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Abstract The contact and friction behavior of a medical

compression stocking (MCS) under different strains was

investigated in friction and compression experiments

against a mechanical skin model. In addition, the 3D

topography of the MCS surfaces was analyzed in order to

study the relationship between macroscopic friction and

microscopic surface properties. The load dependence of

friction coefficients was found to be in accordance with the

adhesion friction model. The surface structure of MCS

samples was considerably changed when varying the strain

state, while friction coefficients remained comparable,

indicating real contact areas independent of strain on the

microscopic level. The experimental findings could be

confirmed and explained on the basis of the microscopic

surface analyses, when interpreting the fabric surfaces to be

composed of numerous individual round asperities obeying

the Hertz contact model.

Keywords Skin tribology � Medical compression

stocking � Surface topography � Microscopic contact area �
Macroscopic friction

1 Introduction

Medical compression stockings (MCSs) are elastic textiles

which are widely used for the prophylaxis and therapeutic

treatment of venous disorders in the human lower

extremities [1–3]. In addition, compression stockings are

used as training aids for athletes of various sport disciplines

[4]. By providing an external and controlled pressure gra-

dient along the leg, stockings can help to reduce the effects

of venous insufficiency and improve the lower limb venous

blood return [5–8].

In order to be effective, MCSs have to meet require-

ments regarding their physical properties as well as com-

fort and acceptability. User surveys show that a common

problem with MCSs in practice is the putting on process

[9]. In particular, it is difficult to pull the narrow ankle

region of a compression stocking over the wider heel area

of the foot. In the stretched condition, the stocking imposes

a high contact pressure on the foot skin, leading to high

friction forces that counteract the forces applied to pull on

the stocking. Thus, the friction behavior of MCSs in con-

tact with the skin is an important factor, and it is expected

that a low friction coefficient (COF) improves the ease of

handling. On the other hand, the friction of a MCS has to

be sufficiently high in order to prevent slipping and dis-

placements when placed in the correct wearing position.

A MCS sliding on human skin represents a complex

tribological system that so far has not been systematically

investigated in detail. Previous studies focused on the

compressive properties and therapeutic effects of MCSs

[10–13], ignoring the friction properties. Therefore, the

friction behavior of MCSs on skin is still unclear, and it is

unknown how the friction coefficient varies in different

situations (putting on, wearing) and as a function of the

strain state of the textile.
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Studies on the friction of human skin [14, 15] provided

information on the influencing factors, indicating that skin

hydration and the surface properties of the contacting mate-

rials are major parameters. Elevated skin hydration is com-

monly believed to increase skin friction by smoothing and

softening skin roughness asperities, leading to a greater real

contact area to a counter-surface. Concerning the influence of

the surface roughness of a contacting material on skin friction,

there is no consistent view in the literature. Skedung et al. [16]

and Hendriks and Franklin [15] found that the friction coef-

ficient of dry skin decreases with increasing material surface

roughness, while Tomlinson et al. [17] reported that the fric-

tion coefficient between skin and rather rough surfaces

increases with roughness. Masen [18] proposed a bell-shaped

relationship between the roughness of a counter-surface and

the friction coefficient of hydrated skin. The different exper-

imental findings indicate that the influence of surface topog-

raphy on skin friction is intricate and depends on the friction

mechanisms arising on the microscopic level, which in turn

are ultimately determined by the interfacial contact parame-

ters and resulting real contact area.

MCSs are characterized by a specific surface structure

which is given by the textile construction. As the surface

topography varies with the applied tensile stress, it is a ques-

tion whether topographical changes induced by varying strain

have an influence on the friction between a MCS and skin. We

hypothesized that changes in the MCS surface topography

alter the real contact area against a counter-surface and, as a

consequence, also the associated friction coefficient.

The objective of the present study was to investigate the

friction behavior of a typical MCS in contact with a skin model

by studying the influence of changes in the MCS surface

topography on friction. In order to gradually change the sur-

face structure of the MCS, a series of strains were applied on

the samples simulating different wearing conditions. Macro-

scopic friction coefficients between the samples and the skin

model were measured using a linear reciprocating tribometer,

while the elastic properties were obtained in compression

tests. The contact behavior of MCS samples at the micro-

scopic level was analyzed on the basis of 3D surface topog-

raphy data measured by means of a digital microscope. For

comparison, two theoretical models were adopted to predict

the real contact area of the MCS surfaces against a smooth

substrate from basic geometrical and mechanical parameters

related to the textile construction and composing fibers.

2 Materials and Methods

2.1 MCS Samples

A typical, commercially available knitted MCS of com-

pression class I (low compression intensity) was investigated

in this study. According to the widely accepted standard

RAL-GZ 387/1 [19], compression hosiery of class I exerts a

pressure of 2.4–2.8 kPa on the leg in the ankle area. The

structure of the MCS differs from traditional socks and

includes two components: the inlaid yarns and the knitted

loop yarns. The inlaid yarn is usually a synthetic elastic yarn

with or without covering filaments which is inserted

between the knitted loop yarns. The inlaid yarns play a key

role in forming the surface topography of the inner side of

the MCS in contact with the skin of the leg (Fig. 3), because

they are around ten times thicker than the loop yarns

(Table 1). Both inlaid and loop yarns include three layers

(core yarn, 1st covering yarn and 2nd covering yarn). Details

of the yarns are listed in Table 1.

