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The pre-sliding regime is typically neglected in the dynamic modelling of mechanical systems. However, the change in
contact state caused by static friction may decrease positional accuracy and control precision. To investigate the relationship
between contact status and contact force in pre-sliding friction, an optical experimental method is presented in this paper.
With this method, the real contact state at the interface of a transparent material can be observed based on the total reflection
principle of light by using an image processing technique. A novel setup, which includes a pair of rectangular trapezoidal
blocks, is proposed to solve the challenging issue of accurately applying different tangential and normal forces to the contact
interface. The improved Otsu’s method is used for measurement. Through an experimental study performed on polymethyl
methacrylate (PMMA), the quantity of contact asperities is proven to be the dominant factor that affects the real contact
area. The relationship between the real contact area and the contact force in the pre-sliding regime is studied, and the
distribution of static friction at the contact interface is qualitatively discussed. New phenomena in which the real contact
area expands along with increasing static friction are identified. The aforementioned relationship is approximately linear
at the contact interface under a constant normal pressure, and the distribution of friction stress decreases from the leading
edge to the trailing edge.
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1. Introduction
The requirements for positional accuracy and control pre-

cision are becoming increasingly higher in the fields of me-
chanical engineering and aerospace. The friction between the
components of a mechanical system and the nonlinear phe-
nomena that it causes can be important factors that affect
the movement and control precision of such a system. Fric-
tion analysis is an essential part of the dynamic modelling of
mechanical systems.[1–3] With the development of tribology,
scholars have attempted to explain the friction phenomenon
between two rough surfaces by proposing models from the
macroscopic and microscopic perspectives. However, these
friction models are only suitable for certain occasions. To de-
scribe the peculiarities of pre-sliding friction, several scholars
have studied the elastic deformation and elastic behaviour of
the contact interface under tangential force, which are char-
acterized as hysteresis with memory.[4–8] Dahl proposed the
Dahl model to explain the hysteresis phenomenon in the pre-
sliding regime.[9] The LuGre model introduces the average
deformation of asperities to represent pre-sliding contact at
the interface.[10] The Maxwell slip model regards contact as-
perities as a series of springs with different degrees of stiff-
ness, which is in accord with the actual state of the contact
surface.[11] To date, a consensus on the mechanism of inter-
face friction has not yet been reached. The current study aims

to visualize surface contact in the pre-sliding regime to con-
tribute to a better understanding of pre-sliding friction.

Interconnecting micro-asperities form the real contact re-
gion between two contact surfaces. This region determines
the physical properties and contact behaviour of the inter-
face. Therefore, studying the real contact state between two
rough surfaces is highly significant in determining the fric-
tion mechanism of the interface. Bowden and Tabor were
the first to propose the concept of the real contact area at
the contact interface.[12] Greenwood and Williamson assumed
that the height distribution of micro-asperities on the sur-
face conformed to the Gaussian distribution; they used the
Hertz contact theory to solve the problem of each asperity
contact individually. The introduction of the Greenwood–
Williamson (GW) model has significantly affected the field of
contact modelling. Since then, numerous scholars have pro-
posed modified rough surface contact models based on the
GW model.[13] Whitehouse and Archard regarded the inde-
pendent contact of micro-asperities to be untenable when the
load at the interface increased and deformation became larger.
They believed that the curvature radius of a micro-asperity
was associated with its height and proposed the WA contact
model.[14] Chang et al. presented the CEB contact model,
which considered the elastoplasticity and volume conserva-
tion of micro-asperities. The aforementioned contact mod-
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els are all based on the assumption that the height distribution
of micro-asperities is subject to the Gaussian distribution.[15]

However, Majumdar and Bhushan found that the height distri-
bution of micro-asperities was actually random and unsteady.
The statistical characterization parameters of a surface ac-
quired under certain measurement conditions could only re-
flect roughness information related to instrumental resolution
and sampling length. These researchers introduced fractal
theory to model surface contact and built the fractal contact
model, which could provide roughness information at all scale
ranges of rough surfaces.[16,17]

The aforementioned interface contact models are all
based on certain assumptions, and theoretically estimate inter-
face contact characteristics; therefore, the actual relationship
between the interfacial force and the real contact area cannot
be determined. The real contact area at the interface is difficult
to obtain; thus, experimental studies on contact models remain
unsystematic and insufficient compared with the adequate the-
oretical research on this subject. During the early 1980s,
Kragelsky reported the achievements of experimental studies
on the real contact state at the interface.[18] In recent decades,
scholars have focused on experimental research on this area,
and several methods that apply optical, electrical, and ultra-

sonic techniques have been used to observe the real contact
state at the interface.[19,20] Furthermore, the optical method
based on the total reflection principle provides additional ad-
vantages, such as intuitiveness in observing the contact state,
as well as high reliability and measuring precision.[21–23]

