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Evolution of real contact area during stick-slip movement
observed by total reflection method*
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We build an experiment system based on total reflection (TR) method to observe the evolution of real contact area
of polymethyl methacrylate (PMMA) in the continual stick-slip movement. The bilateral friction is adopted to overcome
the bending moment in the lateral friction movement. Besides some classical phenomena of stick-slip. movement such
as periodical slow increase of frictional force in sticking phase and a sudden drop when slipping, a special phenomenon
that the contact area increases with the tangential force is observed, which was called junction growth by Tabor in 1959.
Image processing methods are developed to observe the variation of the junction area. The results show that the center
of the strongest contact region will keep sticking under the tangential force until the whole slipping, the strongest point
undergoes three stages in one cycle, which are named as sticking stage, fretting stage, and cracking stage, respectively. The
combined analysis reveals a physical process of stick-slip movement: the tangential force causes the increase of the real
contact area, which reduces the pressure between the contact spots and finally leads to the slipping. Once slipping occurs,
the real contact area drops to the original level resulting in the pressure increase to the original level, which makes the

sticking happen again.
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1. Introduction

The stick-slip is a non-linear frictional phenomenon with
alternative sticking and slipping movements, which exhibits
widely in nature and daily life, such as the instability of conti-
nental plates, the squeal of brakes, and the crawling of ma-
chine tools. The stick-slip is generally harmful to the me-
chanical equipment because of the resulting vibration, noise,
and wear.!!l Therefore, it has great practical value to research
the stick-slip movements.'>3! Early in 1930, Thomas has an-
alyzed the interfacial intermittent motion based on the theo-
ries of static friction and Coulomb friction.*! Subsequently,
in 1939, Bowden and Leben experimentally found the alter-
native sticking and slipping movements between the metal in-
terfaces at low speed, and attributed these movements to the
transition between static friction and kinetic friction.®! Since
then, a great number of researchers have contributed to this
field: Rabinowicz studied the stages of the stick-slip motion
using a pin-on-flat tribometer and interpreted the principle of

3671 Armstrong discovered the Stribeck

10]

the stick-slip motion,[
principle,®° and Bell validated the hysteresis of friction. !
In addition, based on experimental results, the new friction
models were also proposed, such as Dahl model!!'!! and LuGre
friction model.!"?! In recent years, along with the development
of observation devices, researchers found the stick-slip move-
ment in smaller microscopic scale. For example, in atomic-
scale, researchers found the stick-slip movement of a tip with
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nanometer order curvature on a surface, which is mainly af-

13141 Although some re-

fected by the atomic friction force.!
searchers proved that some traditional frictional law remains
valid in smaller scale,!'>! considering the factors affecting the
stick-slip movement in different scale may have huge differ-
ence, thus, in this paper, we mainly focus on the traditional
macroscopic scale, i.e., the stick-slip movement occurs at scale
larger than microns, which is more universal in engineering.
Despite the related researches have lasted for ages, the
mechanism of friction and stick-slip movement is far from a
conclusion. ['6] Nevertheless, there are some wildly acceptable
interpretations for the friction mechanism, e.g., the friction in-
terface is composed of many interactive asperities, which form
a real contact area (the total area of the contacted asperities)
that is far smaller than the nominal contact area (appearance
surface area).[®) The normal force can lead to the deforma-
tion of the asperities and consequently affect the real contact
area, the characteristic of interactive asperities determines the
dynamic of friction.!!”! Following these interpretations, in re-
cent years, many researches deemed that directly observing
the evolution of real contact area is an effective method to
study the mechanism of stick-slip movement. Tuonoen stud-
ied the slip dynamics of the rubber—glass interface by an op-
tical measurement system utilizing a high-speed camera un-
der the glass to capture the image of real contact area. He
found that the sliding motion begins from the leading edge
and propagates to the trailing edge.!'8! Eguchi utilized the
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white light interferometer to observe the real contact area be-
tween the rubber and glass plate, concluding that the real con-
tact area firstly decreases with the increase of the applied tan-
gential force and becomes approximately constant after initi-
ation of macroscopic whole sliding.!"”! In 2004, Rubinstein
firstly proposed a total refection (TR) method to observe the
real contact area of polymethyl methacrylate (PMMA) dur-
ing the onset of friction movement, and discovered the rup-
ture propagation.>°! Subsequently, the team of Rubinstein did
a series of researches on the PMMA blocks based on the
TR method, '62122] they found that the onset of slip occurs
through coherent detachment that propagates across the inter-
face, and the real contact area is reduced behind a detachment
front.['®) They also found that the real contact area increases
logarithmically after the local rapid slip ceases before the on-
set of overall motion.!*?l Compared with other direct observ-
ing methods, the TR method can effectively observe the real
contact area between two transparent materials, and is con-
venient to implement. However, the previous researches us-
ing TR method mainly focused on observing the evolution
of real contact area at the onset of stick-slip movement by a
high-speed camera, which has great value for the seismic re-
searches. However, the research for the evolution of real con-
tact area variation during the continual stick-slip movement is
not enough, which would be more valuable for the mechanical
system.