Due to the negative fit of MCSs, stresses and deforma-

tions occur along more than one axial direction in practical

use, and the range of elongation usually lies between 15

and 120 % [19]. The geometrical shape of the human foot

implies that the ankle area of a MCS is typically stretched

between 30 and 40 % when pulled over the heel area.

Therefore, the extension tests of the samples were arranged

as 0, 25, 50, and 75 % in both inlaid yarn direction

(i-direction) and perpendicular direction (p-direction),

corresponding to the circumferential and length direction

of the MCS, respectively.

To obtain different strains, the samples were stretched

from the original length to a given loaded length. The set-

up for MCS preparation is shown in Fig. 1. The stretched

samples were fixed to metal plates for microscopic analy-

ses (Sect. 2.3) or to the sample holder for friction testing

(Sect. 2.2) using double-adhesive tape and ensuring an

even strain distribution parallel and perpendicular to the

direction of the tensile force. The extensibility of the

samples is

e ¼ L1 � L0

L0

� 100 % ð1Þ

where L0 is the original and L1 the extended length, which

was set at 37 mm for convenience in sample preparation.

Table 1 Specification of the MCS and constituent yarns

Structure Fiber materials

Loop yarn Core yarn Lycra (mono), 44 dtex

1st covering yarn Polyamide, 10 dtex (33 f)

2nd covering yarn Polyamide, 10 dtex (33 f)

Inlaid yarn Core yarn Lycra (mono), 475 dtex

1st covering yarn Polyamide, 7 dtex (22 f)

2nd covering yarn Cotton, 435 dtex

The fineness of yarns and textile fibers is given in dtex, corresponding

to the mass in grams per 10 km. It is an indirect measure for the fiber

diameter. If a yarn is composed of filaments (f), their number is given

in brackets
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2.2 Friction Measurements

A previously developed textile friction analyser (TFA) [20]

was used to investigate the friction behavior of the MCS

samples under contact conditions simulating those in the

limb skin/MCS interface. Figure 2 illustrates the TFA

measurements. The slider is flat and circular with a diam-

eter of 28.5 mm, leading to a surface area of around

6.4 cm2. MCS samples attached to the slider were rubbed

with the reciprocating support covered with a polyurethane

(PUR) sheet material (thickness 1.005 ± 0.013 mm) which

was taken as a mechanical skin model. This specific PUR

material was chosen from a range of materials investigated

previously [21] because its surface (Ra = 0.21 ± 0.02 lm)

is smooth compared to the MCS and its hardness (shore A

70.2 ± 0.4) seems suitable to simulate the skin in the heel

area that appears relatively hard due to the underlying

calcaneus bone.

During the friction measurements, the MCS samples

remained stationary while the mechanical skin model on its

metallic support base underwent 550 linear friction cycles

with a stroke of 20 mm and a frequency of 1.25 Hz. The

normal and friction forces were measured continuously and

simultaneously; a typical force–time signal for one friction

cycle is shown in Fig. 2b. Friction coefficients were

determined for all friction cycles, and mean values and

standard deviations were calculated over sequences of 50

cycles.

To explore the load dependence of MCS friction, normal

loads of 0.5, 1, 2, 4 and 8 N were applied. These normal

forces corresponded to contact pressures between 0.8 and

12.5 kPa, including the pressures exerted by an MCS of

compression class I during wearing (2.4–2.8 kPa) [19] as

well as elevated pressures expected during pulling on. The

sliding direction was parallel to the p-direction, along the

length axis of the leg. The friction measurements were

carried out under dry and wet conditions in a laboratory

with standard climate (20 ± 1 �C and 65 ± 2 % relative

humidity). All samples were preconditioned for 24 h in the

laboratory climate before testing. Wet conditions were

produced by immersing the MCS sample in deionized

water for 1 min and removing the excess water using a dry

tissue before a measurement. For each experimental con-

figuration (combination of strain state, normal force and

dry or wet condition), one fabric sample was investigated.

2.3 Surface Characterization

A digital optical microscope (Keyence, VHX-1000, Osaka,

Japan) was used for the surface analysis of MCS samples at

various strains. The inner surface of MCS which is next to

the skin was taken for optical microscopic images and 3D

topography analyses, using a magnification of 100. The 3D

surface topography images were scanned by using a ver-

tical increment of 10 lm. For each sample, several images

from different parts were analyzed. Figure 3 shows optical

images and 3D surface topographies of MCS samples in

the unstretched state and stretched in two directions. It can

be seen that the texture and surface topography of MCS

samples significantly changed under varying strains.

To determine the surface variations in detail, geomet-

rical parameters such as the difference in height between

peaks and valleys, the distance between two inlaid yarns

(spatial period) and the radii of curvature of the inlaid yarns

were analyzed. The surface topographical data for the MCS

samples at different strains were used to analyse the contact

behavior against a smooth counter-surface. In particular,

the microscopic contact area was estimated as a function of

displacement normal to the interface by analyzing the

height dependence of the material ratio within the textile

(Abbott–Firestone curve). This method was recently

described in connection with fabrics for medical bed sheets

[22].

