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Abstract

The paper describes an experimental study combined with analyses and numerical simulations of the surface strains developed
in a metal–polymer contact under a variety of loading configurations. Specifically, a steel ball is caused to slide over a
poly(methylmethacrylate) flat counterface under a fixed normal load where the imposed motions are small and consist of sliding
and rotation and the combination of both. The surface strains have been measured directly using conventional strain gauges in two
types of configurations specifically designed to monitor the strains for sliding and rotation. Calculations of frictional forces provide
friction coefficients which are self-consistent and the computed ‘friction displacement loops’ correspond closely to those measured.
In addition, the surface strain measurements provide a convenient and accurate insight into the stick–slip transitions in fretting
contacts. 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The measurement of interfacial frictional forces has a
very long history [1] and in recent periods has rather
focused upon the application of ‘force transducers’, per-
haps mainly because of the desire to retrieve continuous
data with an electronic signature. Most transducers of
practical value operate by relating a displacement, often
small, to the imposed frictional force; the classical Eld-
redge and Tabor [2] and the Bowden and Leben [3]
machines operated in this way. More recent and ‘stiffer’
transducers have been extensively used in areas where
transducer compliance is a major constraint upon the
practicability of the experiments; this is a major concern
in fretting studies where the imposed displacements are
of the same order of magnitude as the mechanical relax-
ation of the transducer arrangement. Similarly there are
many cases where the dynamics of the transducer have
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been shown to have a major influence upon the sensed
frictional behaviour [4,5]. The problem has been a sig-
nificant issue in the interpretation of the origins of stick–
slip and discontinuous sliding behaviour. Some experi-
mentalists have found ways of using the frictional couple
to access frictional forces without the use of a deliberate
transducer arrangement [6,7]. In any event, it is now well
appreciated that the perceived frictional response is a
complex function of the interactions between the contact
behaviour, the substrates, the machine and, when incor-
porated, the force transducers. As a simple matter of
principle, one would try to reduce the number of compli-
cated components in the frictional examination in order
to provide an unequivocal description of the true interfa-
cial friction response. The present paper examines the
use of strain gauge elements, deposited upon the surface
of one of the contacting member, as a mean to quantify
the friction behaviour. The use of such gauges in routine
stress/strain measurements during mechanical testing is
well mastered and is common practice. The application
in the context of friction measurements is thus common
and the paper examines the value of this approach for a
fretting contact generated between a steel and a polymer
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Nomenclature

a Radius of the Hertzian contact area
c Radius of the central stuck area non-dimensionalised with respect to the radius, a, of the contact

area.
E Young’s modulus
E(x) Complete elliptic integral of the second kind
f(x), g(x) functions of the space coordinate x
G Shear modulus
K(x) Complete elliptic integral of the first kind
P Normal load
p0 Maximum Hertzian pressure
Q Tangential load
q Angle of rotation of the steel ball
m Coefficient of friction
n Poisson’s ratio

counterfaces. In the current paper, the strain gauges were
located on the low modulus polymeric material in order
to measure strains which are large enough to be detected
using conventional gauges and their associated con-
ditioning and processing apparatus. Two main contact
loading conditions, involving oscillating sliding motions,
have been considered for a typical fretting experiment:
in the first one a steel ball was periodically twisted
against a polymer flat, while in the second configuration,
the ball was rotated about an axis parallel to the polymer
body. For both configurations, the contact area presented
the advantage of being stationary with respect to the
location of the strain gauges. This contact loading con-
dition simplified the processing of the time-dependent
gauge output, which was then only related to the time-
dependence of the imposed loading and not to changes
in the location of the contact area with respect to that
of the gauges.

