

situations.

A large number of studies have been performed on the

tribology of the human skin [4]. This is partly because of

its great importance in medicine and cosmetics, and partly

because of curiosity. The present understanding has been

summarized in a beautiful article by Adams et al [1], and

we will compare some of our theoretical predictions below

to the results presented by Adams et al. We emphasize that

the tribology of the skin is a very complex topic. Never-

theless, we believe that the picture presented in our article

correctly describe the properties of human skin, and that

the calculated results are at least of semi-quantitative

accuracy.

This article is organized as follows: In Sect. 2, we

present optical surface topography data of the skin, and in

Sect. 3 we calculate the surface roughness power spectra

which is used in the contact mechanics calculations. In

Sect. 4, we calculate the contact area between skin and a

hard flat surface and derive the magnitude of the stress

which must exist in the area of real contact during sliding

on dry and wet skin. In Sect. 5, we discuss the role of

capillary bridges on the contact mechanics and show that

the large peak in the friction force observed during drying

of wet skin can be explained by the increase in the contact

area resulting from the capillary attraction (for hydrophilic

interfaces). In Sect. 6, we discuss mixed lubrication. We

first show that by appropriate choice of the radius and load,

the lubricated friction dynamics is very similar for spher-

ical and cylindrical sliding objects. Next, we calculate the

Stribeck curve for skin and compare it to the measured

results of Adams et al. Sect. 7 contains the summary.

2 Experimental

Wrist skin topography was analyzed in dry and wet states.

The skin was first washed with ethanol, then wiped and

dried for 2 min. To transfer the skin in a wet state, a wet

napkin was placed on the skin surface for 10 min. Before

further manipulations the skin was wiped and dried for

2 min. A two-component dental wax (President light body,

Coltene, Switzerland) was used to prepare the negative

casts of the skin in dry and wet state. The negative casts

were further filled out by Spurrs low-viscosity resin and

polymerized overnight at 70C. The images of positive

epoxy casts coated with gold-palladium (4 nm) were

obtained using a Hitachi TM3000 tabletop electron

microscope (Hitachi High-Technologies Corp., Tokyo,

Japan) at an accelerating voltage of 3 kV (see Fig. 1). 3D-

surface profiles of negative casts were acquired using a

white-light interferometer NewView 6k (Zygo, Middle-

field, CT, USA) with 5x and 50x magnifications (see

Fig. 2). Contact angles of water on the skin were measured

5 times at different locations for each skins state using a

contact angle measurement device OCA20 (Dataphysics

Fig. 1 SEM picture of dry (a, b) and wet (c, d) human wrist skin

taken at low (a, c) and high (b, d) magnification

Fig. 2 White-light-interferometer pictures of dry (a, b) and wet (c, d)

human wrist skin. a, c 2D view of the surface with the color coded

heights. b, d 3D views of the same surface as in a, c with color coded

heights (Color figure online)
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Instruments, Filderstadt, Germany). According to our

measurements the advancing water contact angle on human

wrist skin is 112.9 ± 1� on dry skin and 121.4 ± 1.6� on

wet skin. The larger contact angle on wet skin could reflect

either a change in the skin surface chemistry, or more

likely may be due to the increase in the surface roughness

of wet skin. The receding contact angle was not measured

but will be smaller than the advancing contact angle. There

are different values for the water- skin contact angle pub-

lished in the literature in the range 80-110�.

3 Surface Roughness Power Spectrum of Skin

From the measured height profile z = h(x) (where,

x = (x, y) is the in-plane coordinate) we calculate the

surface roughness power spectrum defined by [5, 6]

CðqÞ ¼ 1

ð2pÞ2
Z

d2xhhðxÞhð0Þie�iq�x ð1Þ

where h..i stands for ensemble average and where q = (qx, qy)

is a two-dimensional (2D) wavevector of a particular cosines-

surface roughness component with wavelength k = 2p/q and

orientation (in the xy-plane) determined by the direction of

q. For surfaces with roughness with isotropic statistical

properties, C(q) depends only on q = |q|.

Figure 3 shows the power spectra as a function of the

wave vector (log10–log10 scale). The red and green lines

are from dry skin (red from our laboratory and green from

the surface topography presented in Fig. 10 in Ref. [1]).

The blue lines are for wet skin.

In Fig. 4, we show the power spectra on a larger wave-

vector range. The red and blue lines are from Fig. 3. The lower

green line is the power spectrum used in the calculations

presented below (e.g., in Fig. 8), and corresponds to a

self-affine fractal surface with the fractal dimension Df =

3 - H = 2.22, the rms roughness 22.4 lm, the total surface

area Atot = 2.7 A0 (where A0 is the nominal or projected

surface area) and the rms slope 2.8. The smallest surface

roughness wavevector q0 = 103 m-1 and the largest (cut-off)

wavevector q1 = 109 m-1. The upper green line has the same

fractal properties as the lower green line, but correspond to a

rms roughness about twice as large as for the lower green line,

and is shown to indicate the variability in the power spectrum

between different measurements and surfaces.

4 Contact Mechanics of Dry and Wet Skin

Figure 5 shows the model of the skin used in all the cal-

culations presented below. The bulk elastic modulus

E1 = 20 kPa and Poisson ratio m1 = 0.5. The top-layer

(stratum corneum) is d = 20 lm thick and has the

Young’s modulus E0 = 7 MPa in the wet state and E0 =

1 GPa in the dry state and the Poisson ratio m0 = 0.5. For

the dry skin, the contact pressures becomes so high that

plastic deformations of the skin must be taken into account.