In this paper, based on the TR method, an experiment
system is constructed to observe the evolution of real con-
tact area during continual stick-slip movement, several image-
processing methods are developed to analyze the obtained im-
ages. We discover that the real contact area is determined
not only by the normal force, but also by the tangential force,
which is novel for the general cognition. We also research the
sticking and fretting phenomenon, and discover that there are
three stages before the whole slipping.

The remainder of this paper is organized as follows. Sec-
tion 2 briefly introduces the principle and construction of the
experiment system, Section 3 analyzes the evolution of real
contact area. Section 4 traces the variation of contact area us-
ing two image-processing methods. Section 5 gives the con-
clusion.

2. The experimental system

According to the frictional theory, even the very smooth
interface of a material is composed of a myriad of asperities
with different heights.!!7-?°] The real contact area between two
frictional materials is determined by the interconnected asper-
ities, which is generally orders of magnitude smaller than the
apparent contact area.!?’! Total reflection is a classic optical
phenomenon: a beam of light transmitting from the denser
medium to the thinner medium will be totally reflected back

into the denser medium when the incident angle is greater than
the critical angle. The interface between two contact transpar-
ent materials is full of gaps except very little interconnected as-
perities, therefore, most of the incident beam beyond the crit-
ical angle should be totally reflected back, and the rest could
transmit through the interconnected asperities. Hence, the in-
tensity of the transmitting beam can represent the size of the
real contact area, and the pattern of the transmitting beam can
represent the real contact area.!?’! Figure 1 is the schematic of
the TR method. !>
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Fig. 1. The schematic of total reflect method.

In most previous researches, only two blocks are pressed
together to form a single side friction as illustrated in Fig. 2,
where the bending moment inevitably occurs and affects the
distribution of the normal force when a tangential force is ap-
plied. As indicated in Fig. 2(b) , the supporting force increases
with the length from front to rear, which may cause the detach-
ment from front to rear. Some researchers also thought that
the bending moment would be one of the major reasons caus-

n.[2*] In addition, some researchers

ing the rupture propagatio
discovered that the normal force distribution would signifi-
cantly affect the movement.!?! In order to eliminate the bend-
ing moment, we use three blocks, making the slipping block
in the middle position, to form a bilateral friction, as shown in

Fig. 3(b).
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Fig. 2. The force distribution under the lateral friction: (a) the force dis-
tribution under only the normal force F,, (b) the force distribution under
the tangential force, where the supporting force p will be distributed non-
uniformly to balance the torque caused by the tangential force 7.

Based on the analysis above, we construct the experiment
system shown in Fig. 3(a). The whole system consists of five
subsystems: 1) normal force loading device comprised of an
S-type force transducer, an X-type lifting platform, a stepper
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motor with lead screw; 2) tangential force loading device com-
prised of an S-type force transducer and a high precise electric
cylinder realizing micron movement; 3) bilateral friction test-
ing components comprised of an upper fixed block, a lower
fixed block, and a middle-slipping block, all blocks’ material
is PMMA; 4) real contact area observing module comprised
of a semiconductor laser, a projection screen, and a camera; 5)
data acquisition devices. Figure 3(c) is the field photo of the
experimental system. The major parameters of the major de-
vices are listed in Table 1. The sizes of the PMMA blocks
are 120 mmx10 mmx30 mm, 20 mmx 10 mmx20 mm,
120 mmx20 mmx 15 mm for the upper block, sliding block,

(a)