In addition, complex contact conditions involving the
combination, to various extents, of torsional and linear
sliding motions have also been considered in order to
evaluate the potential of such strain gauges measure-
ments, under a complex contact loading, as a mean to
quantify the friction behaviour. The strain gauges
measurements to be reported were directed toward pro-
viding two basic types of information:

(i) The values of the coefficient of friction under the
various contact loading configurations. The latter
have been calculated from the measured surface
strains by means of a now classical theoretical
contact mechanical analysis.

(ii) The ability of the technique to determine the nat-
ure of the local contact conditions under the action
of small amplitude tangential motions, i.e. fretting.
Under such tribological conditions, it is well
established that the occurrence of the main dam-

age induced is largely governed by the complex
distributions of the induced micro-motions within
the contact zone [8]. For a ball-on-flat configur-
ation, i.e. a circular contact area, it has been dem-
onstrated [9,10] that the application of a tangential
force induces micro-slip in an outer annulus sur-
rounding the central part of the contact area where
no slip occurs. When the tangential force is
increased, the radius of the inner region of non-
slip domain decreases until gross sliding con-
ditions are reached within the whole contact area.
Experimental investigations have established that
the knowledge of the critical transition between
these so-called partial slip and gross slip con-
ditions is of primary importance in order to predict
whether the primary initial damage mechanisms
will be related to either wear processes or to con-
tact cracking when the contact parameters are
varied [11]. In the present study, an attempt was
therefore made to identify this transition from the
measurement of the surface strain as a function of
the imposed displacement.

2. Experimental and numerical details

2.1. Materials and friction device

The fretting experiments were designed in order to
investigate contact conditions involving various extents
of, and combinations of, linear and torsional sliding
motions. These complex contact zone kinematics were
generated in a contact between a poly-
(methylmethacrylate) (PMMA) flat and a steel ball
which was submitted to small amplitude rotating
motions. By varying the angle, a, between the axis of
rotation of the ball and the surface of the PMMA speci-
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men, it was possible to combine the rotational and linear
sliding motions within the contact; Fig. 1(a). In the
present study, a ranged from 0° (torsional contact
conditions) to 90° (linear sliding conditions). The fret-
ting device used has already been described in details
elsewhere [12,13]. It consisted of a free lever arm with
the flat PMMA specimen attached to one side (Fig. 1(b)).
Dead weights were used to load the PMMA specimen
into contact with the steel ball, which was attached to a
rotary stage by means of a shaft. An oscillating rotation
at constant angular velocity (2°/s) was imposed to the
stage by means of a reduction-geared stepper motor con-
trolled by computer software. For all the experiments to
be described, the normal load was set to 20 N. The diam-
eter of the resulting Hertzian nominal contact area was
730 µm, with a mean contact pressure of 48 MPa (the
modulus of the PMMA was taken as 3.5 GPa, the Pois-
son’s ratio as 0.35). Depending on the loading configur-
ation, the magnitude of the imposed angular motion
varied from 0.3 to 5° in order to investigate contact con-
ditions ranging from partial slip to gross slip. During
the fretting process, the imposed angle of twist, q, was

Fig. 1. Schematic description of the fretting device. (a) Description
of the contact loading parameters. P is the applied normal load, a is
the angle between the axis of rotation of the ball and the surface of
the PMMA specimen, q is the angle of twist of the ball. (b) Side view
of the fretting rig. (a) pivoted lever arm; (b) ball driving shaft; (c)
rotary stage and stepper motor system; (d) vertical rotary stage; (e)
dead weights; (f) LVDT transducer; (g) moving plate attached to the
ball driving shaft. The LVDT transducer is used to measure the angular
displacement of the steel ball from the displacement of the moving
plate (g) when the drive shaft (b) is rotating.

continuously monitored by means of a LVDT transducer
attached to the ball drive shaft; Fig. 1(b).

The PMMA system was a commercial grade of cast
Perspex (ICI Acrylics, UK). Flat specimens (15×60
mm) of ca. 5 mm thickness were washed in a neutral
aqueous detergent solution (Neutracon ) prior to use.
The steel counterface was an ASI 52100 standard bear-
ing ball with a radius of 12.65 mm. Before use, the steel
ball was cleaned using ‘Analar’ ethanol.