We use the plastic yield stress (or penetration hardness)

rY = 50 MPa in the calculations presented below. The

yield stress of most polymers are of order *100 MPa, but

experiment (see Ref. [7]) indicates that the yield stress of

human skin may be rY & 50 MPa .This is about 5% of

the Youngs modulus, which is typical for many materials,

e.g., similar to what is observed for dry cellulose fibers. In

fact cellulose fibers exhibit very similar elastoplastic

properties as the stratum corneum e.g., both can absorb a

lot of water and swell by *100 %, and both have elastic

moduli in the order of 10 MPa in the wet state and of

order 1 GPa in the dry state [8]. And the origin for the

swelling (and elastic softening) in water seems to be the
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Fig. 3 The power spectra as a function of the wave vector (log10–

log10 scale). The red and green lines are from dry skin (red from our

laboratory and green from the surface topography presented in

Fig. 10 in Ref. [1]). The blue lines are for wet skin (Color figure

online)
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Fig. 4 The power spectra as a function of the wave vector (log10–

log10 scale). The blue lines are for wet skin and the red for dry skin.

The green lines are fit to the measured data. The lower green line is

the power spectra used in the calculations and correspond to a surface

with the surface area Atot = 2.7 A0 and rms slope 2.8 (Color figure

online)
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same for the skin and cellulose fibers, namely the break-up

of hydrogen bonds (by the water) in the wet state. The

elastoplastic parameters given above are in accordance

with experimental measurements [1, 7], although there are

relative large variations in these parameters between dif-

ferent measurements.

We have used the Persson contact mechanics theory to

analyze the contact between skin and a flat hard counter-

surface. The surface area observed when the interface is

studied at the magnification f, where the surface roughness

with wavevector q [ q0 f cannot be detected, is given by

[5, 9]

AðfÞ
A0

¼ erf
1

2
p

G

� �
ð2Þ

where erf(x) is the error function and

GðfÞ ¼ p
Z fq0

q0

dq qjr0MzzðqÞj�2CðqÞ ð3Þ

where r0 = p0 is the applied stress or pressure. The linear

response function Mzz relate (in wavevector space) the surface

displacement normal to the surface to the stress acting normal

to the surface: Mzz(q) = uz(q)/rz(q). For a layered material of

the type shown in Fig. 5 it is given by Mzz = -2 S(q)/(qE�0)

[where E�0 ¼ E0=ð1� m2
0Þ] where [10–12]

SðqÞ ¼ 1þ 4mqde�2qd � mne�4qd

1� ðmþ nþ 4mq2d2Þe�2qd þ mne�4qd
ð4Þ

where

m ¼ G0=G1 � 1

G0=G1 þ 3� 4m0

n ¼ 1� 4ð1� m0Þ
1þ ðG0=G1Þð3� 4m1Þ

where G0 = E0/2(1 ? m0) is the shear modulus of solid 0

and similar for solid 1.

Figure 6 shows the area of contact (in units of the nominal

contact area A0) as a function of the magnification f (lower

scale) or the wavevector q (upper scale) of the highest

roughness components included in the calculation (log10-

log10 scale). We note that the area of (apparent) contact

depends on the magnification or resolution of the instrument

used to study the contact and only an instrument with atomic

resolution will detect the area of real (or atomic) contact. An

optical instrument, for example, with resolution limited by

the wavelength of light, would detect (for transparent

materials) a larger contact area than an instrument with

atomic resolution because regions at the interface where the

interfacial separation is smaller than (some fraction of) the

wavelength of light would appear as contact in the optical

picture. In all the calculations presented below we have

assumed the squeezing pressure FN /A0 = p0 = 6.83 kPa,

which is the average nominal contact pressure in the exper-

iments reported on in Fig. 7. The blue curve is for wet skin

and red curve for dry skin. At the highest magnification the

relative contact area is A/A0 = 6.59 9 10-4 for wet skin

and 1.37 9 10-4 for dry skin. For dry skin complete

plastic yielding occur in all contact regions so that A/A0 =

rN /rY = 1.37 9 10-4. Note that plastic deformation starts

already at q & 105 m-1 corresponding to a wavelength

k = 2p/q & 60 lm. The frictional shear stress necessary to

explain the observed friction coefficients (which are l& 0.3

on dry skin and &1.4 on wet skin) are &15 MPa for both

dry and wet surfaces. This is very similar to the frictional

shear stress for sliding on polymers [13], or for many thin (*1

nm) confined fluid layers between hard surfaces [14].

The area of real contact obtained in the present study is

much smaller than assumed in Ref. [1] where for wet skin

the authors assumed (without proof) A/A0 & 1. However,

the value we obtained is a direct result of the assumed

d=20 μmstratum corneum (E0,ν0)

underlying tissues
or ‘‘bulk skin’’ (E1,ν1)

Fig. 5 The model of the skin used in the calculations. The bulk

elastic modulus E1 = 20 kPa and Poisson ratio m1 = 0.5. The top-

layer (stratum corneum) is d = 20 lm thick and has the Young’s

modulus E0 = 7 MPa in the wet state and E0 = 1 GPa in the dry state

and the Poisson ratio m0 = 0.5. For dry skin, we assume the

penetration hardness rY = 50 MPa
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Fig. 6 The area of contact (in units of the nominal contact area A0) as

a function of the magnification f (lower scale) or the wavevector

q (upper scale) of the highest roughness components included in the

calculation (log10-log10 scale). The squeezing pressure FN /A0 =

p0 = 6.83 kPa. The blue curve is for wet skin and and the red curve
for dry skin. The skin model shown in Fig. 5 is used in the

calculations (Color figure online)
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elastoplastic properties and the measured surface roughness

of the stratum corneum. We also note that although the

surface stress acting on the stratum corneum for dry skin is

predicted to be very high (of order 50 MPa), it correspond

to relative small strain values, and the stresses acting on the

living cells below the stratum corneum, due to their low

effective elastic modulus, will be much smaller and is

unlikely to damage the cells.

