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Abstract The friction behaviour of five medical com-

pression stockings (MCSs) against forearm skin was

investigated in vivo as a function of normal load under dry

and wet conditions. In addition, the interfacial moisture

transport and skin hydration were analysed to understand

the influence on friction. The friction coefficients of dry

fabrics showed no significant differences between a tradi-

tional MCS and versions with modified material compo-

sition and base structure. Under wet conditions, the

modified MCS fabrics showed considerably lower friction

coefficients than the traditional MCS fabric. Changes in the

material composition led to 20–30 % lower friction coef-

ficients, different base structures to 50–60 % lower friction.

The water transport properties of the MCS fabrics suggest

that removal of interfacial water is useful for reducing the

friction between MCSs and skin. The results provide

information for the optimisation of MCSs regarding

improved comfort and moisture transport properties.

Keywords Bio-tribology � Skin friction � Medical

compression stockings � Interfacial water � Skin hydration

1 Introduction

Although medical compression stockings (MCSs) have long

been proven to be an efficient compression therapy for

venous diseases [1–3], patients are not always willing to use

them even if suffering from pain. According to an interna-

tional questionnaire survey on the use of MCSs [4], the main

reasons for abstaining to wear the stockings are difficulties

in putting them on and discomfort feelings during long-time

use. Both the difficulty to put on a MCS and discomfort are

closely linked to the friction of the stocking against human

skin. The higher the friction between MCS and skin, the

more difficult it is to wear the stocking [5]. In addition,

perspiration during the use can cause a moist or wet inter-

face between skin and MCS, which increases the friction

coefficient and leads to discomfort feelings [6–8]. Thus, it is

assumed that reducing the friction at the skin–MCS interface

could improve the usability and sensorial comfort of MCSs,

which is an urgent issue for manufacturers.

The surface properties of the fabrics and water or

moisture at the skin–textile interface have been reported to

be two important factors in determining the friction

between textiles and skin [9–11]. The textile construction

and the fibre materials and properties determine the surface

texture and properties of textiles and therefore influence the

friction behaviour. Water or moisture commonly increases

the friction at the skin–textile interface by a factor of 1.5–7

compared to dry friction [12]. Li et al. [13] found that wool

and nylon prosthetic socks had higher friction coefficients

due to their coarse knitting weave surfaces and hard pro-

truding textile fibres, while lower friction coefficients and

less discomfort sensations were observed for cotton and

silk socks due to their soft and smooth surface features.

Baussan et al. [14] discussed the influence of fabric

structures on the prevention of blisters by measuring the
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friction of various running socks and concluded that terry

jersey socks generate relatively low friction due to their

compact and homogeneous surface. Bertaux et al. [15]

found low friction coefficients and comfortable sensations

for socks consisting of synthetic fibres, which in compar-

ison with cotton socks keep the feet dry by transporting the

perspiration out of the socks. Bogerd et al. [16] reported

that a wool/polyamide blend sock showed less friction and

was more comfortable than a polypropylene sock, because

of a larger moisture absorption capacity. While the surface

properties of textiles are generally important for the friction

behaviour, the water absorption and transportation capacity

of fabric materials seem particularly relevant under moist

and wet conditions. Thus, manufacturers need to take into

account the material composition as well as textile struc-

tures in the optimisation of socks.

Medical compression stockings are known to be differ-

ent from normal socks [17]. They include two components

which are normally made of different materials: a layer of

inlaid yarns and a layer of knitted loops. The friction

behaviour and the water absorption and transportation

capacity are expected to vary with the textile construction

as well as the fibre composition.

The objective of the present study was to investigate the

friction behaviour of different MCSs under both dry and

wet conditions, in order to assess the role of the material

composition and base structure. In vivo skin friction

measurements were taken under varying normal loads. To

analyse the friction between human skin and MCSs in

detail, skin hydration measurements and micro-computer

tomography experiments concerning the water distribution

and transport within MCS fabrics were performed addi-

tionally. The obtained results can contribute to the design

of better acceptable and more comfortable medical textiles.

2 Experimental

2.1 Investigated Medical Compression Stockings

Five types of commercially available MCSs from one

manufacturer were investigated. All stockings were char-

acterised by pressure class 2 (moderate compression inten-

sity), corresponding to the most prescribed products in

Europe. The selected samples represented a range of prod-

ucts including a typical, traditional MCS as well as modified

versions designed for improved comfort and moisture

management by varying the material composition or the

fabric base structure (Table 1). Figure 1 shows a typical

structure of a MCS (left) as well as the base structure of

MCSs with original plain jersey or variable jersey (right).