120 ohms strain gauges with a polyimide backing
were used in all the experiments (manufactured by TLM,
Japan). Their transverse sensitivity factor was 0.7%.
Each gauge was mounted onto the PMMA substrate
using a cyanoacrylate adhesive. A great care was taken
to achieve the optimum precision regarding the location
and the orientation of the gauges relative to the contact
area. The actual positioning of the gauges with respect
to the contact area was systematically measured from
magnified pictures of the PMMA specimens after the
tests. The measured values were used for all the calcu-
lations regarding the friction coefficient and the fretting
loops (see below). The gauges were connected to a Phil-
ips MAS 010 conditioner (Cambridge, UK). The bridge
was balanced after the contact normal loading in order
to measure only the components of the surface strain
induced by the tangential tractions.

2.2. Strain gauge arrangements

Friction induced strains on the surface of the PMMA
have been measured by means of precision strain gauges.
The size and the location of the gauges on the PMMA
specimen were selected according to the following two
considerations:

(i) the contact stress field is highly heterogeneous in
nature and characterised by steep gradients close
to the contact area. The active length of the gauges
needs therefore to be minimised in order to limit
the complications arising from the averaging of
the strain gradients over a too large area. In
addition, a compromise needs also to be found
regarding the distance between the gauge and the
contact zone; the gauge must be far enough from
the contact to avoid the steep strain gradients, but
also close enough to detect strains which are com-
patible with the gauge sensitivity. In the present
study, a good compromise was obtained by using
miniature strain gauges (grid length 1 mm) which
were located between 3.5 and 5.5 mm from the
centre of the contact area.

(ii) The contact loading generates a complex multiax-
ial stress field, while a gauge of the type selected
can only measure the strain in a single direction.
Under multiaxial loading, the usual route for the
determination of the principal stresses components
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is to use a classical ‘ rosette’ arrangement, which
involves the combination of at least three gauges
oriented in different directions. Such a solution is,
however, not easily practicable in the context of
strain measurements in the vicinity of a contact,
where the limited available space and the hetero-
geneous stress field would require the use of
expensive and fragile miniature rosettes. From
contact mechanics considerations, some simplified
gauges arrangements can, however, be envisaged
to measure the main strain component in the two
extreme loading configurations, i.e. a � 0° and
a � 90°.

In the case of a twisting sphere on a flat (a � 0°),
Hetenyi et al. [14] and Hills et al. [15] have established
that the interfacial shear stress, trq, is the only non-van-
ishing surface stress component induced by the tangen-
tial loading. Moreover, the stress distribution is
rotationally symetrical, Fig. 2(a). trq can thus be meas-
ured by mounting the gauges along the known direction
of the principal stresses σ1 and σ2, which are oriented
at +/�45° from the radial direction. Four strain gauges
arranged in a full Wheastone bridge configuration have
been used in the arrangement depicted in Fig. 2(b). Two
opposed gauges along the radial direction measure
strains of equal magnitude and signs when the tangential
loading is applied.

As it is shown below, the classical theory of Hamilton
[16] for a sliding sphere on a semi-infinite half space
can be used to assess the surface stress distribution under
the linear sliding configuration (a � 90°). This model
shows that, outside the contact path and along the sliding
direction, the tensile stresses sxx(y � 0) and syy(y � 0)
are principal stress components. Moreover, syy(y � 0)
decreases much more rapidly than sxx(y � 0) when the
distance from the contact is increased. At about 4 mm
from the contact zone, the calculated ratio sxx(y �
0) /syy(y � 0) is close to 10. Strain gauges oriented
along the sliding direction can therefore be used to meas-
ure the main strain component exx(y � 0). If only the
effects of the tangential tractions are considered, Hamil-
ton’s theory also demonstrates that tensile stresses of
equal magnitudes and opposite signs are induced at two
symmetrical locations with respect to the centre of the
contact; Fig. 3(a). Provided that the gauges bridge is
equilibrated after the normal loading, two strain gauges
diametrically opposed with respect to the contact area
(Fig. 3(b)) can therefore be used in a half-bridge con-
figuration to measure exx.