5 Capillary Adhesion

The measured friction coefficient when a small glass ball

(radius R = 0.8 cm) is sliding on wet skin is shown in Fig. 7.

The sliding velocity 0.8 cm/s and the normal load 0.5 N. At

t & 30 s a DV ¼ 50� 10�9 m3 water droplet is added to the

sliding track. This correspond to an average water film

thickness on the track of order d � DV=LD � 90 l m;where

L & 8 cm is the stroke length and D & 0.8 cm the width of

the (nominal) Hertz’s contact region. A uniform water film of

thickness Dd ¼ 90 l m will at room temperature and 50%

relative humidity evaporate in about 500 s (here we have

used the evaporate rate _d � 1:7� 10�7 m=s, see below).

This is exactly the time period necessary for the friction to

return to the dry state value (see Fig. 7).

We will now show that the sharp peak in the coefficient

of friction which is observed as the water evaporate, see

Fig. 7, can be explained as resulting from the increase in

the area of real contact arising from the attractive force

from capillary bridges. We can take into account capillary

bridges in an approximate way as described in detail in

Ref. [15]. That is, we put water at the interface between the

skin and the glass surface in all regions where the sepa-

ration is less than the Kelvin length:

dK ¼ �rKðcosh1 þ cosh2Þ ð5Þ

In the fluid regions the (negative) Laplace pressure acts

pK � �c=rK ð6Þ

where c is the surface tension of water. If DA is the surface

area occupied by the capillary bridges then the attractive

force

Fa ¼ jpKjDA ð7Þ

We define pa = Fa/A0 and we calculate the contact area

and the distribution of interfacial separations using the

Persson contact mechanics model with the external pres-

sure p0 replaced by the total pressure p = p0 ? pa. In this

mean-field approximation, the force from the non-uniform

distribution of capillary bridges is replaced by a uniform

pressure or stress pa. Note that to calculate DA we need to

know the pressure p = p0 ? pa but since pa depends on DA

[see (7)] we have an implicit equation for DA or pa which

can be solved, e.g., by iteration.

Figure 8 shows the area of real contact (in units of the

nominal contact area A0) (times a factor 1000) as a function

of the average water film thickness d. For d [ 14 lm the

water cover all the interface (flooded condition). We have

assumed the (receding) contact angle h = 20� (red curve)

and 0� (blue curve) for water on glass and 80� for water on

skin. The increase in the contact area for the average water

film thickness between 0 and &14 lm is due to the for-

mation of capillary bridges. Since the contact area is small

compared to the nominal contact area, the area of real

contact is proportional to the effective squeezing force

p0 ? pa. Thus at the point where the contact area is max-

imal, pa & 0.7 p0, i.e., the attractive capillary pressure is of

similar magnitude as the (nominally) applied pressure p0

& 7 kPa. We will now show that the width (in seconds)

of the friction peak observed in Fig. 7 correspond to a

change in the average water film thickness (due to evapo-

ration) of &14 lm, in beautiful agreement with the width

of our predicted friction peak.

The water evaporation rate _d (change per unit time of the

fluid film thickness d) is given by the empirical formula 1

_d � �ðpw � paÞ � ðaþ bvÞ=Y ð8Þ

where pw is the water saturation vapor pressure at the water

(surface) temperature, pa is the water vapor pressure in the air

(which is the product of the relative humidity and the satu-

ration water pressure at the air temperature and air pressure),

and v the velocity of the air (some distance from the water

surface) over the water surface. Y is the latent heat of evap-

oration (for water Y & 2,272 kJ/kg) and where a =

8.9 9 10-5 m4/(kg s) and b = 7.8 9 10-5 m3/kg. If the

Fig. 7 The friction coefficient of skin for a glass ball (R = 0.8 cm) at

a sliding velocity 0.8 cm/s and normal load 0.5 N during wetting/

drying. Adopted from Ref. [1] with the permission of the authors

1 See the ASHRAE Handbooks published by the technical organi-

zation American Society of Heating, Refrigerating and Air-Condi-

tioning Engineers, Inc. (ASHRAE). This Handbook is considered the

practical repository of knowledge on the various topics that form the

field of heating, ventilation, air-conditioning, and refrigeration.
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water on the skin has a temperature close to the body tem-

perature, say T = 35� C, then pw = 5.6 kPa. The experi-

ments was performed at room temperature (T = 20� C) and

relative humidity 50% giving pa = 0.5 9 2.3 kPa = 1.15

kPa. Hence, since v � 1 m/s, we get _d � 1:7� 10�7 m=s:

Thus it takes Dt ¼ Dd= _d � 76 s for the water film thickness

to decrease by Dd � 14 l m;which according to the theory is

the film thickness range over which the capillary attraction

between the surfaces is effective. This is in beautiful agree-

ment with the experimental data (see Fig. 7).

We have assumed that the thermodynamic water-skin

contact angle is h1 & 80�, and the water-glass contact

angle h2 & 20�. Thus, cosh1 ? cosh2 & 1 [ 0 so that the

interface is hydrophilic and attractive capillary bridges can

form. In a second friction experiment, Adams et al [1] used

a polypropylene sphere and in this case no increase in the

friction was observed during drying. This is consistent with

the fact that the water-polypropylene contact angle h2 &
102� so that cosh1 ? cosh2 & -0.04 \ 0 so the interface

may be slightly hydrophobic resulting in a negligible

interaction between the walls during drying. For more

strongly hydrophobic interfaces, e.g., skin in contact with

Teflon in water, a dewetting transition may occur resulting

in dry contact area and an effective attraction between the

skin and the countersurface [16].