In this paper, an optical experimental method is presented
to observe the real contact state at the interface of a transparent
material in the quiescent and pre-sliding regimes. This method
is based on the total reflection principle of light and applies an
image processing technique. The experimental setup and the
principle for measuring the real contact area are introduced in
Section 2. In Section 3, the main reason for the increase in
the real contact area is explored, and the relationship between
the real contact area and the interfacial force is determined.
The distribution of static friction in pre-sliding contacts is also
analysed qualitatively. The significance of the content of this
paper lies in its potential to enhance knowledge of the real
contact state at the interface and expand comprehension of the
pre-sliding process.

2. Experiment principle
A flowchart of the experimental method is shown in

Fig. 1.
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Fig. 1. (color online) Flowchart of the measuring system.

The two main steps in the measuring system are the ac-
quisition and processing of interfacial contact data.

The schematic of the experimental setup, which presents
the profile of the experimental condition, is shown in Fig. 2(a).
As shown in the figure, the total reflection principle of light
is applied to observe the real contact state at the interface
of a transparent material, which is polymethyl methacrylate
(PMMA) in this experiment. The mechanical properties of
PMMA are listed in Table 1. Several interconnecting micro-
asperities are found at the contact interface. These micro-
asperities account for a small portion of the apparent contact
area, whereas the remaining areas between the surfaces are
filled with air. A red laser sheet is irradiated onto the contact

interface from the lower PMMA block, as shown in Fig. 2(b).

The incidence angle on the surface of the lower PMMA block

should be larger than the total reflection angle of the PMMA

to air, which is calculated as 42◦ based on the refractive in-

dex of the PMMA provided in Table 1. In the experiment,

total reflection does not occur at the interconnecting micro-

asperities. The incident laser sheet is divided into two parts.

One part is transmitted through the interface via the intercon-

necting micro-asperities, whereas the other part is reflected

onto the surface because of total reflection. Thus, the transmis-

sion laser produces facular points on the screen, which shows

the real contact state of the contact interface.
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Fig. 2. (color online) Schematic of the experimental setup.

Table 1. Mechanical properties of the PMMA material.

Property Value
Index of refraction 1.49

Tensile strength 50–77 MPa
Density 1190 kg/m3

Transmittance > 85%
Sa surface roughness 0.03 µm
Friction coefficient 0.8

A novel setup that involves a pair of rectangular trape-
zoidal blocks is proposed to address the challenging issue
of accurately applying different tangential and normal forces
to the contact interface. Two PMMA blocks with the same
shape (i.e., rectangular trapezoidal) are used as experimental
samples. The two blocks are stacked together, as shown in
Fig. 2(c). The top surface of the upper block is in a horizon-
tal direction, and β is the angle between the contact interface
and the horizontal plane, which is smaller than the self-lock
angle of the PMMA material, β < arctan0.8 = 38.7◦ (accord-
ing to the friction coefficient given in Table 1). In the experi-
ment, the lower PMMA block is fixed to the foundation sup-
port, whereas the upper block is regarded as a sliding block.
The vertical load is provided by an electronic universal testing
machine (EUTM) placed uniformly on the top surface of the
experimental samples. The EUTM can provide pressure rang-
ing from 0 N to 20 kN at a constant loading rate in the vertical
direction. During loading, the experimental samples remain
in a static state from the macroscopic viewpoint. The contact
interface of the samples exhibits pre-sliding friction from the
perspective of the interconnecting micro-asperities at the in-
terface. The loading analysis of the upper block is performed
as depicted in Fig. 2(c).{

Fn = N cosβ ,

f = N sinβ ,
(1)

where N is the vertical pressure from the top, Fn is the support-
ing force from the lower PMMA block, and f is the static fric-
tion at the interface. The vertical force data can be recorded
completely with the EUTM; thus, both the normal force and
the tangential static friction at the contact interface can be cal-
culated using Eq. (1) at any period during the experiment.
However, for a certain set of experiments, both the normal
force and the tangential force change with the vertical loading
force; therefore, the control variable method cannot be con-
ducted for one set of experiments. To address this issue, four
groups of test samples at different β angles (0◦, 6◦, 9◦, and
12◦) are provided in the experiment process. In this manner,
variations in the real contact area with different static friction
values under a certain normal pressure can be obtained. More-
over, the relationship between the real contact area and normal
pressure under a certain tangential force can be determined.
All the experiments are performed in a darkroom; other de-
tails of the experimental setup and conditions have been de-
scribed elsewhere.[23] Notably, the loading device should be
suspended when acquiring the contact image to eliminate the
hysteresis effects caused by the inner friction of the PMMA.

