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Abstract

The paper describes the use of acoustic emission (AE) techniques in a study of surface fric-
tion properties. All dynamic friction processes generate quasi-continuous AE signal, which can
be used to characterize surface friction. The AE signal is produced by stick-slip motion of two
materials in contact. Signal intensity depends on contact force, motion velocity, molecular adhe-
sion forces between both materials, and surface properties as roughness, hardness, elastic and
plastic properties and surface layer properties (lubrication, dry friction).

A series of tests have been performed using a new prototype of friction brush probe com-
bined with tangential force measurement. This probe has been designed for measurement of hu-
man skin friction coefficient, but can be applied also to other materials. Measured signals (AE
signal, tangential and normal forces) were recorded and analyzed by digital processing analyzer
DAKEL-XEDO. Various friction head materials were tested on samples made of different materi-
als. The best results were obtained using carbon-fiber brush friction head. The contact force and
motion velocity were optimized to produce maximal AE signal amplitude at a contact force as
low as possible. Good correlation was observed between frictional forces and global AE activity
parameters.

1. Introduction

Properties of a solid body surface (surface roughness, coarseness, abrasiveness, profile, to-
pology, friction, adhesion tension, etc.) are often characterized by static or dynamic friction
measurements. Friction can be defined as the resistance to the movement of one body in relation
to another body with which it is in contact [1].

The degree of friction between two objects is greatest when they are at rest (static friction).
The direction of static frictional force is along the contact surface and opposite in direction of
any applied force. The magnitude of static friction force fs is given by

fs = µs N,                  (1)

where µs is static friction coefficient, and N is normal force acting between two objects. The
frictional force equals the applied force (in magnitude) until it reaches the maximum possible
value µsN. Then the object begins to move as the applied force exceeds its maximum. When the
object is moving the frictional force is kinetic (kinetic or dynamic friction) and roughly constant
at the value µkN, which is below the maximum static friction force.  The direction of the kinetic
frictional force is opposite the direction of motion of the object it acts on. The magnitude of the
kinetic friction force fk is proportional to normal force N and the coefficient of kinetic friction µk

fk = µk N.     (2)



EWGAE2002

286

             Fig. 1. General relation between frictional and applied force

The coefficients of friction depend on the nature of the surface, and the frictional force is
nearly independent of the contact area between objects. The plot in Fig. 1 of the frictional force
vs. the applied force illustrates some of the friction features. Friction depends upon the properties
of the two surfaces in contact. The irregularities in surfaces (the degree of roughness) cause
resistance to movement. The force of friction is a common but complex force. A simple model of
the friction force can be built up assuming that the coefficient of friction is the sum of two terms,
molecular and mechanical [2];

                µ = µmolecular + µmechanical. (3)

Molecular interactions take place in the surface 'film' and affect the surface layers to a depth
of a few hundredths of µm. Mechanical interaction takes place in layers with a thickness of a few
µm. As these processes occur at different levels, they are uncorrelated and hence can be mostly
separated. Kinetic friction coefficient is measured throughout the displacement of body over the
surface by a constant velocity v.  It depends on normal acting pressure and movement velocity as
well as on properties of both surfaces in contact (molecular adhesive forces, roughness, hardness,
lubrication, etc.). Accompanying friction, physical effects such as thermal effects, electromag-
netic and optical effects (triboluminiscence), low frequency vibrations (1 Hz � 10 kHz) and
acoustic emission (30 kHz - 5 MHz) are observed and are evaluated for surface characterization.

Excited by dry friction on a rough surface, AE is monitored using AE sensor attached to the
moving body (stylus) and/or to the stationary surface base, as Dunegan reported in [3]. Detected
AE signals have relatively broad frequency content ranging mostly from 1 kHz to a few MHz
depending on surface roughness, and on frequency characteristics of AE transducer. It also de-
pends on a wave-path from friction surface to the AE sensor.

In previous laboratory experiments, AE transducer was coupled with stylus (acting as a
wave-guide) scanning tested surface. Different stylus materials (hard materials ranging from
metals and ceramics to glass, sapphire, diamond and other crystals) of various quasi-point con-
tact radius and form (ranging from sharp tip or needle to a ball) were used in these measure-
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ments. Test results were similar to that from surface profilometry, where the registered vertical
displacement of stylus is proportional to the surface roughness profile.