(b)

normal force
loading device

force

< transducer
tangential
upper block force loading
- cylinder
slipping
block
under block

under block, respectively. The dimension of the middle slid-
ing bock is smaller than that of the upper and lower blocks
to ensure the pressure equilibrium. The blocks are cleaned
by alcohol to weep away the contaminant before every test.
The wavelength of laser light in our experiment is 650 nm. If
the diameters of the contact spots are too smaller compared
to the light wavelength, the transmitting light would have too
large diffraction angle and severer scattering, which is hard to
be captured by the camera. Thus, the observed contact area
would be larger than hundreds nanometers, which means that
the real contact area observed remains at macroscopic scale
compared with the atomic-scale and nanoscale.

upper bl ek

T
middle block

Fig. 3. Figures of the experimental system: (a) the 3D figure of the experimental system, (b) the schematic of the loading section, (c) the field photo
of experiment. In panel (a), 1: X type lifting platform, 2: S type force transducer for normal force, 3: PMMA specimens consisted of three blocks, 4:
S type force transducer for tangential force, 5: tangential cylinder, 6: motor driver, 7: LCD displayer, 8: data acquisition devices, 9: camera.

Table 1. Parameters of the major devices.

Device Style Parameters
Laser semiconductor 650 nm
Camera NIKON D610 24.26 million pixels
Stepper motor 400 maximum force 1 kN
Electric cylinder 600 maximum force 1 kN

Force transducer S-type 0-500 N

3. Pre-slipping and junction growth of real con-
tact area

(25,26

In our previous study, I the relationship between nor-

mal force and real contact area is in accordance with the clas-

sical law: the real contact area is proportional to the normal
force. In order to eliminate the influence of the normal force,
in this section, the normal force is fixed. The major objective
is to observe the evolution of the real contact area in stick-
slip movement under a given normal force. Therefore, we set
the normal force to 190 N, the driving velocity to 1.3 pm/s,
and recorded the real contact area, frictional force, and normal
force simultaneously.

To quantify the intensity of the transmitting light, we used
a simple and direct method, as shown below.

The grayscale of a frame in a video can be expressed by
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where [ is the grayscale matrix of the photo, R, G, and B are
the red, green, and blue grayscale matrices, respectively, i, j
are the position of a pixel in the matrix, and k is the sequence
number of the photo in the video.

Because the laser is red, thus the total intensity of red of
the passed beam can represent the size of the real contact area.
This principle can be expressed as

a =Y Y Reli. j), 2)
i

where m,n are the sizes of row and column of matrix R, and
ay, is the summation of grayscale of the k™ frame. The array
a = (ay,az,...,a;) can be used to depict the variation of the
whole contact area.

The results of experiment are presented in Fig. 4. The
example of images in one cycle are shown in Fig. 5, corre-
sponding to the rectangle area in Fig. 4.
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Fig. 4. The recorded data: (a) the variation of intensity correspond-
ing to the whole contact area, which changes periodically with slow
growth and sudden drop, (b) the variation of the frictional force, which
is almost synchronous with the intensity, (c) the normal force, which
is relatively stable around 190 N compared with the evident change of
frictional force and intensity.

In Fig. 4, the real contact area and frictional force change
almost simultaneously and periodically in the form of saw-
tooth wave during the movement, i.e., a series of a sudden drop
following a slow growing, which shows a classical stick-slip
movement. We can approximately divide the whole movement
into 2 phases: I is the pre-slip stage, and II is the stick-slip
stage. In the pre-slip stage, the frictional force and real con-
tact area have a relative long growing time to reach the first
slip. When slip occurs, the frictional force and the real contact
area drop suddenly to a low level where the slip stops. After
the first slip, the periodical stick-slip movement occurs, which
has a shorter growing time and smaller maximum value in the
real contact area. During the stick-slip movement, the ratio of
the increased real contact area to the original real contact area
is about 1.6, and the force increases about 60 N from 20 N to
80 N.

It is worth noticing that the real contact area grows with
the increase of tangential force during the stick-slip move-
ment. Figure 5 shows this phenomenon clearly. In the sticking
phase of one cycle, the size and brightness of the red regions
corresponding to the real contact area increase with the tan-
gential force. As a traditional consensus, the real contact area
increases with the normal force, which leads the increase of
the frictional force, i.e., the normal force firstly determines
the real contact area, and then, the frictional force. However,
in our experiment, the real contact area can increase with the
frictional force, but with almost no increase-of normal force.
The relationship in consensus does not fully hold here, i.e.,
without the increase of the normal force, the real contact area
can also increase. In the Maegawa’s research, the real contact
area also increases with the tangential force during the macro
stick-slip.[>”] However, he did not give any interpretation.