2.4 Compression Tests

Compression measurements were carried out to determine

the contact behavior and elastic properties of MCS samples

under various strains using a universal materials testing

machine (Zwick 100, Zurich, Switzerland). The contact

conditions were consistent with the previous friction tests

Fig. 1 Setup for MCS sample preparation
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Fig. 3 Optical microscopic images (a, c, e) and corresponding

surface topography images (b, d, f) of MCS samples at strains of 0

and 75 %. The x- and y-axes in the topographical plots correspond to

the horizontal and vertical direction in the optical images, respec-

tively. a and b Unstretched state (0 %); c and d 75 % stretched in

p-direction; e and f 75 % stretched in i-direction

Fig. 2 Friction measurements.

a Schematic illustration of the

TFA. b Typical force–time

curve of one friction cycle.

Friction coefficients are

determined for all individual

sliding movements
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(Sect. 2.2), using the same sample holder and fixation by

means of adhesive tape. Compression tests with MCS

samples were carried out against a rigid steel plate alone

and covered with a skin model, a PUR sheet material with a

thickness of 1.005 ± 0.013 mm.

For each strain state, three to four MCS samples were

investigated. Each measurement included four cyclic

compression tests, in which the normal force was increased

from a preload of 0.1 N to around 10 N with a compression

rate of 5 mm/min. The force–deformation curve of the first

compression cycle systematically deviated from those of

the three subsequent cycles showing repeatable results. A

possible reason is that slight fiber reorientations took place

during the first loading cycle, leading to small residual

deformations of the MCS samples. Therefore, the force–

deformation curves from the last three loading cycles were

analyzed.

Figure 4 shows force–deformation curves measured in

compression tests for the example of the unstretched MCS

fabric. The detailed data analysis is based on average

force–deformation curves (a). The comparison of results

obtained in compression tests against rigid steel and the

PUR sheet (b) indicates the order of magnitude of the

indentation of textile surface asperities into the PUR

material during compression tests (c). Information on the

stiffness of MCS fabrics alone and in combination with the

PUR film is obtained by determining local slopes to aver-

age force–deformation curves (d). Because the stiffness (k)

and the elastic modulus (E) are related by E ¼ T0

A0
k (where

T0 is the initial thickness and A0 the sample area), it is

possible to estimate the elastic modulus directly from the

values for the stiffness. While the sample area A0 was

constant for all investigated MCS samples (6.38 cm2), the

initial thickness of the samples linearly decreased with

their strain state (Table 2). The results were comparable for

samples stretched in p- and i-direction.
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Fig. 4 Results and analysis of compression tests with unstretched

MCS samples. a Force–deformation curves measured for four

samples compressed against the PUR skin model. The thin lines

represent the results of 12 individual loading cycles, the thick dashed

line is the average curve. The thick solid line shows a data fit

assuming that the force is proportional to the deformation to the

power of 3/2. b Average curves obtained in compression tests against

steel and PUR. c Difference of the deformation of the samples on

PUR and steel as a function of compression force. d Stiffness as a

function of deformation for the unstretched MCS fabric, the PUR

sheet material and the combination MCS ? PUR by determining

local slopes to curves as shown in b

Table 2 Thickness of uncompressed MCS samples for different

strains, measured by means of a micrometer device

Sample Thickness (mm)

Unstretched 0.775 ± 0.013

25 % in p-direction 0.680 ± 0.016

50 % in p-direction 0.630 ± 0.029

75 % in p-direction 0.563 ± 0.022

25 % in i-direction 0.675 ± 0.024

50 % in i-direction 0.625 ± 0.021

75 % in i-direction 0.565 ± 0.019

Mean values and standard deviations of 4 measurements

Tribol Lett (2014) 56:457–470 461
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3 Results

3.1 Friction Between MCS and PUR

3.1.1 Range and Variation of Friction Coefficients

Figure 5 shows the time dependence of friction coefficients

of MCS samples measured under dry and wet conditions

for the example of experiments at a normal load of 4 N. In

many cases, slight running-in effects were observed during

the initial phase of the friction experiments (up to about

100 friction cycles), while the subsequent friction coeffi-

cients remained practically constant, indicating stationary

sliding friction. Therefore, in order to calculate global

mean values and standard deviations of friction coeffi-

cients, the last 350 sliding cycles were taken into account.

Table 3 summarizes the measured sliding friction

coefficients of MCSs for different strains and normal forces

under dry and wet conditions. The mean friction coeffi-

cients ranged from 0.69 to 2.82 in the dry condition and

from 0.95 to 5.21 in the wet condition. The results for

samples stretched in p-direction and i-direction were

comparable.

3.1.2 Strain and Load Dependence of Friction Coefficients

The data in Table 3 indicate neither a systematic influence

of the strain nor significant differences between the results

for strains in i- and p-direction. On the other hand, the

friction coefficients of all samples in both dry and wet

conditions systematically decreased with increasing normal

load. In the wet condition, there was a distinct decrease for

normal forces from 0.5 to 2 N, followed by relatively

constant friction coefficients at higher forces (with COF

values somewhat above 1 at a normal force of 8 N). Under

dry conditions, the initial decline was less pronounced and

the friction coefficients stabilized at lower values (with

COF values below 1 at a normal force of 8 N). The highest

COF values in the order of magnitude of 5 were observed

for wet MCS samples at the smallest normal force. The

observed systematic decrease of friction coefficients with

increasing normal load is in accordance with the adhesion

friction model. This will be further discussed in detail in

Sect. 4.1.