The newest contact methods of surface properties study are known as atomic force micro-
scopes (AFM) based on diverse sensing devices. The main principle of AFM consists in 2-D
surface scanning by a single stylus or a thin hard wire contacting tested surface. AFM's are
highly precise, very sensitive, expensive and bulky laboratory instruments allowing to scan only
few square mm of studied surface of a small body supported by a rigid base. Except for classical
friction measurement (displacement of a body over the surface), all other reviewed methods give
only local, instantaneous information (one contact point of stylus or wire with the surface),
which is then spread over the line or area by the scanning. For area characterization, large
amount of data must be analyzed. This led us to design a new approach as described below.

2. Design and Operation of the Acoustic Brush Probe (ABP)

The low-resolution alternative to AFM for the rough characterization of surface properties
has been designed and patented as a "Friction Brush Probe" (ABP) [4, 5]. It represents new type
of direct mechanical contact sensor designed for non-local surface characterization during the
sensor movement along a surface line or other path. The basic element of probe is a fiber brush
(line or multi-line bundle of thin fibers) joined with AE sensing element. The probe is mounted
to the line or area-scanning device. During constant velocity brush movement over the analyzed
surface, many of brush fibers are subsequently coming into and released from direct contact with
the surface. These rapid processes of fiber-surface interaction (friction) are randomly exciting
piezoelectric AE sensing element, which produces quasi-continuous AE signal. Simultaneously
with AE signal acquisition, the classical friction parameters - tangential and normal forces acting
on the probe - are sensed by external force sensing elements mounted on a probe holder or, in a
combined probe version, directly by force sensing elements integrated with AE transducer in a
common probe case. This enables direct correlation of AE signal parameters with classical inte-
gral surface friction variables, which are less sensitive to small surface disturbances. Schematic
draw of ABP construction is shown in Fig. 2a.

The brush fibers in contact with the test surface are loaded by normal force N acting on the
probe through the scanning head. Throughout the brush movement along the surface, AE trans-
ducer transfers the induced dry friction effects into electrical signal, recorded and processed by
AE analyzer. Common AE signal processing methods are adopted in analyzing device (DAKEL -
XEDO digital AE analyzer and transient recorder) including signal amplification and filtration.
Standard and extended AE signal parameters (e.g., number of AE (threshold-crossing) counts,
RMS, integral energy, average signal level, event counts and signal envelope parameters, as
other selected signal features in time, frequency, time-frequency or wavelet domain) are evalu-
ated by AE analyzer connected with a personal computer via LAN (ETHERNET). Evaluated pa-
rameters are used to characterize analyzed surface features and to correlate them with other
commonly used surface properties (e.g., tangential and normal friction forces).

In the combined ABP design, the integrated tangential (shear) and normal force sensing ele-
ments are considered: The normal force sensing system is realized by deflection of spring mem-
brane joined to the AE sensor. Deflected membrane acts on miniaturized pressure transducer
connected to the A/D card installed in the DAKEL system. Hydraulic force multiplier is used to
enhance pressure transducer sensitivity. Tangential force ft is sensed by the deflection of a me-
tallic foil attached to the AE sensor and semiconductor strain gauges connected to an interface
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Fig. 2a. Schematics of acoustic brush probe.

Fig. 2b. A prototype and detailed view of acoustic brush probe.
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card of the DAKEL-XEDO device.  The computer collects data from AE and force sensing ele-
ments and also controls the scanning device. One of ABP prototypes is shown in Fig. 2b.

3. Results Obtained by Acoustic Brush Probe

Measurements using ABP have been performed on two kinds of surfaces. First measurements
were made on reference standards of surface roughness; here, we used abrasive papers of 120 to
1200-grit. In this case, the ABP was moved over the horizontally supported tested surface at a
constant velocity v = 10 mm/s on a distance of approximately 50 mm using precisely controlled
scanning device. Three kinds of line brushes have been tested, made from carbon, glass, and
Kevlar fibers, respectively. Brushes were composed of about 1000 individual fibers of average
diameter 2-10 µm. Best results were obtained with high modulus carbon fibers.  Figure 3 illus-
trates AE activity detected through tests of abrasive papers (120- to 1200-grit with higher num-
ber for finer grains).  AE activity is characterized by the sum of AE counts Nc. Slope of linear
part of Nc-vs.-t plot, determined by linear regression, represents average count rate dNc/dt.

Fig. 3. AE activity recorded during ABP tests of papers with 120-, 400-, 600-, and 1200-grit.

Except for the roughest abrasive paper (120-grit), the tendency is increased AE activity with
finer grains. The exception for 120-grit paper is explained by the effect of coarse grains causing
stick-slip movement of individual brush fibers accompanied by relatively high-energy release.
On finer surfaces, the fiber movement starts to be quasi-continuous with lower instantaneous
energy release, but growing number of AE events with higher number of surface obstacles
(grains) increases integral AE energy. Nevertheless, the growing trend of AE activity is limited
by fibers diameter. When it becomes comparable or greater with respect to dimensions of surface
crimps, then the AE activity decreases, reflecting sliding friction at molecular level only.