2.3. FEM simulations

FEM simulations were carried out in order to compute
the surface strains under contact configurations where no
analytical contact mechanics theories were available, i.e.

Fig. 2. Strain gauge arrangement on the surface of the PMMA for
the measurement of grq under torsional contact conditions (a � 0°).
(a) Calculated distribution of the shear stress trq generated along the
r axis by the tangential loading (Eq. (7), p0 is the maximum Hertzian
pressure, m is the coefficient of friction). The grey area indicates the
gauge location. (b) Photograph of the four gauges oriented along the
principal stress direction (the location of the contact area is indicated
by a dark spot).

for 0 � a � p /2. 3-D computations were performed
using a commercially available software package
(SYSTUS+ , Systus International, France). The PMMA
conterface was assumed to be linear elastic, while the
steel sphere was approximated to a perfectly rigid body.
The FEM software offered the possibility to simulate
specified translational and rotational motions of the rigid
ball, which were consistent with the requirements of the
experimental configuration. Non-linear calculations were
conducted using the mesh shown in Fig. 4 and a Cou-
lomb’s friction law at the contact interface. The normal
indentation depth imposed to the steel ball (i.e. 10 µm)
was numerically adjusted in order to reach the required
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Fig. 3. Strain gauge arrangement on the surface of the PMMA for
the measurement of exx under linear sliding conditions (a � 90°). (a)
Calculated distribution of the axial stress sxx generated along the x
axis by the tangential loading (Eq. (1), p0 is the maximum Hertzian
pressure, m is the coefficient of friction). The grey area indicates the
gauge location. (b) Photograph of the two gauges diametrically
opposed with respect to the contact area (shown as a dark spot in
the Figure).

value of the normal load (20 N). The axis of rotation of
the steel ball was tilted at 0, 5, 10, 15, 30 and 90° with
respect to a direction normal to the surface of the
PMMA. The calculation provided the stress and strain
field achieved under gross slip condition.

3. Results and discussion

3.1. Linear sliding conditions (a � 90°)

Under fretting loading, the contact conditions are usu-
ally determined by plotting the tangential force as a func-
tion of the imposed displacement. By analogy, fretting
loops giving the measured axial strain, exx, as a function
of the angular displacement of the steel ball are shown

Fig. 4. 3D Meshing of the PMMA counterface for the FEM simula-
tions of the surface strains.

in Fig. 5. At a low displacement amplitude, a linear
behaviour is observed which indicates a predominantly
elastic response of the system, with very limited micro-
slip at the contact interface; Fig. 5(a). When the angle
of twist exceeds a value of about 0.5°, a sharp transition
to quasi-trapezoidal shaped fretting loops is observed;
Fig. 5(c)–(e). In the plateau region of these loops, the
constant surface strain can unambiguously be related to
the achievement of a stationary stress field under gross
slip condition. The strain gauge measurement therefore
allows the accurate determination of the critical displace-
ment amplitude at the transition from partial slip to gross
slip, which is crucial for the analysis of the fretting
induced damage.