3.2 Compression Behavior of MCS Fabrics

Average force–deformation curves of MCS samples com-

pressed against the PUR skin model are shown in Fig. 6.

The compression behavior of MCS fabrics was generally

characterized by nonlinear force–deformation curves,

indicating progressive stiffness with increasing compres-

sion. From the phenomenological point of view, all force–

deformation curves were in good agreement with a power

law with an exponent of 3/2, i.e., FðdÞ� d3=2: The steepest

force–deformation curve was observed for the unstretched

samples. The force–deformation curves gradually flattened

for increasing strains in p-direction (Fig. 6a), but this

systematic behavior was not seen for strains in i-direction

(Fig. 6b).

Under the maximum normal load of 8 N as used in the

friction measurements, the combined deformation of PUR

and the unstretched MCS sample was 0.131 mm. For

strains in p- and i-direction, the corresponding deforma-

tions ranged from 0.139 to 0.154 mm and from 0.145 to

0.152 mm, respectively. When compressed against a steel

plate, the MCS samples systematically showed slightly

smaller deformations. The average differences in com-

pression tests of MCS samples against PUR and steel are

shown as a function of the normal load in Fig. 7. In

compression tests against PUR, the average deformation

was up to 0.012 mm higher than that against steel. Because

the PUR skin model is softer than steel, it is assumed that

the indentation of textile surface asperities into the smooth
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Fig. 5 Dynamic friction coefficients as a function of sliding friction cycles for MCS samples at different strains a in p-direction and b in

i-direction under dry and wet conditions (experiments with a normal load of 4 N)
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PUR surface plays a role in the compression of MCS

against PUR and that the results in Fig. 7 indicate the order

of magnitude of the indentation or penetration depth.

Figure 8 shows the results for the compressive elastic

modulus of MCS samples for different strains and normal

loads. Because of the nonlinear force–deformation rela-

tions shown in Fig. 6, the elastic modulus increases with

normal load. It can also be noticed that for a given load, the

elastic modulus linearly decreases with the strain of the

MCS fabric. In other words, the textiles appear softer when

stretched, which could result from a decreased material

density.

3.3 Microscopic Analyses of MCS Surfaces

3.3.1 Geometrical Parameters of MCS Samples

at Different Strains

Microscopic and topographical images (Fig. 3) show that

the texture of MCS surfaces changes significantly under the

influence of strains. To characterize the variation of the

MCS surface structure with increasing strain in detail,

various geometrical parameters were determined from

microscopic surface topography images by analyzing

cross-sectional profiles (Fig. 9).

Table 3 Mean ± standard deviation of friction coefficients for MCS samples investigated at different strains and normal forces under dry and

wet conditions

0.5 N 1 N 2 N 4 N 8 N

Dry condition

Unstretched 1.835 ± 0.021 1.206 ± 0.008 0.840 ± 0.007 0.745 ± 0.005 0.745 ± 0.008

25 % in p-direction 2.820 ± 0.050 1.226 ± 0.008 0.876 ± 0.004 0.812 ± 0.005 0.783 ± 0.004

50 % in p-direction 1.646 ± 0.015 1.308 ± 0.018 1.039 ± 0.018 1.039 ± 0.018 0.898 ± 0.012

75 % in p-direction 2.081 ± 0.033 1.218 ± 0.025 1.219 ± 0.022 1.083 ± 0.020 0.920 ± 0.015

Unstretched 1.896 ± 0.010 1.292 ± 0.007 1.009 ± 0.008 0.887 ± 0.005 0.801 ± 0.003

25 % in i-direction 1.742 ± 0.025 1.017 ± 0.008 0.898 ± 0.004 0.779 ± 0.002 0.698 ± 0.004

50 % in i-direction 1.804 ± 0.013 1.115 ± 0.007 0.776 ± 0.005 0.753 ± 0.008 0.723 ± 0.008

75 % in i-direction 1.390 ± 0.011 1.098 ± 0.009 0.934 ± 0.010 0.805 ± 0.009 0.692 ± 0.005

Wet condition

Unstretched 3.912 ± 0.042 2.429 ± 0.017 1.635 ± 0.005 1.187 ± 0.005 1.072 ± 0.005

25 % in p-direction 4.943 ± 0.112 2.451 ± 0.022 1.389 ± 0.010 1.138 ± 0.009 0.947 ± 0.006

50 % in p-direction 2.193 ± 0.040 2.201 ± 0.021 1.417 ± 0.009 1.209 ± 0.002 1.115 ± 0.001

75 % in p-direction 2.736 ± 0.016 1.911 ± 0.012 1.616 ± 0.007 1.251 ± 0.004 1.176 ± 0.004

Unstretched 4.701 ± 0.412 2.046 ± 0.014 1.397 ± 0.012 1.159 ± 0.002 1.086 ± 0.003

25 % in i-direction 4.120 ± 0.006 2.126 ± 0.023 1.393 ± 0.004 1.147 ± 0.002 1.058 ± 0.004