A friction peak has also been observed for wiper blades

sliding on a wet glass surface during drying [17]. This

system has similar elastic properties as for the wet skin, but

the rubber surface is smoother and the nominal contact

pressure much higher (of order MPa). Thus, the average

surface separation is much smaller for skin, and the water

film is much thinner. This result in much stronger capillary

forces than observed for skin and gives a relative large

increase in the contact area in spite of the large nominal

squeezing pressure. As a result of the thinner fluid film, the

enhanced friction only prevail for *5 s during drying.

Another experiment [18] under conditions similar to that

of the skin friction was performed with a rubber block

squeezed by a low nominal pressure (of order 10 kPa)

against a steel surface. During sliding at *0.1 m/s it was

observed that if a small oil drop was added at the sliding

interface the friction coefficient increased from *1 to *3,

when the rubber block passed over the region covered by

the oil film. This can be naturally explained by the addi-

tional attraction from the oil capillary bridges between the

rubber and the steel track.

Figure 9 shows the area of contact (times 1000) (blue

line) and the wet area (black line) (both in units of the

nominal contact area A0) as a function of the average water

film thickness. Figure 10 shows the average interfacial

separation ū, and the average interfacial separation in the

wet area, as a function of the average water film thickness.

Note that the capillary adhesion force makes the surfaces

approach each other from ū & 13 lm without the capillary

adhesion (e.g., for flooded surface) to &10 lm for the

average water film thickness &6-9 lm, where the capil-

lary adhesion is maximal.

In this section, we studied the influence of relative thick

water films (average film thickness of order *1-10 lm)

on the skin-glass contact mechanics. Such film thickness

prevails, for example, during drying of an originally floo-

ded contact. Similar film thickness may prevails during

sweating. In Appendix A, we consider instead skin in

equilibrium with humid air as a function of the air relative

humidity. For most humidity this implies water film

thickness of order a few nanometers or less.
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Fig. 8 The area of real contact (in units of the nominal contact area

A0) (times a factor 1000) as a function of the average water film

thickness d. For d [ 14 lm the water cover all the interface (flooded

condition). The squeezing pressure FN /A0 = p0 = 6.83 kPa. In the

calculations, we have used the skin model shown in Fig. 5 and

assumed the contact angle h = 20� (red curve) and 0� (blue curve) for

water on glass and 80� for water on skin (Color figure online)
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Fig. 9 The area of contact (times 1000) (blue line) and the wet area

(black line) (both in units of the nominal contact area A0) as a

function of the average water film thickness. The squeezing pressure

FN /A0 = p0 = 6.83 kPa. For the calculations, we have used the skin

model shown in Fig. 5 and the water-glass contact angle 0�

22 Tribol Lett (2013) 50:17–30

123



It was previously shown that humidity influences adhe-

sion of some biological materials, such as attachment setae of

geckos and spiders [19, 20]. Huber et al. [20] first showed

that adhesion of a single gecko spatula on different substrates

increases linearly with increasing environmental humidity.

Later, an increase in the attachment ability of the gecko

together with increasing humidity was demonstrated for

living geckos [21] and spiders [22]. In connection with skin,

an essentially linear relationship between skin hydration and

friction was found for forearm skin [23–25] and for finger

skin [26, 27].

The influence of capillary bridges is also of importance in

a huge number of other applications, e.g., for binding of the

cellulose fibers in paper, and also for adhesion of the tree frog

and insects to surfaces. It is the reason for why we (often) wet

the finger before turning a page in a book or news paper.

6 Mixed Lubrication and Stribeck Curve

In this section, we first show how one can (approximately)

map the sliding dynamics of a sphere on a lubricated

substrate on a problem of a cylinder sliding on the same

substrate. This is not only useful from a computational

point of view but also interesting from a conceptional point

of view. This type of mapping should be even more

accurate for a Hertz elliptic contact with the sliding

direction orthogonal to the major elliptic axis and we

consider this case in Appendix B. We then apply this to the

case of a glass ball sliding on lubricated skin, and compare

the results to the measurements of Adams et al [1].

6.1 Sliding Sphere and Cylinder

In the applications below, we are interested in a glass ball

sliding on lubricated (with silicon oil) human skin. One of us

has studied the sliding of balls and cylinders on lubricated,

elastic substrates, in several earlier publications [28–30].

However, the most complete theory [29], which takes into

account the fluid pressure and shear stress flow factors, and

the frictional shear stress factors (which is a formally exact

way of including the influence of the surface roughness on

the fluid dynamics) has only been implemented in the

numerical code for sliding cylinders. Here, we first show that

for trivial fluid flow and shear stress factors (see Ref. [29])

one can to a very good approximation obtain the friction

force acting on a sphere from the result for a cylinder,

assuming that the radius of the cylinder and the load on the

cylinder is chosen so that (a) the average Hertz contact

pressure is the same, and (b) so that the condition r0 ¼
w

ffiffi
ð

p
2=3Þ is satisfied, where w is the width of the Hertz

infinite rectangular contact strip for the cylinder, and r0 the

radius of the circular contact region for the sphere. The latter

condition guaranty the same fluid squeeze-out time for an

infinite rectangular sheet (width w) as for a circular disk

(radius r0) (both rigid and with identical applied squeezing

pressures).