The measured strain amplitude under gross slip con-
dition can also be used to assess a value of the coefficient
of friction. If Hamilton’s theory for a sliding sphere is
considered [16], the two principal stress components, sxx

and syy, along the x axis, can be expressed as follows:

sxx �
3mP
2πa3f(x,a) x � a (1)

syy �
3mP
2πa3g(x,a) x � a (2)

Where P and m are respectively the normal load and the
coefficient of friction. f(x, a) and g(x, a) are two func-
tions of the Poisson’s ratio of the polymer, n, the contact
radius, a, and the distance x with respect to the centre
of the contact:

f(x) � �x(1 �
n
4

) tan�1� a

�x2�a2� (3)

�
a�x2�a2

x3 �x2�5n
4

� 1��
na2

2 �
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Fig. 5. Fretting loops obtained under linear sliding conditions (a � 90°). (a) q � 0.35°, (b) q � 0.55°, (c) q � 0.75°, (d) q � 0.9°, (e) q �
1.2°.

g(x) � �
3
4
nx tan�1� a

�x2�a2� � a
�x2�a2

x3 �na2

2
(4)

�
3
4
nx2�

Since the strain gauge bridge was balanced after the
normal loading, only the stress components associated
with the tangential loading were considered in Eqs. (1)
and (2). Following Hooke’s law, one can write:

exx �
1
E

(sxx�nsyy) (5)

With, E, the Young’s modulus of the polymer coun-
terface. By combining Eqs. (1), (2) and (5), the value of
the coefficient of friction can thus be expressed as a
function of the normal load, the measured strain exx and
the mean distance of the gauges with respect to the con-
tact area:

m �
2πa3Eexx

3P(f(x)�ng(x))
(6)

It is worth noticing that in expressions (1) and (2) the
linear sliding is considered to result from the tangential
displacement of a sphere on a semi-infinite flat. In the
experimental situation, linear sliding is obtained in a
slightly different manner, i.e. by the rotation of the rigid
sphere about a stationary axis parallel to the surface of
the flat. As a first approximation, it was assumed that
the measured tensile strains were similar in both con-
figurations. This hypothesis was verified by the numeri-
cal simulations which provided values of exx very close

to those given by Hamilton’s theory: at the mean gauge
location, i.e. x � 3.5mm, exx was found to be equal to
1.0 × 10�4 and 1.05 × 10�4 for the FEM and the analyti-
cal model respectively (the value of the friction coef-
ficient was taken as 0.5). Incidentally, the FEM simula-
tions also demonstrated that the Hertzian pressure
distribution remains largely unaffected by the tangential
loading associated to the torsion of the sphere (Fig. 6),
which is one of the basic assumption of the Hamilton’s
approach. Accordingly the stresses induced by the tan-
gential and normal loading can be considered as
decoupled, as it is implicitly assumed in Eqs. (1) and (2).

On the basis that Hamilton theory is applicable in the
context of the current experiments, the coefficient of

Fig. 6. FEM simulation of the distribution of the normal pressure
under a combined normal and tangential loading (a � 90°). Bold line:
normal loading only; sharp line: normal and tangential loading.
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friction was subsequently calculated using Eq. (6) by
incorporating the measured value of the strain amplitude
under gross slip conditions (exx � 1.5 × 10 � 4). For an
improved accuracy, the functions f(x) and g(x) have been
averaged over the distance covered by the active length
of the gauge. A mean value of 0.73 was computed for
m, which is consistent with the data reported in the litera-
ture for similar systems under fretting conditions [17].

3.2. Torsional contact conditions

Fretting loops giving the surface shear strain trq as a
function of the angle of twist, q, are shown in Fig. 7.
For the lowest displacement amplitude (i.e. q less than
2°), quasi-elliptical fretting loops were obtained. This
non-linear behaviour is characteristic of the progressive
development of micro-slip from the periphery of the con-
tact towards the centre of the contact [18]. As the magni-
tude of the angle of twist is increased, the occurrence of
the gross slip conditions is indicated by the plateau value
of the surface shear strain. It can also be noted that the
measured strains are much lower than those recorded
under the linear sliding configuration.