50 % in i-direction 2.865 ± 0.047 2.610 ± 0.015 1.799 ± 0.003 1.318 ± 0.005 1.038 ± 0.003

75 % in i-direction 5.210 ± 0.053 2.025 ± 0.020 1.813 ± 0.006 1.330 ± 0.001 1.069 ± 0.013

Fig. 6 Average force–deformation curves of MCS samples at different strains a in p-direction and b in i-direction when compressed against the

PUR skin model

Tribol Lett (2014) 56:457–470 463
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The surface of the unstretched samples appears rela-

tively flat. The protruding inlaid yarns are arranged close to

each other (see also Fig. 3). If stretched in p-direction, the

inlaid yarns are separated so that their average distance

linearly increases with strain (Fig. 10a). At the same time,

the inlaid yarns gradually emerge, so that the peak-to-

valley height increases by 50 % from 268 to 398 lm

(Fig. 10b). In contrast, when stretching in i-direction, the

inlaid yarns are extended and oriented to the strain direc-

tion, while the MCS becomes flatter and the peak-to-valley

height decreases by 40 % from 268 lm down to 167 lm

(Fig. 10b). For strains in i-direction, the inlaid yarn dis-

tance remains approximately constant (Fig. 10a). The

average radius of curvature of the inlaid yarns is 180 lm

and does not depend on the applied strain.

3.3.2 Material Ratio of MCS Surfaces as a Function

of Height

The analysis of the microscopic 3D surface topography of

MCS samples provides detailed information on the

material distribution within the uncompressed MCSs. Of

particular interest is the material distribution at the highest

regions of the MCS surfaces which are decisive for the

contact behavior on the microscopic level (together with

the compression properties of the textile described in

Sect. 3.2).

Therefore, the topographical data of MCS surfaces were

analyzed in the regions of the local maxima. It was

assumed that due to the flexibility of the textile material,

the local maxima with heights above the average are

simultaneously coming into contact with the smooth PUR

counter-surface, thereby producing a microscopic contact

area to the counter-surface which increases with the com-

pression of the MCS and is primarily given by the material

distribution within the highest surface elevations of the

textile. Figure 11 shows the material ratio, i.e., the fraction

of material above a cross section at a certain height of the

surface, as a function of the vertical axis for MCS fabrics at

different strains. For limited surface deformations, the

material ratio can be associated with the contact area that is

formed with a smooth counter-surface during mechanical

contact. Fabric surfaces were considered as composed of

roundish asperities that during mechanical contact with a

smooth surface either penetrate into the counter-material (if

the textile is harder) or are compressed against the counter-

material (if the textile is softer) [22]. It was found that for

small vertical deformations, both cases (either penetration

or compression) predict a similar dependence of the contact

area as a function of the deformation and that the material

ratio of the textile represents a realistic estimate for the

contact area.

The results in Fig. 11 indicate the highest material ratios

for the surfaces of unstretched MCS samples. For the

surfaces of strained fabrics, a trend toward lower material

ratios can be observed, which is more pronounced in

p-direction. This trend is correlated with the surface

changes described in Sect. 3.3.1. The material ratios gen-

erally show a linear increase with the height coordinate up

to values of 60 lm. For smaller deformations (up to

20 lm), the material ratios were comparable for all MCS

surfaces.

4 Discussion

4.1 Friction Mechanisms

The friction coefficients of all MCS samples ranged from

0.69 to 5.2 and strongly depended on the presence of

interfacial water and the applied normal load. The friction

coefficients generally decreased with increasing load, and

the trends were more pronounced for wet conditions. In the

wet condition, the COFs were a factor of 1.5–2 higher than
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Fig. 7 Average differences in the deformation of MCS samples
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in the dry condition. This observation has been made by a

number of studies [14].

The classical two-term friction model applied to poly-

mers, textiles as well as human skin [23, 24] implies that

the friction coefficient is the sum of two independent

contributions due to adhesion and deformation, i.e.,

l ¼ ladh þ ldef . Although the deformation component

might be important for certain fibrous materials, the fric-

tion of textiles was found to be mainly determined by the

adhesion friction component in recent studies [25, 26]. In

the case of MCSs in contact with smooth PUR, the sys-

tematic decrease in friction coefficients as a function of

normal force (Table 3; Fig. 12) also suggests the predom-

inance of an adhesion friction mechanism, although

Fig. 9 Cross-sectional profile (blue curve) extracted from the

topographical data of an unstretched MCS sample in order to

determine the peak-to-valley height differences, inlaid yarn distances

and radii of curvature of the inlaid yarns. The inlaid yarn distance was

calculated as the average of long and short distances between two

periodic inlaid yarns, and the radii of curvature were determined by

fitting circles to the peak regions (highest 20 lm) of the inlaid yarns

(red curve segments) (Color figure online)
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Fig. 10 Geometrical parameters of MCS samples at different strains: a inlaid yarn distance and b peak-to-valley height

Fig. 11 Material ratio of MCS surfaces as a function of height (measured from the top of the surface downwards) for samples stretched in a p-

direction and b i-direction. Mean values and standard deviations of surface analyses with 10 images are shown together with linear fits
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superimposed small contributions due to deformation

cannot be completely ruled out.