As shown in Fig. 3, a digital single-lens reflex (DSLR)
camera is used to record the changing process of the contact
state during loading when β = 0◦. The red area in the image is
formed by the red laser, which transmits through the intercon-
necting micro-asperities, whereas the dark area is attributed to
the laser beam reflected onto the surface of the lower PMMA
block. Therefore, the red spots on the images represent the
real contact area at the interface. The dark area evidently de-
creases with the increase in normal pressure during loading
as shown in Fig. 3. The red pixels on the image are selected
and combined, and the proportion of the real contact area to
the apparent contact area can be determined. To select the red
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pixels on the image, an improved Otsu’s method (an image
segmentation technique mentioned in Ref. [23]), which con-
siders both the whole image and the local details of the photo,
is applied during image processing.[23,24] The relationship be-
tween the real contact area and the contact force in the pre-
sliding regime is obtained through image processing and an
analysis of the experimental results.

(a) (b) (c)

(d)

(g) (h) (i)

(e) (f)

Fig. 3. (color online) Images taken by the DSLR during the loading
process.

3. Preliminary experimental results and discus-
sion
A series of experiments were conducted using the exper-

imental method mentioned earlier on different test samples
at β = 0◦, 6◦, 9◦, and 12◦. The changes in the real contact
area and the interfacial force were recorded in each experi-
ment set. The experimental results and the analysis process
are presented in this section.

3.1. Real contact area and normal pressure

The relationship between the real contact area and normal
pressure was simulated as a linear correlation using the rough
surface contact models mentioned in Section 1. This approach
is used regardless of whether the rough surface is assumed a
Gaussian distribution surface or a fractal surface.

However, the relationship between the real contact area
and normal pressure is not linear based on the results of the
experimental study on measuring the real contact area using
PMMA. Figure 4 shows the relationship between normal pres-
sure and the normalized contact area at the interface. As
shown in the figure, the transmitted laser cannot effectively
form a bright spot on the screen when normal pressure is
within the range of 0–0.33 MPa. Thus, a dead zone is observed
while measuring the real contact area using the optical method
based on the total reflection principle. When normal pressure
is within the range of 0.33–1.28 MPa, the real contact area lin-
early increases with the increase in normal pressure. When

normal pressure exceeds 1.28 MPa, the real contact area ex-
pands, whereas its growth rate decreases with increasing nor-
mal pressure.
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Fig. 4. (color online) Real contact area versus normal pressure during
loading.

An analysis of the experiment phenomena explains why
the optical method does not work under low normal pres-
sure. The actual surface profile of the experimental sample
measured using a white light interferometer is provided in
Fig. 5(a). As shown in the figure, a small fraction of peaky
asperities with a higher altitude of over 80 nm above the zero
line exists on the surface and occupies less than 1% of the
total number of micro-asperities. Higher asperities enter the
contact state first when normal pressure is lower at the contact
interface. However, the contact spot diameter of the asperi-
ties with a higher altitude has a magnitude equal to the wave-
length of the red laser (550 nm). Thus, diffraction phenomena
occur at the contact spot when the transmitted laser reaches
the contact spot at the interface and, consequently, severely
weaken the illuminance of the transmitted laser. Diffracted
rays from different contact spots were interlaced and projected
onto the screen; therefore, the real contact state at the interface
could not appear effectively on the screen. With the increase
in normal pressure, the first batch of asperities participating
in surface contact underwent deformation, and the area of the
contact spot increased with the expansion of the diameter. As
deformation at the interface increased, more micro-asperities
with a lower altitude participated in surface contact, thereby
forming a larger bearing surface. The diffraction phenomenon
was reduced as the contact area at each contact spot expanded,
and the transmitted laser effectively formed light spots on the
screen.