As for the case of linear sliding conditions, a calcu-
lation of the coefficient of friction from the measured
shear strain amplitude under gross slip condition can be
implemented by means of contact mechanical pro-
cedures. The theoretical expressions for the surface
stresses induced by a twisting sphere were initially
derived by Hetenyi et al. [14] in an early paper. This
calculation, however, required the difficult numerical
integration of the oscillatory Bessel functions. To over-
come this problem, Hills et al. [15] have developed an
alternate scheme involving elliptic integrals. According

Fig. 7. Fretting loops obtained under torsional contact conditions (a � 0°). (a) q � 1.8°, (b) q � 2.2°, (c) q � 4.2°.

to this approach, the surface shear stress, trq is given by
the following expression:

trq
mp0

�
2

πr2�
1

0

t2E(t’ )dt

�r2�t2
(7)

where t’ � �1�t2, E(x) is the complete elliptic integral
of the second kind and r is the space coordinate non-
dimensionalised with respect to the contact radius, a. p0

is the maximum Hertzian pressure defined as:

p0 �
3P

2πa2 (8)

Assuming a linear elastic behaviour for the PMMA,
the value of m is thus given by:

m �
pr2Ggrq

2p0�
1

0

t2E(t’ )dt

�r2�t2

(9)

Expression (9) can readily be numerically integrated,
thus providing a value of m from the measurement of
grq. A mean value of 0.67 was found, which is similar
to those obtained under linear sliding conditions, m=0.73.
This constancy of m for the different gauge arrangements
and loading configurations confirms the overall consist-
ency and the accuracy of friction measurements from
surface strains.

From the knowledge of the friction coefficient, a
further attempt was made to simulate a whole fretting
loop. In addition to Eq. (9) for gross slip condition, this
calculation requires a knowledge of the surface strain
induced under partial slip condition. Although the theory
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does not provide any direct relationships between the
shear strain and the angle of twist under partial slip con-
dition, both grq and q can be related independently to the
radius, c, of the stick/slip boundary within the contact
(0 � c � a). grq is given by [15]:

grq �
2mp0

3Gπ
k
rc

[2(c2�r2)K(c /r) � (2r2�c2)E(c /r)] (10)

�
2mp0

πGr2�
c

0

t2

�r2�t2
[E(h,t’ ) � E(c,t’ )]dt r � � c

with:

k2 � 1�c2

sin c �
1
c�

c2�t2

1�t2

sin h �
k
t�

while the expression of the angle of twist, q, as a func-
tion of c is given by [18]:

q �
3mP

4πGa2k
2D(k) (11)

with D(k) � (K(k) � E(k)) /k2, where K and E are,
respectively, the complete elliptic integrals of the first
and second kind, of modulus k.

By evaluating separately Eq. (10) and (11) for differ-
ent values of c ranging from 0 to 1, it is possible to
generate a complete set of (q, grq) values corresponding
to various extents of partial slip and thus to simulate a
whole fretting loop. An example using the experimental
value of the coefficient of friction is shown in Fig. 8.
The good agreement observed between the experimental
and theoretical values constitutes, to the best of our
knowledge, the first experimental validation of the theor-

Fig. 8. Simulated and experimental fretting loop under torsional con-
tact conditions (a � 0°). (The theoretical loop was calculated using
Eqs. (7), (10) and (11) with m � 0.7).

etical expressions for the surface stresses beneath a
twisting sphere under partial slip conditions (the equa-
tions for gross slip conditions have already been vali-
dated by Hetenyi et al. by means of the examination of
a set of very carefully generated photo-elastic
measurements).