The MCS samples were cut from the ankle area and

investigated in the unstretched state, although they are

stretched during practical use. In a previous study, the

friction of MCS fabrics was found to be independent of the

strain state [18]. Figure 2 shows microscopic images of the

MCS samples (the inner surface which is next to the skin).

The surface of sample S1 appears rougher and less regular

than the surfaces of the other samples.

2.2 In Vivo Friction Measurements

The friction between MCS samples and human skin was

investigated in four subjects (two males and two females,

aged between 25 and 31 years) without a history of skin

disease. The skin of the volar forearm was chosen for

convenience because its properties were found to correlate

well with those of skin at the legs [19]. The subjects rubbed

their volar forearm against MCS samples attached on a

quartz 3-component dynamometer (Kistler, type 9254,

Winterthur, Switzerland) with dimensions of 15 9 10 cm.

The method was described previously [20, 21]. The

movement of the forearm was towards the body, parallel to

the longitudinal axis of the force plate and perpendicular to

the inlaid yarn direction of the MCS samples. The sliding

direction corresponded to the length axis of the leg along

which a MCS is tightened.

To simulate the natural and sweating or perspiration

state, friction measurements were taken under dry and wet

conditions. The wet state was obtained by evenly dis-

tributing deionised water over the textile sample using a

syringe. Deionised water was found to be appropriate to

simulate sweating in previous friction experiments [22].

For each sample and condition (dry and wet), each

subject carried out 150 single friction measurements at

different normal loads between slightly above 0 and 10 N.

For convenience, these friction measurements were divided

into 15 measurement periods of 20 s, during which the

subjects performed ten individual sliding friction move-

ments. The sliding distances were between 50 and 100 mm

and the sliding velocities between 50 and 150 mm/s. The

subjects applied a constant normal force on the forearm

during individual sliding movements and randomly chan-

ged the applied force from one sliding movement to the

next. Results for normal forces smaller than 0.15 N were

excluded from the data analyses because of their high

measurement uncertainty. As an example, Fig. 3 shows

measurement results for a single sliding friction contact at a

normal load of about 6 N. Friction coefficients were

determined from the middle part of the measured force

signals (friction force divided by normal force).

All friction experiments were conducted in a condi-

tioned room at a temperature of (23 ± 1) �C and a relative

humidity of (50 ± 5) %. The subjects acclimatised to the

ambient conditions for at least 10 min, and the skin was
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cleaned with ethanol prior to the measurements. Fresh

MCS samples were used for each subject and condition.

2.3 Skin Hydration Measurements

Skin hydration was assessed at approximately 15 positions

within the contact zone of the forearm by using a

Corneometer 825 CM (Courage & Khazaka, Cologne,

Germany). The measurements provided information on the

epidermal moisture content up to a depth of 10–20 lm
(around the thickness of the stratum corneum). Skin

hydration was investigated before and after the friction

measurements. Measurement results are given in arbitrary

units, named CM value. The range of CM values is from 0

Fig. 1 Left a typical structure of a medical compression stocking.

The inlaid yarn layer is inserted within the loop layer. Right schematic

cross section of the MCS fabric. a Structure of MCS samples S1–S3

and b structure of MCS samples S4 and S5. The blue curve represents

the loop yarn and the red line the inlaid yarn (Color figure online)

Table 1 Basic characteristics of the investigated MCS fabrics and specification of the constituent yarns

Sample Description Base

structure

Fibre

composition

Loop yarn materials Inlaid yarn materials Thickness

(mm)

Water

contact angle

(�)

S1 Traditional MCS

fabric

Jersey

2*1

70 % PA

30 % elastane

Core yarn: 90er

Heveafil

First covering yarn: 23

dtex (78 f) PA

Second covering yarn:

23 dtex (78 f) PA

Core yarn: 65er natural

rubber

First covering yarn: 34

dtex (110 f) PA

Second covering yarn:

34 dtex (110 f) PA

1.18 ± 0.11 124.1 ± 0.9

S2 Variation of

material

composition

Jersey

2*1

52 % PA

34 % elastane

14 % cotton

Core yarn: 44er Lycra

(mono)

First covering yarn: 10

dtex (33 f) PA

Second covering yarn:

10 dtex (33 f) PA

Core yarn: 475er Lycra

(mono)

First covering yarn: 7

dtex (22 f) PA

Second covering yarn:

44 dtex cotton

0.94 ± 0.01 40.9 ± 0.6

S3 Variation of

material

composition

Jersey

2*1

52 % PA

34 % elastane

14 % tencel

(man-made

fibre)

Core yarn: 44er Lycra

(mono)

First covering yarn: 10

dtex (33 f) PA

Second covering yarn:

34 dtex (33 f) PA

Core yarn: 475er Lycra

(mono)

First covering yarn: 7

dtex (22 f) PA

Second covering yarn:

59 dtex tencel

0.95 ± 0.01 41.1 ± 1.6

S4 Variation of base

structure

Jersey

1*1

65 % PA

35 % elastane

Core yarn: 78er Lycra

(mono)

First covering yarn: 20

dtex (33 f) PA

Second covering yarn:

20 dtex (33 f) PA

Core yarn: 475er Lycra

(mono)

First covering yarn: 34

dtex (44 f) PA

0.85 ± 0.01 46.5 ± 0.7

S5 Variation of base

structure

Jersey

1*1

61 % PA

39 % elastane

Core yarn: 44er Roica

First covering yarn: 34

dtex (44 f) PA

Second covering yarn:

14 dtex (22 f) PA

Core yarn: 475er Lycra

(mono)

First covering yarn: 7

dtex (22 f) PA

0.78 ± 0.01 39.9 ± 1.8
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to 120, whereby values greater than 40 characterise nor-

mally moist skin, values between 30 and 40 dry skin and

values below 30 very dry skin [23].

2.4 Measurement of Moisture Distribution

and Transport Within MCS Samples

The moisture distribution and transport within the MCS

samples were measured by means of a micro-computer

X-ray tomograph (l-CT80 of Scanco Medical AG,

Brüttisellen, Switzerland), allowing to characterise textiles

under simulated physiological conditions during physical

activity [24].

A single l-CT experiment included three phases: (1)

acclimatisation during 16 min (conditioning within the

sample holder and measurement in the dry state); (2)

simulated sweating during 64 min (addition of water); (3)

recovery for 32 min (passive drying). These phases corre-

spond roughly to pre-activity, perspiration-inducing activ-

ity and post-activity for a person wearing a MCS. Sweating

was simulated by providing deionised water from a nozzle

located underneath the centre of a MCS sample at a rate of

20 ll/min.

X-ray detection took place during the whole period of

measurement, thereby averaging the data over intervals of

8 min (acquisition time of 191 ms per projection). The

spatial resolution of the l-CT measurements corresponded

to cubes with an edge length of 74 lm. The data processing

and visualisation were done by MATLAB using the mea-

surements in the dry state for comparisons. An example of

measurement results illustrating vertical water transport

within a MCS fabric is shown in Fig. 4.

All the measurements were processed in an air-condi-

tioned laboratory with a temperature of (23 ± 1) �C and a

relative humidity of (50 ± 5) %. Before the samples were

attached to the sample holder, they were pre-conditioned

for at least 72 h.

3 Results

3.1 Range of Friction Coefficients of MCS Fabrics

Against Human Skin

Table 2 shows the mean values and ranges of friction

coefficients between the MCS samples and forearm skin of

all subjects at the normal loads from 0.15 to 10 N under

dry and wet conditions. Generally, the mean friction

coefficients of all MCS samples observed under wet con-

dition were higher than those under dry condition, with a

factor from 1.21 to 2.69, which was in accordance with

Fig. 2 Microscopic images of the MCS samples (magnification 100). The horizontal direction is the direction of the inlaid yarn, running along

the circumference of the leg

Fig. 3 Example of force signals measured in a single sliding friction

contact under dry conditions

4 Page 4 of 9 Tribol Lett (2015) 60:4

123



literature data on skin–textile friction [12]. In the dry

condition, the mean friction coefficients of all MCS sam-

ples were around 0.36, showing no significant differences

between the MCS samples. Under wet conditions, the

modified MCS samples S2, S3, S4 and S5 showed lower

friction coefficients than the traditional MCS sample S1.

The friction coefficients of MCS S2 and S3 were decreased

by around 20 and 30 %, respectively, and 58 and 60 % for

S4 and S5 under wet conditions. It also can be seen that the

friction coefficients varied over wide ranges for all MCS

fabrics, especially under wet conditions. Compared to

sample S1, a relatively narrow range was observed for

samples S4 and S5 under both dry and wet conditions.