As ABP has been developed in particular for the characterization of human skin surface, sec-
ond series of measurements were realized on human skin using specially developed scanning
device. These measurements were performed in-vivo on 18 persons with various types of skin
(normal, dry, diseased, etc.) at different places of the body (forearm and shank). Different normal
loads and scanning velocities were applied to each measured person in order to study the influ-
ence of these two factors on AE results. Two main parameters, the number of AE counts Nc1
and a signal RMS value, were evaluated from measured data to characterize skin properties. Fig-
ure 4 shows typical dependencies of AE activity on normal load (left) and on ABP displacement
velocity (right). It can be concluded that average slope of Nc1 (dNc1/dt) is about linearly de-
pendent on both factors in measured intervals.



EWGAE2002

290

Fig. 4.  Dependence of AE activity Nc1 on a normal load (left) and velocity (right).

A factor analysis has been performed to determine which are the main factors influencing the
AE activity. Along with above mentioned velocity and normal load factors, the other parameters
were also analyzed (test person�s age, skin photo type, skin disease, test location, and inter-
changeable brush parameters). The brush type, loading force, and scanning velocity were the
most important factors over the whole set of tests. Figure 5 illustrates the influence of the test
person�s age on the AE activity, when only tests having more parameter constants are consid-
ered. Average count rate in logarithmic scale (Fig. 5 - left) shows the growing global tendency
with the person�s age (five persons from 22 to 86 years old are classified), whereas the AE activ-
ity characterized by the average RMS value (Fig. 5 - right) tends to go down with the age during
tests of younger persons between 22 and 35 years.

Fig. 5.  Dependence of AE activity on the age of tested person.

Six persons with normal healthy skin were considered in the second group (right in Fig. 5),
and results for two different scanning velocities (1 and 2 cm/s) are plotted. The differences be-
tween both plots in Fig. 5 can be explained by different information included in both AE activity
parameters. While the count rate reflects more pronounced skin features (e.g. bumps), average
RMS value integrates global skin friction properties. Another useful information has been drawn
from AE records, e.g. concerning indication of some skin diseases, the ratio of AE activity pa-
rameters obtained in tests with different scanning velocities differs for healthy and ill skin. A
more detailed and enlarged study under constant conditions is necessary to prove and elucidate
the above findings. Also the frequency parameters of detected AE signals, which are evaluated in
ongoing studies, seem to be useful for the characterization of skin friction properties.

The choice of brush-fiber material has shown to be of great importance as it determines mo-
lecular adhesion forces in friction. Elastic modulus and cross-section of fibers (brush rigidity)
influence local forces acting on fibers, and energy stored and released during brush movement
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over the surface. Hence, both the force and AE signal are dependent on brush rigidity. Low axial
modulus and lower fiber cross-section (low brush rigidity) result in lower force and lower AE
activity excited by surface friction. Fiber cross-section and stiffness also determine the resolution
of surface characteristics (scale of details). Circular cross-section of fibers and rectangular form
of brush (fiber bundle) are assumed in most cases but other forms may be considered, too. Con-
cerning brush fiber material, the most practical (optimal) results are achieved choosing relatively
short (some millimeters), small-diameter (1 to 10 microns) glass or high-modulus carbon fibers
in a bundle containing thousands of fibers. To obtain well reproducible results, the brush should
be prepared very carefully by the well-defined manufacturing procedure.

4. Conclusions

A new Acoustic Brush Probe (ABP) has been designed for the characterization of surface
friction properties. Basic element of the probe is a brush of carbon fibers attached to AE sensor.
A number of dynamic friction tests were performed using this probe, on both surface roughness
standards (abrasive papers), and on the human skin surface of 18 persons at a dermatological
clinic. The tests shown that registered AE activity depends on many influencing factors, whose
importance was estimated by the factor analysis. Interesting relations between the global AE
activity parameters and some external factors were found, which must be further proved in more
detailed studies. ABP is suitable to design standard qualitative and quantitative method of rapid
surface characterization and comparison. Standard measurement conditions and devices, along
with evaluation procedures must be well defined for this purpose. In dermatological applications,
the ABP can rapidly determine effects of a cosmetic product application or a clinical treatment.
Evaluated integral AE activity parameters cannot render fine details of frictional behavior. Dif-
ferences in spectral contents and time-frequency representation of AE signals, registered in on-
going experiments, seem to provide useful tool for more detailed characterization of material
surface roughness and other surface friction properties.
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