According to the adhesion friction model, the friction

force can be expressed as F ¼ sAr where s denotes the

interfacial shear strength and Ar the real contact area

between two surfaces [27]. A common assumption for

human skin is that the interfacial shear strength is a linear

function of the form s ¼ s0 þ apr where s0 is the intrinsic

shear strength, pr the mean contact pressure and a the

pressure coefficient [23]. When writing pr ¼ N=Ar for the

mean contact pressure, for the friction coefficient follows

l ¼ F=N ¼ aþ s0p�1
r [14]. While the apparent contact

pressure p between MCS samples and the PUR surface in

friction measurements is given by the applied normal load

and the size of the textile samples, the mean contact

pressure pr resulting in the microscopic contact zones

between MCS samples and skin model remains unknown.

However, as the relationship between apparent and real

contact pressure is p ¼ ðAr=AÞ � pr; where Ar=A is the ratio

between real and apparent contact area, the friction coef-

ficient as a function of the apparent contact pressure can be

expressed as

lðpÞ ¼ aþ s0

Ar

A
p�1: ð2Þ

Figure 12 shows measurement data for MCS samples

together with data fits according to Eq. 2. The results for

the unstretched MCS samples and stretched ones in p- and

i-direction followed the same overall systematics. The fit

parameters indicate that the pressure coefficient a is a

factor of about 1.4 higher under wet compared to dry

conditions, whereas the product s0ðAr=AÞ is increased by a

factor of roughly 3 under wet conditions.

It is not possible to compare the values of the fit

parameters shown in Fig. 12 with literature data, as no

results are available for similar material combinations. The

observed pressure coefficients between 0.65 and 0.96,

however, lie in the same order of magnitude as values

found for the friction between human skin and other

materials [15, 23]. A relatively low value of a = 0.32 was

recently reported in a study on the friction between forearm

skin and a bed sheet [28], and the product s0ðAr=AÞ was

found to be 1.1 which lies between the values for dry and

wet conditions obtained in the present study as shown in

Fig. 12.

4.2 Compression and Contact Behavior of MCS

Fabrics

The results on the macroscopic compression behavior of

MCS fabric described in Sect. 3.2 indicated that for a

normal force of 8 N, the compression of the MCS samples

was between 131 and 154 lm (Fig. 6), while the average

penetration of the fabric surface asperities into the smooth

PUR material is 12 lm (Fig. 7). Qualitatively, it can be

assumed that the textile structure is compressed as a whole

and that during compression, the fabric surface is flattened

to a certain degree while penetration into the PUR material

at the same time occurs at high surface asperities. As there

was no experimental technique available to observe the

interface between the MCS fabrics and the PUR material

during compression tests, it was neither possible to mea-

sure the deformation of the textile surface asperities nor to

determine the microscopic contact area with the counter-

surface.

In the following, two theoretical approaches based on

the Hertz model are used to estimate and discuss the con-

tact behavior between MCS fabrics and PUR on the

microscopic level. While the first model considers the

mechanical contact between a smooth surface and round

asperities (surface peaks of the MCS fabrics), the second

Fig. 12 Friction coefficient of MCS samples sliding on smooth PUR as a function of the apparent contact pressure for strains in a p-direction

and b i-direction together with fits according to Eq. (2)
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model assumes contact between a smooth surface and

cylindrical fibers (inlaid yarns of the MCS fabrics).

4.2.1 Contact of Round Surface Asperities

It is interesting that the force deformation curves of com-

pression tests shown in Figs. 4 and 6 could be fitted in good

agreement with power functions with exponents of 3/2,

because the same exponent would be expected within the

framework of the Hertz contact model, which is widely

used to study the elastic contact between a spherical body

and a half-space and is also applicable to single asperities

of a rough surface in contact with a smooth counter-surface

[29].

The Hertz model for a sphere with radius R in contact

with a half-space implies the following relationship

between the deformation d, the radius a of the circular

contact area, and the normal force N: d ¼ a2

R
¼ 9

16
N2

RE2
c

� �1=3

:

The composite elastic modulus Ec is given by the elastic

moduli E1,2 and Poisson’s ratios t1;2 of the materials in

contact. If one of the two materials is considerably softer

than the other, the composite elastic modulus is mainly

determined by the soft material and can be expressed as

Ec ffi Esoft= 1� t2
soft

� �
: Because the MCS fabrics appeared

much softer than the PUR material in the compression

tests, the composite elastic modulus is expected to be

mainly determined by the properties of the textile.

Although a flat MCS sample in contact with a smooth

PUR surface was investigated here, it can be assumed that

the peaks of the fabric surface represent round asperities

(due to the round yarn geometries) for which the Hertz

contact model can be applied. Considering the textile sur-

face as composed of n surface asperities characterized by

the same average radius of curvature Ri, the deformation of

an individual asperity can be written as di ¼ 9
16

ðN=nÞ2
RiE

2
ci

� �1=3

;

where Eci represents the composite elastic modulus of a

single textile surface asperity in contact with PUR. Because

the relationship between the local deformation behavior of

surface asperities and the compression of the whole fabric

is unknown, this parameter cannot be determined. How-

ever, due to the fact that the microscopic contact area

between MCS fabrics and smooth PUR is much smaller

than the apparent contact area, it is plausible to assume

Eci ¼ fE � Ecompr with fE [ 1:

The highest MCS surface asperities are located on top of

the inlaid yarn and are probably formed by the thin filaments

wrapped around the inlaid yarn (see Fig. 3). Thus, it can be

assumed that the number of asperities n in contact with PUR

is proportional to the density of inlaid yarns as well as to the

inverse of the average distance d between thin filaments. If

the length of inlaid yarns per unit area is denoted by l, the

expressions above imply di� n�2=3�ðl=dÞ�2=3: The effec-

tive radius of curvature Ri of MCS surface asperities can be

estimated to be of the order of magnitude 80 lm (square

root of the product of the radii of the inlaid yarn and the

filaments wrapped around it).