Images during one cycle

Movement direction

Fig. 5. Six images of sticking phase in one cycle corresponding to the
rectangle area in Fig. 4: the top one is the initial image, and the bottom
one is the final image in one cycle before whole slipping.

Ben-David researched the interface strengthening of a
glassy physical system. He found that the real contact area
of some local small part of the surface increases logarithmi-
cally after a sudden slip of the local contact area when the
tangential force continually increases.!”?! However, our phe-
nomenon occurs in the whole contact area and the increase
is almost linear. A more reasonable interpretation could date
back to 1959, when Tabor found the junction growth in metal-
lic friction.[?®! Tabor discovered that when the tangential force
increases, the real contact area increases synchronously before
the slipping occurs. He concluded that this phenomenon fol-
lows the relationship!??!

p+o-s®=p, 3)

where p is the normal stress, s is the tangential stress in the
contact region, ¢ is an appropriate constant, and py is the plas-
tic yield pressure of the metal.
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We can rewrite Eq. (3) in the form

F\* T\
(A) +0"<A> = “)

where F is the normal force, T is the tangential force, and A is
the real contact area.
If we assume that the normal force causes the initial con-

tact area A, equation (4) can be converted to the form?®!

T\? A\?
R

Equation (4) explicitly illustrates that the normal force and
tangential force can both cause the real contact area increase.
Equation (5) indicates that under a given normal force, the in-
crease of the tangential force can lead to an approximately lin-
ear increase of the real contact area, which gives better expla-
nation for the linear increase in our phenomenon. When sub-
stituting the ratio of the increased contact area 1.6, the tangen-
tial force 60 N, and the normal force 190 N into Eq. (5), the co-
efficient & is about 15, which is in the reasonable region of 3—
25 given by Tabor’s experiment. Tabor measured the real con-
tact through the conductivity of metal. However, that method
is not a direct method for observing the real contact area, and
cannot measure insulating substances. In 1989, Constantinou
researched the junction growth of conical and spherical sur-
faces with several different materials, discovering that metal
and plastic materials both have junction growth.*?) In 2008,
Ovcharenko used an in situ observation rig to research the
junction growth between a copper sphere and a hard sapphire
flat during pre-sliding, and found that the junction growth can
cause up to 45% increase in the real contact area. 301 However,
these experiments are all in situ observation for the contact of
single sphere, and only in the pre-sliding stage. In our exper-
iment, we observed the same junction growth phenomenon at
the whole contact surface during the continual stick-slipping
movement, which is novel compared with previous experi-
ments. Although, we cannot here give the deeper interpreta-
tion for the mechanism of the junction growth, our experiment
remains a valuable discovery and maybe a useful method to re-
search the relationship of junction growth and frictional move-
ment.

4. Sticking and cracking of contact area

In Fig. 5, there are evident relative brighter areas in the
image, which should correspond to the stronger contact areas.
Following the theory of contact, every contact spot has a stick
area and fretting area, as shown in Fig. 6,311 which means the
strongest contact point will keep stable in the sticking stage.

From Fig. 5, it is also can be observed that the position of
the brightest area has no obviously changes during the move-

ments. To verify this theory and observe the variation of junc-
tion, we designed a region growth method to trace the edge
of the junction, as shown in Fig. 7. Firstly, obtain the posi-
tion of the brightest point in the grayscale image. Secondly,
set the brightest point as the seed point, then, carry out the
region growth algorithm. Thirdly, binary the obtained region,
then, contour the region to obtain the size of the brightest area.
More details about the region growth method could be seen in
the related book. [3?!

fretting

) area

sticking
area

Fig. 6. The contact area of asperity under tangential force in sticking
phase.

extract the
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v

contour of the
edge

Fig. 7. The region growth method.