The contact process of the sample interface under differ-
ent normal pressure values can be divided into three stages ac-
cording to the curves depicting the relationship between nor-
mal pressure and the normalized contact area in Fig. 4, and
the analysis content based on Fig. 5. When normal pressure
is within the range of 0–0.33 MPa, a few higher asperities
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form small contact spots at the interface. During this interval,
the carrying capacity of the interconnecting micro-asperities is
weak. If a tangential force is applied to the contact interface,
then tangential deformation will easily occur at higher con-
tact asperities. Shear failure and wear will also occur, with the
shear stress exceeding the shear strength of the material. When
normal pressure ranges from 0.33 MPa to 1.28 MPa, the quan-
tity of the asperities participating in contact rapidly increases,
thereby leading to the rapid growth of the real contact area.
During this interval, the relationship between the real contact
area and normal pressure is linear. The increasing quantity of
the interconnecting asperities is proven to be the main cause
of the extension of the real contact area. Once normal pres-
sure exceeds 1.28 MPa, the addition of interconnecting asper-
ities becomes slower with increasing normal pressure, and the
growth rate of the real contact area also decreases. The main
bearing area is formed during this interval.
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Fig. 5. (color online) Actual surface profile measured using a white
light interferometer and the altitude distribution of the asperities on the
surface.

3.2. Real contact area and static friction

To investigate the relationship between the real contact
area and static friction in the pre-sliding regime, vertical load-
ing experiments were conducted using four groups of test sam-
ples at different β angles (0◦, 6◦, 9◦, and 12◦). The loading
force was recorded, and the vertical force was decomposed
into two directions: perpendicular and parallel to the contact
interface. Thus, the relationship between the real contact area
and static friction could be determined. The relation curves of
normal pressure and the normalized contact area at different β

angles are shown in Fig. 6.
As shown in the figure, the real contact area of the inter-

face increases with the increase in the β angle. As mentioned
in Section 2, when the normal pressure values at the interface

at different β angles are the same, the system with the larger β

angle exhibits a higher static friction. The experimental study
on pre-sliding contacts showed that the real contact area ex-
pands with the increase in static friction under a constant nor-
mal pressure.
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Fig. 6. (color online) The relationship between real contact area and
normal pressure at different β angles.

Figure 7 presents the relation curves of the normalized
contact area and static friction under six constant normal pres-
sure levels. As shown in the figure, the relationship between
the real contact area and static friction is similar to the lin-
ear correlation under a constant normal pressure and maxi-
mum load in the experiment. In addition, the influence on the
change process of the real contact area caused by static friction
decreases with increasing normal pressure at the interface.
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Fig. 7. (color online) Real contact area vs. static friction under different
normal pressure levels.

3.3. Distribution of friction stress at the interface in the
pre-sliding regime

The distribution of static friction stress at the interface
was determined qualitatively in pre-sliding friction through the
observation and analysis of the contact images obtained in the
experiments. Figure 8 shows the contact images, which repre-
sent the distribution of transmission light with the increase of
contact force at the β angle of 9◦.

As shown in the figure, the light intensity of the trans-
mitted laser decreases gradually along the direction of the in-
terface from the leading edge to the trailing edge during each
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loading stage. The distribution of light intensity on the screen
indicates that the distribution of the real contact area at the
interface also decreases from the leading edge to the trail-
ing edge in pre-sliding contacts. The same experimental phe-
nomenon was also observed at β = 6◦ and 12◦.
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Fig. 8. (color online) Distribution of real contact points at the interface
at β = 9◦.

Normal stress is uniform at each position of the contact
interface during loading; hence, the non-uniformity of friction
stress leads to a decrease in the real contact area from the lead-
ing edge to the trailing edge. As mentioned in Section 3.2, the
real contact area increases with the increase in static friction,
and thus, a conclusion can be drawn that the distribution of
friction stress decreases from the leading edge to the trailing
edge.

4. Conclusion
In this study, the relationship between the real contact

area and the interfacial force at the contact interface of a trans-
parent material in the pre-sliding regime was studied based
on the principle of total reflection and the improved Otsu’s
method through a series of experiments. The real contact
state at the interface was observed intuitively using an optical
method. A tangential load was applied to the contact interface
in a quasi-static state, and the magnitude of the static friction
was obtained accurately in the experimental study.

Several conclusions can be drawn from the analysis of the
experiment principle and the experiment results.

(i) The diffraction phenomena at the small contact spot
formed by higher asperities explain why the optical method
does not work under low normal pressure.

(ii) The increasing quantity of the interconnecting asperi-
ties was proven to be the dominant factor that expands the real
contact area.

(iii) The real contact area expands with the increase in
static friction under a constant normal pressure with an ap-
proximately linear relationship in the pre-sliding regime, and
the influence on the change process of the real contact area
caused by static friction decreases with increasing normal
pressure.

(iv) The distribution of friction stress decreases from the
leading edge to the trailing edge in pre-sliding contact.

The real contact area is a random quantity that changes
within a certain range; hence, the normalized contact area was
used in this study. In addition, experimental studies on the real
contact state of the contact interface should focus more on its
properties and phenomena rather than on the exact value of the
real contact area.
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