The length of inlaid yarns per unit area l and the average

distance between surface asperities d vary due to the sur-

face changes taking place when MCS fabrics are stretched

in different directions (Sect. 3.3). Results of the analysis of

microscopic images are given in Table 4. In addition, the

table shows results for di and the ratio between real

(Ar ¼ nAi) and apparent contact area (Aapp = 638 mm2),

calculated on the basis of the expression di ¼ a2
i

Ri
¼ Ai

pRi
¼

9
16

ðN=nÞ2

Ri� fEEcomprð Þ2
� �1=3

for a force of 8 N and using fE = 34.

Table 4 Geometrical parameters related to the surface asperities of MCS fabrics at various strains: l = length of inlaid yarns per unit area,

d = average distance between thin filaments wrapped around the inlaid yarns, n = density of surface asperities associated with the tops of thin

filaments

MCS fabric l (mm/mm2) d (mm) n (mm-2) Ecompr (kPa) di (lm) Ar=Aapp (%)

0 % in p-direction 1.897 0.195 9.73 114.2 9.2 2.2

25 % in p-direction 1.494 0.172 8.69 103.0 10.6 2.3

50 % in p-direction 1.234 0.181 6.82 91.8 13.5 2.3

75 % in p-direction 1.093 0.187 5.84 80.6 16.3 2.4

0 % in i-direction 1.897 0.195 9.73 114.2 9.2 2.2

25 % in i-direction 1.965 0.217 9.06 103.0 10.3 2.3

50 % in i-direction 2.017 0.249 8.10 91.8 12.0 2.4

75 % in i-direction 2.073 0.307 6.75 80.6 14.8 2.5

When associating the contact of MCS surfaces with the contact of a large number of individual asperities and taking into account the elastic

modulus of MCS samples determined in compression tests (Ecompr), the Hertz contact model provides estimates for the average vertical

deformation of individual asperities di as well as the ratio between real and apparent contact area. In the last two columns, results are shown for a

normal load of 8 N and Eci ¼ 34 � Ecompr. See text for details
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For this specific value of fE, the resulting average defor-

mations di approximately correspond to the average dif-

ferences seen in compression tests of MCS samples against

PUR and steel, respectively (Fig. 7). The results for di and

Ar=Aapp shown in Table 4 scale with ðN=fEÞ�2=3
and can

thus be used to determine values for other normal forces

and factors fE. Figure 13 shows a comparison between the

data of Fig. 7 and Table 4 with results for fE = 12, for

which the average deformations di are a factor of 2 larger.

From the results in Table 4 and Fig. 13, it is evident that

the parameters l, d, n, Ecompr, di show significant systematic

variations as a function of the strain state of the MCS fabrics.

In contrast, the variations in the microscopic contact area at

individual surface asperities Ai and the ratio Ar=Aapp are

small and depend only slightly on the strain state.

4.2.2 Contact of Cylindrical Fibers

The inlaid yarns that represent an important feature of

MCS surfaces (Fig. 3) can be considered as cylinders with

a radius of R = 180 lm. Therefore, a Hertz contact model

based on cylindrical contact geometry is investigated here

as an alternative to the model for round surface asperities

described above. For a cylinder with radius R and length L

in contact with a half-space, the vertical deformation as a

function of the normal force N and the composite elastic

modulus Ec is given by the equation d ¼ 4
p

N
LEc

and the

contact area by the relationship A ¼ 2L
ffiffiffiffiffiffi
Rd
p

[29].

The total length of inlaid yarn within the fabric sample

area can be calculated by L ¼ l � Aapp using the data in

Table 4. Writing Ec ¼ fE � Ecompr for the elastic modulus, it

follows that the deformation scales with N=fE; while the

contact area scales with
ffiffiffiffiffiffiffiffiffiffi
N=fE

p
: It is found that for fE = 8,

the resulting average deformations dcyl of the inlaid yarns

lie in the range of the average differences seen in com-

pression tests of MCS samples against PUR and steel,

respectively (Fig. 13). For such deformations, the cylin-

drical Hertz model predicts 7–10 times larger real contact

areas (Fig. 13d) than the model assuming round surface

asperities (Fig. 13b).
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Fig. 13 Comparison between the contact models for round surface

asperities (above) and cylindrical fibers (below). a Average vertical

deformation of MCS surface asperities di and b ratio between real and

apparent contact area estimated on the basis of the Hertz contact

model, thereby using the geometrical parameters summarized in

Table 4 and Ri = 80 lm as effective radius of curvature of surface

asperities. The points and bars indicate means and standard deviations

for all investigated strain states, i.e., unstretched MCS samples and

three different strains in both p- and i-direction. The red curves in a
and b show results assuming Eci ¼ 34 � Ecompr for the elastic modulus