Let Rs be the radius of the sphere, and Rc of the cylinder,

and FN the load on the sphere, and fN the load per unit

length one the cylinder. The average contact pressure and

the radius of the circular contact region for a sphere

squeezed against a flat surface is [31]:

�ps ¼
2

3p
6FNE�2

R2
s

� �1=3

; r0 ¼
3FNRs

4E�

� �1=3

and for the cylinder case:

�pc ¼
p
4

fNE�

pRc

� �1=2

; w ¼ 4
fNRc

pE�

� �1=2

The conditions �ps ¼ �pc and r0 = w(2/3)1/2 gives

Rc ¼ CRs; fN ¼ C0
E�F2

N

Rs

� �1=3

ð9Þ

where

C ¼ p2

32

3

2

� �3=2

� 0:567; C0 ¼ p�161=6 � 0:429

To illustrate the accuracy of the approach described

above, in Fig. 11 we show the Stribeck curves for a sphere

and a cylinder sliding on lubricated rough surfaces. The

sphere-case is from Fig. 25 in Ref. [28], while the cylinder

case is with the radius and load given by (9). The sphere has

the radius R = 1 cm and the load FN = 1.3 N. The

effective elastic modulus E* = 1.6 MPa. This figure, and

other similar calculations, show that the mixed lubrication

problem for a sphere can be approximately treated using the

(simpler) cylinder geometry if the radius Rc of the cylinder,

average interfacial 
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Fig. 10 The average interfacial separation and the average interfacial

separation in the wet area, as a function of the average water film

thickness. The squeezing pressure FN /A0 = p0 = 6.83 kPa. In the

calculations we have used the skin model shown in Fig. 5 and the

water-glass contact angle 0�
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and the load per unit length fN one the cylinder, are chosen

according to (9). Note that in the hydrodynamic region the

slope of the two friction curves for the cylinder and the

sphere in Fig. 11 are slightly different (&0.47 and&0.50 for

the cylinder and the sphere, respectively) but the numerical

difference is not large in the studied velocity range.

6.2 Stribeck Curve for Skin

Figure 12 shows the measured [1] Stribeck curve based on

the sliding of a glass ball (R = 0.8 cm) on skin at an

applied load of FN = 0.2 N, with sliding velocities in the

range 0.1–5 cm/s for silicone fluids of viscosity between

g0 = 0.0008 Pa s to 58.8 Pa s.

Figure 13 shows the calculated Stribeck curve for a glass

ball (R = 0.8 cm) sliding on skin at an applied load of

FN = 0.2 N. In the calculation we have used the mapping of

the sphere problem on the cylinder problem discussed above.

The results has been obtained including the pressure and

shear flow factors and the frictional shear stress factors as

described in Ref. [29] (see also Appendix C). The theory

curve is similar to the measured results and the minimum

friction coefficient is nearly the same as found experimen-

tally. However, the theoretical friction curve is shifted by a

factor *20 to higher velocities than observed. (The strait

line in the hydrodynamic region in Fig. 12 is based on an

approximate treatment of the elastohydrodynamic problem

suggested by Johnsson, but the fact that this curve agrees

better with the experiment in the hydrodynamic region than

the full theory is just a coincidence.) In Appendix C, we show

that using trivial frictional shear stress and fluid flow factors

gives nearly the same result as the full calculation presented

above, indicating that the small inaccuracy in the flow factors

cannot explain the difference between theory and experi-

ment. Similarly, shear thinning of the silicon oil [32–34] has

in the present case not a big effect on the theory results (see

Appendix C). We attribute this to the small nominal contact

pressure and large average surface separation which prevail

in the skin friction experiments.

We believe the reason for the velocity shift is related to

the viscoelastic nature of the skin and underlying tissues.

This is illustrated in Fig. 14 which shows a hard sphere (or

cylinder) sliding on a viscoelastic substrate (e.g., skin).

Note that due to the viscoelasticity, the substrate
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Fig. 11 Stribeck curves for sphere and cylinder sliding on lubricated

rough surfaces. The sphere case is from Fig. 25 in Ref. [28] while the

cylinder case is discussed in the text. The sphere has the radius

R = 1 cm and the load FN = 1.3 N. The effective elastic modulus

E* = 1.6 MPa. The mixed lubrication problem for a sphere can be

approximately treated using the (simpler) cylinder geometry if the

radius Rs of the sphere, and Rc of the cylinder, and load FN on the

sphere, and the load per unit length fN one the cylinder, are chosen so

that the average Hertz contact pressure is the same, and so that the

condition r0 ¼ w
ffiffi
ð

p
2=3Þ is satisfied, where w is the width of the

Hertz rectangular contact strip for the cylinder and r0 the radius of the

circular Hertz contact region for the sphere. The latter condition

guaranty the same fluid squeeze-out time for an infinite rectangular

sheet (width w) as for a circular disk (radius r0) (both rigid and with

applied squeezing forces related as described above)
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Fig. 12 A Stribeck curve based on the sliding of a glass ball

(R = 0.8 cm) on skin at an applied load of FN = 0.2 N, with sliding

velocities in the range 0.1–5 cm/s for silicone fluids of viscosity

between 0.0008 and 58.8 Pa s. Adopted from Ref. [1] with the

permission of the authors
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Fig. 13 The theoretically predicted Stribeck curve for a glass ball

(R = 0.8 cm) sliding on skin at an applied load of FN = 0.2 N. We

have used the frictional shear stress in the area of real contact

rf = 15 MPa as obtained earlier for dry skin (see Sect. 4)
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deformations are asymmetric around lowest point of the

sphere (the substrate is lowered on the exit side of sliding

due to the finite recovery time of the viscoelastic material)

(see Fig. 14a). When the ball slides on the substrate in a

viscous fluid (Fig. 14b), the viscoelastic deformations of

the substrate will modify the interfacial separation in such a

way as to increase the separation on the exit side of the

sliding junction, which will lower the velocity necessary

for direct asperity contact between the solids (since the

separation between the solids for elastic solids is smallest

on the exit side of the sliding junction). Thus, the hydro-

dynamic region will extend to lower sliding velocities, in

agreement with the observations. In order for this effect to

be large, the loss tangent tand must be large enough for the

relevant frequencies which are of order v/D * 1 s-1,

where v is the sliding velocity (of order mm/s) and D the

diameter of the Hertz contact region (which is of order a

few mm). We note that indentation (loading–unloading)

experiments (velocity 2.5 mm/s, indentation depth 5 mm)

with glass sphere against the human inner forearm gives a

hysteresis energy loss of order 25 % of the elastic input

energy, and a temporary set of about 0.5 mm which is

recovered only at longer time scales [35]. This support the

explanation presented above for the shift of the Stribeck

curve to lower sliding speeds than predicted assuming a

perfect elastic substrate.