3.2 Load Dependence and Friction Mechanism

of MCS Fabrics

For all subjects, the measured friction coefficients showed

decreasing trends with increasing normal loads under both

dry and wet conditions. As an example, Fig. 5 summarises

the friction coefficients against MCS samples as a function

of normal loads for one subject. Under dry conditions, the

coefficients of friction of all MCS samples varied within a

narrow range around the mean value. In linear data fits, the

slopes (b1 in Fig. 5) were close to zero, indicating no

dependence on the normal load.

In thewet condition, however, the friction coefficients of all

MCS samples were characterised by distinct decreases under

normal loads below 2 N, followed by rather constant values at

higher forces. Further examination shows that the decrease in

the friction coefficients at low normal loads is rather moderate

for samples S4 and S5, while the other three samples exhibit a

sharp decrease. The most pronounced load dependence was

observed for the traditional MCS sample (S1). The systematic

decrease in friction coefficients with increasing loads under

wet conditions was analysed by fitting the data with functions

of the form l Nð Þ ¼ aþ bN�1=3 (Fig. 5).

Fig. 4 Example of the X-ray

measurement results for sample

S4. a Vertical water distribution

as a function of time. The

dashed line indicates the middle

of the MCS fabric (half

thickness) which is used to

separate the inner part next to

the skin from the outside part of

the MCS sample.

b Development of the water

content as a function of time

within the whole fabric sample

and for the inner and outer part

Table 2 Mean values and standard deviations of friction coefficients

of MCS samples at normal loads up to 10 N under both dry and wet

conditions

Sample Coefficient of friction

Dry condition Wet condition

Mean ± SD Range Mean ± SD Range

S1 0.39 ± 0.05 0.24–0.54 1.05 ± 0.22 0.52–1.75

S2 0.36 ± 0.04 0.15–0.67 0.73 ± 0.10 0.43–1.07

S3 0.34 ± 0.03 0.15–0.65 0.85 ± 0.18 0.36–1.41

S4 0.38 ± 0.04 0.24–0.48 0.44 ± 0.07 0.31–0.60

S5 0.34 ± 0.02 0.23–0.41 0.41 ± 0.07 0.22–0.62
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3.3 Skin Hydration Measurements

Table 3 summarises the results of skin hydration mea-

surements for all subjects after friction measurements on

dry and wet MCS samples, respectively. Moisture uptake

of the skin when sliding on wet fabrics led to systemati-

cally enhanced skin hydration levels.

3.4 Moisture Distribution and Transport

Measurements

Figure 6 shows the water content observed along the fabric

thicknesses for the data acquired at the beginning of the

sweating phase, corresponding to the time of a single

friction measurement. The maximum water content (in %

of the supplied water) in sample S1 was observed near the

skin surface, within the first layer with a thickness of

0.074 mm (given by the spatial resolution of the l-CT
measurements). In contrast, the modified versions of MCS

samples exhibited a maximum in the seventh to ninth layer,

i.e. several layers away from the skin–fabric interface and

towards the outer part of the samples. The results for all the

modified MCS samples were comparable and indicated a

more efficient vertical water transport than sample S1.

The comparison of the average water content measured

near the skin–fabric interface (the first three layers with a

total thickness of 0.222 mm near the skin model) as a

function of time is shown in Fig. 7. It can be seen that

sample S1 contained the highest percentage of water, sta-

bilising at a value of about 27 %, followed by sample S3

with a water content up to around 20 %. The samples S2,

S4 and S5 exhibited the lowest water contents within the

layers next to the skin (between 5 and 10 %).

4 Discussion

Friction coefficients of dry and wet MCS samples were

measured against the forearm skin of four subjects as a

function of the normal load. The friction coefficients of dry

MCSs showed comparable values around 0.35 and were

practically independent of the normal load. This can be

attributed to the specific structure of MCS fabrics. The

inlaid yarn of MCSs plays a key role in forming the

topography, resulting in similar geometrical features and

real contact areas against human skin [18, 25].

Under wet conditions, the friction coefficients of all the

MCS samples exhibited a load dependence, indicating that

Fig. 5 Load dependence of

friction coefficients between the

skin and the MCS samples for

one subject. The data measured

in dry and wet condition were

fitted by the linear function

l Nð Þ ¼ a1 þ b1N and the power

function l Nð Þ ¼ a2 þ b2N
�1=3;

respectively
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adhesion is the predominant friction mechanism. In addi-

tion, the friction coefficients measured in wet condition

showed a wider variation and significant differences

between the MCS samples. These variations can mainly be

attributed to the load dependence of the friction coefficient,

differences between the individual subjects (skin surface

properties, skin hydration level, etc.) as well as variations

in the water distribution in the skin–fabric interface. The

first two factors are associated with the testing parameters,

while the interfacial water distribution is related to the

properties of the MCS fabrics, i.e. the material composition

and the fabric structure.