at MCS surface asperities which are in good agreement with the data

in Fig. 7 (black curve). The blue curves in a and b show results for

Eci ¼ 12 � Ecompr, leading to a factor of 2 larger deformations and real

contact areas. c Vertical deformation dcyl of the inlaid yarns on MCS

surfaces and d ratio between real and apparent contact area estimated

on the basis of the cylindrical Hertz contact model, thereby using the

data for l in Table 4 to calculate the length of the inlaid yarns with

radius R = 180 lm. The red curves in c and d show results assuming

Ecyl ¼ 8 � Ecompr for the effective elastic modulus, being roughly

comparable with the data in Fig. 7 (black curve). The blue curves in c
and d show results for Ecyl ¼ 4 � Ecompr, leading to a factor of 2 larger

deformations and a factor of
ffiffiffi
2
p

greater real contact areas (Color

figure online)
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4.3 Relationship Between Surface Topography

and Friction Coefficients of MCS Fabrics

The analyses based on simple theoretical contact models in

Sect. 4.2 showed that the microscopic contact areas

between MCS fabrics and smooth PUR remain relatively

constant for different strains even if considerable changes

take place on the MCS surfaces. This finding is consistent

with the observation of friction coefficients that are prac-

tically independent of the strain state of the fabrics and

strongly supports the applicability of the adhesion friction

model, according to which the friction force is proportional

to the real contact area.

The red curves shown in Fig. 13 can be interpreted as

lower limits for the deformations and real contact areas of

the MCS surfaces during mechanical contact against

smooth PUR. For deformations of 10 lm, the Hertz model

for round asperities (corresponding to the peaks of the fil-

aments wrapped around the inlaid yarn) indicates a real

contact area of the order of magnitude of 2 % of the

apparent contact area, while the Hertz model for cylindrical

contact geometry (corresponding to the inlaid yarns) pre-

dicts a value around 13 %. In reality, the deformations of

the investigated fabrics were probably larger and could have

been closer to the blue curves in Fig. 13, representing an

increase in deformation by a factor of 2 compared to the red

curves. For deformations between 20 and 25 lm, the model

for round asperities indicates a real contact area of 4–5 %

and the cylindrical model values between 18 and 21 %.

The fact that the asperity contact model is in good

qualitative agreement with the differences observed in the

deformation of MCS samples when compressed against

PUR and steel (Figs. 7, 13) is a strong argument that this

model offers an appropriate description of the contact

behavior of MCS surfaces. Independently, the analysis of

the microscopic surface topography of MCS fabrics pro-

vides additional information on the relationship between

vertical deformation (penetration or compression) and real

contact area, associated with the material ratio shown in

Fig. 11. While deformations of 10 lm indicate real contact

areas around 5 %, deformations from 20 to 25 lm suggest

real contact areas in the range of 8–15 %. These values lie

between those predicted by the two investigated contact

models and thus confirm the realistic order of magnitude of

the obtained results.

4.4 Limitations and Outlook

The experimental techniques applied for friction and

compression measurements are well established and char-

acterized by measurement uncertainties of a few percent.

The vertical resolution of the digital microscope was high

enough to measure surface profiles showing the

characteristic features governed by the fabric structure and

constituent fibers, while in the analysis of the textile sur-

face topographies, the height data were averaged over the

whole microscopic images to determine material ratios. An

uncertainty in the experimental methods was related to the

preparation of MCS samples with defined strains in p- and

i-direction. We estimated that the manual procedure allows

an accuracy of about 5 %.

The analysis of the contact and friction behavior fol-

lowing Hertz theory involves the translation of macro-

scopic compression properties of MCS samples into micro-

elastic properties associated with individual surface

asperities of the fabrics. While compressive elastic moduli

could be derived from compression tests with fabric sam-

ples, there was neither a method available to measure

force–deformation curves for single fabric surface asperi-

ties nor a microscopic method to observe indentation and

possible geometrical changes of surface asperities or the

porous textile structure during mechanical contact with the

skin model. Therefore, scaling factors were used here to

estimate the micro-elastic properties of textile surface

asperities from fabric compression measurements. The

application or development of appropriate microscopic

techniques would be interesting for future work in order to

confirm or to improve the models used in the present study

and to refine the approach for determining crucial contact

mechanical parameters such as the real or microscopic

contact area between two surfaces.

5 Conclusions

The relationship between microscopic surface properties

and macroscopic contact and friction behavior of a MCS

was investigated. The application of different strains to

fabric samples significantly changed the surface topogra-

phy and slightly influenced the compression properties,

while not affecting the friction behavior against a smooth

skin model. The strain-independent friction behavior can

be explained by the fact that the strain-induced changes in

surface topography and compression properties have a

balancing effect and lead to a relatively constant real

contact area on the microscopic level. It was found that the

friction behavior of the MCS is in accordance with the

adhesion friction model and that the contact behavior on

the microscopic level can be theoretically described by

assuming the fabric surface to be composed of numerous

round asperities obeying the Hertz contact model. The new

insights might be useful to improve medical textiles by

optimizing their design on the microscopic level.
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