Skin viscoelasticity will also give a direct contribution

to the rolling or sliding friction [36], but the study in Ref.

[1] indicate that this contribution to the friction coefficient

is rather small, of order 0.05 or so. However, during sliding

on hard rough substrates the pulsating viscoelastic defor-

mations of the rubber induced by the substrate asperities

may give an important contribution to the friction just as

for rubber-like materials [11]. However, this contribution

cannot be calculated until the frequency-dependent visco-

elastic modulus of the skin is better understood.

Figure 15 shows the (calculated) average interfacial

separation ū and the (average) asperity contact pressure, as

a function of the position x for the sliding velocities

gv = 10-7, 10-6,…,1, 10 Nm-1. Note that the separation

is smallest on the exit side of the sliding junction where the

asperity contact will be strongest.

7 Discussion

In the study in this article, we have focused on experi-

mental results obtained for the skin on the inner forearm.

However, the skin on other parts of the body behave in a

very similar way. Very extensive studies have been per-

formed on the friction between fingers and flat smooth and

rough surfaces [27, 37]. Very high friction values have

been observed during reciprocating sliding on smooth

surfaces. This has been explained as resulting from an

increase in the moisture content at the interface due to the

high concentration of sweat glands on the fingers (and

hands).

v v

viscoelastic

(b)(a)

Fig. 14 A hard sphere (or cylinder) sliding on a viscoelastic substrate

(e.g., skin). a Due to the viscoelasticity of the substrate, the

deformations are asymmetric around lowest point of the sphere (the

substrate is lowered on the exit side of sliding due to the finite

recovery time of the viscoelastic material). b When the ball slides on

the substrate in a viscous fluid, the viscoelastic deformations of the

substrate will modify the interfacial separation in such a way as to

increase the separation on the exit side of the sliding junction, which

will lower the velocity necessary for direct asperity contact between

the solids (since asperity contact occurs first on the exit side of the

sliding junction)
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Fig. 15 The average interfacial separation �u (a) and the (average)

asperity contact pressure (b), as a function of the position x for the

sliding velocities gv = 10-7, 10�6; . . .; 1; 10 Nm�1: Note that the

separation is smallest on the exit side of the sliding junction where the

asperity contact will be strongest
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Theory shows that for the contact between elastic solids

with randomly rough surfaces, the area of real contact A is

proportional to the normal force FN as long as the area of

real contact is small compared to the nominal contact area

A0. If the friction force is assumed to be proportional to the

area of real contact, the friction coefficient will be inde-

pendent of the normal load (Coulombs friction law).

Experiment for skin have shown that the friction coefficient

is nearly independent of the load or nominal squeezing

pressure [1]. The small deviation sometimes observed may

be attributed to the complex nature of the skin which, e.g.,

exhibit spatially inhomogeneous (layered) viscoelastic

properties. Viscoelasticity will also result in a contact area

which depends on the sliding speed which will contribute

to the (usually weak) velocity dependence of the friction

coefficient. Thus, describing the exact load and velocity

dependency of the skin friction would require information

about the skin viscoelasticity properties not known at this

time and we will not address this topic here.

The area of real contact we calculate is based on an

accurate and well tested theory, and we have used mea-

sured or estimated elastoplastic properties of dry and wet

skin, and the measures surface topography of the skin.

Thus, we believe our estimation of the area of real contact

is accurate. Earlier theoretical estimations of the area of

real contact have not included the surface roughness on all

length scales. The nominal contact pressures used in

experimental friction studies of skin is usually very low (of

order 10 kPa) compared to most other contact mechanics

applications, which result in a small area of real contact

in the range A/A0 *10-3 (for wet skin) to *10-4 (for

dry skin). We note that the area of real contact (as long as

A/A0 � 1) is determined by the elastoplastic properties of

the top skin layer (stratum corneum) alone, and does not

depend on the much softer underlying tissue (but the

macroscopic deformations depends of course on the softer

underlying tissue). For wet skin the stratum corneum has a

similar elastic modulus as of rubber. For tires it has been

shown that the area of real tire-road contact is only a few %

of the nominal contact area [11]. In the present case, the

contact area is a factor *30 smaller but this mainly reflect

the much lower nominal contact pressure (typically *10

kPa for skin but *300 kPa for tires).

Some results presented above may also be relevant for

many other biological systems. Thus, hair, wool, nails,

feather, hooves, horn and the outer layer of the skin

(stratum corneum) involved in the study above, all have

keratin (a fibrous protein with disulphide cross-links) as a

major constituent. Thus, hair consists of approximately

97% of keratin. The surface of keratin contains negatively-

charged amino acids and the natural hair-water-hair inter-

face is (slightly) hydrophilic resulting (for drying hair) in

the formation of water capillary bridges between hair fibers

and bad combing properties. The ‘‘conditioners’’ used in

hair care applications usually contains surfactants, which

do not wash out completely, because their hydrophilic ends

strongly bind to keratin. The hydrophobic ends of the

surfactant molecules then act as the new hair surface

making the hair-water-hair interface hydrophobic, which

facilitate the removal of fiber entanglements during

combing of weakly wet (during drying) hair. Just like for

the top skin layer, hair can absorb a lot of water which

changes its elastic and frictional properties.

Atmospheric water can be absorbed by biological

materials of attachment devices of geckos and spiders.

Higher water content in the vertebrate keratin and arthro-

pod cuticle leads to the reduction of the elasticity modulus

and to an increased flexibility of materials [38]. This results

in higher adaptability of spatulae and setae to uneven

surface profiles. This argument was recently used as an

explanation for humidity-enhanced adhesion of gecko setae

[39].