According to the specifications, MCSs of compression

class two exert contact pressures between 3.1 and 4.3 kPa
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on the ankle part of the leg [26]. In a previous study, it was

reported that the mean pressure on the volar forearm was

around 2 kPa when loaded by normal forces of 10 N [21].

Because the friction coefficients between skin and MCS

samples were found to be almost constant for normal forces

between 4 and 10 N, it is assumed that the friction mea-

surement results in this range are also representative for

higher loads and, thus, relevant for contact conditions

occurring in practice when wearing MCSs.

Figure 8 illustrates the friction coefficients of the MCS

samples, measured for normal forces between 4 and 10 N.

There were no significant differences between the samples

under dry conditions. In the case of the traditional MCS

sample (S1), the application of water led to a significant

increase in the friction coefficients, which ranged from

0.52 to 1.31. For samples S2 and S3, the friction coeffi-

cients under wet conditions were 0.43–0.90 and 0.39–1.08,

respectively. Samples S4 and S5 showed the lowest friction

coefficients under wet conditions, ranging from 0.26 to

0.58. Thus, the application of water only slightly increased

friction compared to the dry condition. In general, inter-

facial water tended to increase the measured friction

coefficients. The influence of water on friction was pro-

nounced for the samples S1, S2 and S3, especially for the

traditional MCS sample (S1), but rather small for the

samples S4 and S5.

Gerhardt et al. [9] have found that the skin friction

coefficient increases linearly with increasing skin hydra-

tion. Per unit increase in skin hydration, the friction coef-

ficient would increase with 0.01–0.02. When investigating

the influence of skin hydration on various bed sheets,

Rotaru et al. [21] concluded that the influence of skin

hydration cannot be ignored when analysing in vivo fric-

tion measurement data. In the present case, the increase in

the friction coefficient was about 0.55 for sample S1, while

for samples S4 and S5, there were no significant differ-

ences between dry and wet conditions on the basis of an

ANOVA. This implies that the variation of friction coef-

ficients under wet conditions can be primarily attributed to

the change of the amount of interfacial water by water

absorption of the MCS samples with varying material

composition and fabric construction.

The l-CT measurements also indicated that the variation

in the moisture content of the MCS samples is an important

factor for the differences in the friction of MCSs under wet

conditions. The traditional MCS sample (S1) based on a

synthetic inlaid yarn performed poorly with regard to

transporting water away from the skin. It showed the

greatest water uptake near the fabric surface as well as the

highest friction coefficients. Samples S2 and S3 with inlaid

yarns consisting of cotton and tencel fibres showed com-

parable water transport and absorption. Cotton and tencel

are known for their similar moisture management. Their

friction coefficients were decreased by 20–30 % compared

to sample S1. Water had barely an influence on the friction

of samples S4 and S5, showing around 60 % lower friction

coefficients than sample S1. Due to their bigger air gaps

within the plain jersey structure compared to the traditional

MCS, the water was transported fast and efficiently, lead-

ing to a relatively dry MCS–skin interface and, as a con-

sequence, to low friction coefficients under wet conditions.

It can be concluded that both fibre materials and base

structure have an influence on the wet friction behaviour of

MCSs by absorbing and transporting water which is present

in the MCS–skin interface. The base structure is especially

important by influencing the surface roughness and by

affecting the material repartition in the thickness direction.

5 Conclusions

The tribological behaviour of five medical compression

stockings with different material composition and base

structure were investigated in vivo under both dry and wet

conditions. The friction coefficients of a traditional MCS

and modified versions were comparable under dry condi-

tions, mainly because of the special structure of MCS

fabrics leading to similar contact geometries. Interfacial

water increased the friction coefficients of the MCS sam-

ples by factors between 1.1 and 2.9. By changing either the

material composition or the base structure of the MCS

fabric, the friction coefficient under wet conditions was

reduced by around 30 and 60 %, respectively, compared to

a traditional MCS. These results contribute to a better

understanding of the friction between the human skin and

medical compression stockings and support the further

optimisation of MCSs by manufacturers.

Fig. 8 Friction coefficients between forearm skin and MCS fabrics

(four subjects) measured at normal forces between 4 and 10 N. The

boxes indicate the range between the lower and upper quartile, the

white lines within the boxes the median, and the whiskers the range of

the measurement data
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