3.3. Intermediate contact loading configurations

When the angle of tilt, a, (Fig. 1a) is increased from
0° (torsional contact loading) to 90° (linear sliding
configuration), a complex stress state is achieved which
can no longer be satisfactorily described by the available
analytical contact mechanics theories. As was mentioned
above, a complete determination of the surface stresses
would require a set of strain gauges arranged in a delic-
ate ‘ rosette’ configuration. In a previous investigation
[13], we have, however, reported that the linear motion
condition rapidly dominated the sliding trajectories as
the contact loading was varied from pure torsion to pure
linear sliding; for values of a � 5°. This argument was
based upon purely geometrical considerations, with no
attempt to describe the contact conditions from a mech-
anical point of view. A more detailed insight of the con-
tact conditions can be provided by F.E.M. calculations.
In Fig. 9, the calculated profiles for exx in the contact
zone are reported as a function of a. It can be seen that
the exx distribution becomes identical to that achieved
for linear sliding motion when a exceeds 5°. This result
was experimentally confirmed by the measurements of
the axial strain, exx, as a function of the tilt angle. Using
the same gauge arrangement as for the a � 90° con-
figuration, it was observed (Fig. 10) that exx reaches very
rapidly the value achieved under pure linear sliding as
the tilt angle is increased.

In the processing of the output signal coming from
the Wheastone bridge, we have considered that the two
opposite active gauges were measuring stresses of equal
magnitude, but opposite signs, whatever the angle of tilt;

Fig. 9. Calculated (FEM) profiles of exx as a function of the tilt angle
a. (a) (a � 5°), (b) (a � 10°), (c) a � 90°; curves (b) and (c) are
superimposed; m � 0.5.
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Fig. 10. Changes in the experimental values of the axial surface strain
exx as a function of the tilt angle,a. The strain value have been normal-
ised with respect to the exx value for a � 90°. For a � 5°, though
linear motions predominates within the contact.

Table I shows this hypothesis to be reasonably valid
based upon FEM simulations.

4. Conclusion

A novel technique based upon experiments, analysis
and numerical simulations has been proposed in order
to determine the contact conditions and the values of
the friction coefficient in contacts submitted to various
loading conditions including torsion and linear sliding
motions. In the case of a low modulus polymeric sub-
strate (PMMA), it was demonstrated that strain gauge
measurements of the friction induced surface strains
allowed an accurate estimate of both the friction coef-
ficient and the contact conditions generated under small
amplitude oscillating micro-motions (fretting). The over-
all potential of the method was supported by the con-
stancy of the calculated values of the friction coefficient
under the various contact loading configurations con-
sidered. The measurements also provided the first experi-
mental confirmation of some of the theoretical results
regarding the stress field induced by a twisting sphere
in a semi-infinite medium.

The strain gauge measurements have also demon-

Table 1
Calculated axial strain, exx, at two locations diametrically opposed with
respect to the contact area

x=-L x=+L

a � 0° 0.01 0.02
a � 5° 0.68 0.65
a � 10° 1.02 0.99
a � 15° 1.02 0.99
a � 90° 1.00 1.00

Gross slip condition, m � 0.5, L is the mean distance of the strain
gauge location with respect to the centre of the contact, exx was non-
dimentionalised with respect to the value for a � 90°

strated the ability to detect the changes in the surface
stress state when a varying multiaxial contact loading
was considered, i.e. in a situation where conventional
load transducer based measurements of the friction
forces are not easily performed. In the case of contact
conditions induced by low amplitude sliding micro-
motions (fretting), it was also shown that the surface
strain measurements allowed an accurate description of
the transition from stick to slip condition as the magni-
tude of the imposed displacement was increased. This
transition is of major importance in fretting studies due
to the fact that it governs the nature of the induced sur-
face damage. In the current experiments, it was determ-
ined without the difficulties arising from the use of com-
pliant load transducers.

By virtue of the reduced spatial hindrance of the
gauges, such a technique presents the advantage of being
able to be operated with a great flexibility in a wide
range of contact configurations. The determination of the
absolute value of the friction coefficient relies upon the
use of elastic contact mechanics theories, which are
derived for semi-infinite medium and for relatively sim-
ple contact configurations. If it is assumed that the mag-
nitude of the surface induced strains remains pro-
portional to the friction coefficient, this technique could,
however, still be used to monitor relative changes in m
in the case of thin substrates or for more complex con-
tact geometries.
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