Finally, we note that fluid film lubrication of skin in

water is promoted by surfactants that aid wetting, and also

cause the the surfaces (e.g., glass and skin) to separate at

asperity tips be electrical double-layer repulsion between

charged adsorbed layers [35]. Thus, experiment have

shown a strong reduction in the skin/glass friction in water

if a surfactant is added to the water which form adsorbed

layer on the skin with negative charged molecules. Since

the glass surface is naturally negative charged a repulsive

interaction will prevail between the surfaces. Double-layer

repulsion is also likely the reason for the slippery or slimy

feel of a mild aqueous caustic solution or dilute aqueous

soap and detergent solution [35]. Similar effects have been

observed for smooth rubber-glass contacts in water with

surfactants which adsorb on the rubber surface [40]. In this

case, the surfaces can be separated by fluid layers

10–30 nm thick under static loading conditions in the

pressure range 10–60 kPa, and these films are maintained

during sliding resulting in extremely low sliding friction

coefficients.

8 Summary and Conclusion

We study the contact mechanics and friction for dry and

lubricated human skin. The surface topography is studied

using an optical method and the surface roughness power

spectrum is obtained. The Persson contact mechanics theory

is used to calculate the dependency of the contact area on the

magnification for both dry and wet skin. For dry skin, plastic

yielding becomes important and will determine the area of

real contact at the highest magnification. The measured

friction coefficient [M.J. Adams et al., Tribol Lett 26:239,

2007] on both dry and wet skin can be explained assuming
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that a frictional shear stress rf & 15 MPa act in the area of

real contact during sliding. This frictional shear stress is

typical for sliding on polymer surfaces, and for thin (nano-

meter) confined fluid films. The big increase in the friction,

which has been observed for glass sliding on wet skin as the

skin dries up, can be explained as resulting from the increase

in the contact area arising from the attraction of capillary

bridges. This effect is predicted to operate as long as the

water layer is thinner than *14 lm, which is in good

agreement with the time period (of order 100 s) over which

the enhanced friction is observed (it takes about 100 s for

*14 lm water to evaporate at 50% relative humidity and at

room temperature). We calculate the dependency of the

sliding friction coefficient on the sliding speed on lubricated

surfaces (Stribeck curve). We show that sliding of a sphere

and of a cylinder gives very similar results if the radius and

load on the sphere and cylinder are appropriately related.

When applied to skin the calculated Stribeck curve is in good

agreement with experiment, except that the curve is shifted

by one velocity-decade to higher velocities than observed

experimentally. We tentatively explain this by the role of the

skin and underlying tissues viscoelasticity of the contact

mechanics.
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Appendix A: Capillary Adhesion; Role of Humidity

In Sect. 5, we studied the influence of relative thick water

films (average film thickness of order *1-10 lm) on the

skin-glass contact mechanics. Such film thickness prevail,

for example, during drying of an originally flooded contact.

Similar film thickness may prevail during sweating. Here,

we consider instead the skin in equilibrium with humid air

as a function of the air relative humidity. For most humidity

this implies water film thickness of order nanometers.

Figure 16 shows the logarithm (with 10 as basis) of the

relative contact area as a function of the relative humidity.

If the elastic modulus of the stratum corneum would take

the same value as in the wet (or 100% relative humidity)

state, E0 & 7 MPa, for all relative humidity, then capillary

adhesion for small relative humidity would be strong

enough to bring the surfaces into nearly complete contact.

However, in reality the elastic modulus rapidly increases

with decreasing relative humidity (see Fig. 17), and the

influence of the capillary adhesion for relative humidity

below 90% is negligible. This is illustrated in Fig. 16 with

a calculation with E0 = 70 MPa, for which case the area

of real contact is nearly independent of the relative

humidity and determined by the applied load or pressure.

The calculation presented above (and in Ref. [15])

shows that if an elastic solid is soft enough, for a smooth

hydrophilic interface there will be a strong increase in the

contact area for some humidity range. This effect may be

important in many situations, e.g., for rubber friction

involving smooth hydrophilic interfaces, since the elastic

modulus of rubber is nearly independent of the humidity

and of similar magnitude as that of wet stratum corneum.

This may contribute to the friction for, e.g., rubber wiper

blades sliding on glass [17].
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Fig. 16 The logarithm (with 10 as basis) of the relative contact area

as a function of the relative humidity. If the elastic modulus of the

stratum corneum would take its wet (or 100% relative humidity)

value, E0 = 7 MPa, for all relative humidity’s, the capillary adhesion

for small relative humidity would be strong enough to bring the

surfaces into nearly complete contact. However, in reality the elastic

modulus rapidly increases with decreasing relative humidity and the

influence of the capillary adhesion for relative humidity below 90% is

negligible. This is illustrated with a calculation with E0 = 70 MPa

for which case the area of real contact is nearly independent of the

relative humidity and determined by the applied load or pressure. For

the applied pressure p0 = 6.83 kPa
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Fig. 17 The logarithm (with 10 as basis) of the Young’s elastic

modulus of the stratum corneum as a function of the relative

humidity. The blue line is an approximate cubic spline fit to the

experimental data. Based on experimental data obtained by Park and

Baddiel, Papir, Koutroupi, Nikolopoulos, Gardner and Briggs and

Yuan and Verma. Adopted from [41]
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Appendix B: Mixed Lubrication; Approximate

Mapping of Elliptic Contact on Cylinder Contact

In Sect. 6.1 we have shown how one can (approximately)

map the sliding dynamics of a sphere on a lubricated

substrate on a problem of a cylinder sliding on the same

substrate, which is useful from a computational point of

view, but also interesting from a conceptional point of

view. This type of mapping should be even more accu-

rately for a Hertz elliptic contact with the sliding direction

orthogonal to the major elliptic axis (see Fig. 18).

We determine the radius of the cylinder and the load on

the cylinder so that (a) the average Hertz contact pressure

are the same, and (b) so that the condition re ¼ w
ffiffi
ð

p
2=3Þ is

satisfied, where w is the width of the Hertz infinite rect-

angular contact strip for the cylinder, and re an effective

radius of the elliptic contact region defined by:

1

r2
e

¼ 1

2

1

a2
þ 1

b2

� �

The latter condition guaranty the same fluid squeeze-out time

for an infinite rectangular sheet (width w) as for an elliptic disk

(with the major and minor axis a and b) (both rigid and with

identical applied squeezing pressures). For the special case of a

circular contact region, a = b = r0 so that re = r0 and the

condition above reduces to r0 ¼ w
ffiffi
ð

p
2=3Þ which was used in

Sect. 6.1.

Assume that the interfacial separation h(x, y) between

the (undeformed) surfaces is of the form

h ¼ x2

2R1

þ y2

2R2

We define the effective radius Re = (R1R2)1/2. Thus for a

sphere (radius Rs) in contact with the flat R1 = R2 = Rs and

Re = Rs. The Hertz elliptic contact mechanics can be

expressed using the complete elliptic integral of the first

K(x) and the second E(x) kind, which are easy to evaluate

using the integral representations

KðxÞ ¼
Z p=2

0

d/ 1� x2sin2/
� ��1=2

;

and

EðxÞ ¼
Z p=2

0

d/ 1� x2sin2/
� �1=2

:

Defining

F3
1 ¼

4

pe2

b

a

� �3=2

½ða=bÞ2EðeÞ � KðeÞ�½KðeÞ � EðeÞ�
� �1

2

where

e ¼ 1� b2

a2

� �1=2

we can write the average contact pressure �pe and the radius

re as [31]

�pe ¼
2

3p
6FNE�2

R2
e

� �1=3

F�2
1 ; re ¼

3FNRe

4E�

� �1=3

G1

where

G1 ¼ F1

1

2

b

a
þ a

b

� �	 
�1=2

Thus, we get

Rc ¼ CeRe; fN ¼ C0e
E�F2

N

Re

� �1=3

ðB1Þ

where

Ce ¼ CF3
1

1

2

b

a
þ a

b

� �	 
�1=2

C0e ¼ C0F�1
1

1

2

b

a
þ a

b

� �	 
�1=2

In Fig. 19, we show Ce/C and Ce
0/C0 as a function of a/b.
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v

Fig. 18 Hertz contact region for sphere on flat (left) and ellipse on

flat (right)
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Fig. 19 The factors Ce/C and C0e=C0 (where C & 0.567 and C0 &
0.429) as a function of the ratio a/b between the ellipse major and

minor axis
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Appendix C: Stribeck Curve for Skin; Role of Shear

Thinning and Flow Factors

In Sect. 6.2, we have calculated the Stribeck curve for a

hard sphere sliding on lubricated skin and compared to

experiments where the skin where lubricated with silicon

oil of different viscosity’s. The calculated Stribeck curve is

similar to the measured one but shifted by a factor *20 to

higher sliding velocity than observed. We have presented a

tentative explanation for this related to the viscoelastic

nature of the human skin and underlying tissues. In this

section, we show that the deviation between experiment

and theory cannot be attributed to inaccuracy in the fluid

flow factors or shear thinning of the silicon oil since both

effects gives very small changes in the Stribeck curve. We

attribute this insensitivity of the Stribeck curve to the flow

factors and shear thinning to the small contact pressure and

large (average) interfacial separation even in the boundary

lubrication region.

The fluid flow at the interface between solids with sur-

face roughness is a very complex problem. However, if the

surface roughness gradient is not too large one may average

the basic equations of fluid flow over the surface roughness

and obtain effective equations for smooth surfaces. In the

effective equations enters the pressure and shear flow fac-

tors /p and /s which depends on the (average) local inter-

facial separation �u: For smooth surfaces /p = 1 and /s = 0

which we refer to as trivial pressure and shear flow factors.

Similarly in the expression for the frictional shear stress

enters three frictional shear stress factors /f, /fs and /fp

which are also functions of �u: For smooth surfaces

/f = /fp = 1, and /fs = 0, which we refer to as trivial

friction factors. In Ref. [29] one of us have shown how all

these functions can be calculated in an approximate but

accurate way, and we used this theory in the numerical

calculations of the Stribeck curve presented in this article.

Figure 20 shows the calculated Stribeck curve including

all fluid flow and frictional shear stress factors (red curve),

and for trivial fluid flow and frictional shear stress factors

(blue curve). There is negligible difference between the

two curves and we conclude that an accurate knowledge of

the fluid flow and frictional shear stress factors is not

necessary for the present problem due to the large average

separation between the surfaces.

Figure 21 shows the calculated Stribeck curve for

fluids with the (low-shear rate) viscosity’s g0 ¼ 0:01;

0:1; . . .; 100 Pas including shear thinning. The shear thinning

is described by using the effective viscosity [29, 33, 34]

g ¼ g0

1þ ðg0=BÞ _cn

where (using SI units) B = 104 and n = 0.8. The shear rate

_c ¼ v=u (where u is the film thickness). This expression for the

effective viscosity describes accurately the shear thinning of

silicon oils of different viscosity’s [33, 34]. Not that shear

thinning start at lower shear rate as the low-shear rate viscosity

g0 increases. Thus, shear thinning becomes important when

_c[ _cc ¼ ðB=g0Þ1=n: For example, for g0 = 1 Pa s shear

thinning start when _c[ _cc � 105 s�1: Note that including

shear thinning has a negligible influence on the Stribeck curve.

This is again due to the low contact pressure and large average

interfacial separation in the present case.
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