The results of the region growth method are shown in
Fig. 8. The brightest point is located at [x = 234, y = 52].
The sequence numbers of the selected frames are 6293, 6553,
6773, which exactly contain one full pre-slip phase. The re-
sulting images are plotted in the same coordinate with differ-
ent colors, where the edges of different colors spread with an
approximately common center before whole slipping. This re-
sult also confirms that the proposed region growth method is
valid in observing the variation of the contact junction.
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Fig. 8. The three images of brightest area in one cycle. The center of
the area is in a relative stable position, having the seed point at [x = 234,
y=52].
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Fig. 9. The flow chart of image positioning method.
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In the video, the red areas expand and move along with
the movement, while the brightness is also changing, thus, it
is hard to trace the movement with the traditional method such
as digital image correlation (DIC)['8] because the variation of
brightness and expansion of areas will disturb the result. How-
ever, it can be noted that the position of the brightest area
shows no obviously changes with the movements. Theoret-
ically, the brightest areas always correspond to the strongest

intermitted asperities. Therefore, tracing the position of the
brightest area would give a better detail observation for the
variation of contact spot in stick-slip movement. The center
point of the brightest area located by the K-mean cluster!33]
method is adopted to represent the position of the strongest
contact area. Because the strongest area may change during
the movement, we let the number of centers equal to two. If
the strongest area greatly changed, the two centers would have
a large distance, if not, the centers are close, and we can deem
that the two centers are in the same contact area. Based on
the analysis above, we designed an image positioning method
based on the K-mean cluster method as shown in Fig. 9.
Firstly, the brightest points are all picked out by grayscale
value, secondly, the K-mean method is used to find the two
centers of the points, If the two centers are close enough with
distance less than a given critical value r, we combine the two
centers, else, choose a center point close to the last center as
the recorded brightest point. The results are shown in Fig. 10.

5
40 . . -
0 2000 4000 6000
400 :
111
< 200 T
0 . ) . (D)
0 2000 4000 6000
250 [T 11111 ' ' ' ]
s 200 HIIF]II ]“l m m ]
150 (©)
4000 4500 5000 5500 6000 6500

Number of frames

Fig. 10. The position of the brightest point in the stick-slip movement:
(a) coordinate Y of the brightest point, which is in a stable position, (b)
coordinate X of the brightest point, which changes periodically in the
phase III of stable stick-slip movement, which can be divided into three
stages in one cycle: stable sticking stage (I), where the position is rel-
atively stable, fretting stage (II), and cracking stage (III), as shown in
panel (c).

In Fig. 10(a), the position Y of the strongest contact point
changes little, because it is orthogonal with the movement di-
rection, however, in Fig. 10(b), the position X changes evi-
dently with the movement. Before the stable phase III, the
position fluctuates drastically, whereas, in phase III, the posi-
tion presents a periodical variation. When zooming the phase
IIT in Fig. 10(c), we can see that the variation can be approxi-
mately divided into 3 stages: in stage I, the strongest point is
sticking, the major deformation of the contact region is elastic;
with the increasing tangential force, some part of the contact
regions begin fretting which causes the fluctuation of position
Y of the brightest point (stage II); when the tangential force ap-
proaches the critical value, the fluctuation becomes drastically,
and the rupture of the contact regions occurs, which leads to
the whole slipping (stage III). These results also prove that the
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proposed image processing method is valid for the observation
of contact junction in this case.

Combining the phenomenon depicted in Sections 3 and
4, we can obtain the approximate physical process of stick-
slip movement. The normal force produces the original stick-
ing area. When the tangential force increases, the real con-
tact area increases causing the pressure acting on the contact
asperities decrease. When the local pressure on some asperi-
ties decreases to a critical value, the local rupture occurs and
propagates along the whole surface, which causes the stick-
ing area unstable. When the unstable sticking area increases
to some level, the whole slipping occurs, and the real contact
area suddenly drops to the original level causing the pressure
become high again. If the slipping velocity is lower than a
critical value, high pressure will stop the slipping, the surface
sticks again.

5. Conclusion

We build an experiment system based on TR method to
observe the evolution of real contact area of PMMA block dur-
ing the continual stick-slip movement. The bilateral friction is
adopted to overcome the bending moment in lateral friction
movement. In our experiment, the classical stick-slip move-
ment is realized by a very low driving velocity under a given
normal force. Besides some classical phenomena of stick-slip
movement such as periodical slow increase of frictional force
in sticking phase and a sudden drop when slipping, a special
phenomenon that the contact area increases with the tangen-
tial force is observed, which was called junction growth by
Tabor in 1959. Different with previous in sifu observation,
our research method observes the junction growth during con-
tinual stick-slip movement, which could be a useful method
to research the relationship of junction growth and frictional
movement.

Image processing methods are developed to observe the
strongest contact area and trace the change of the strongest
contact points. The results show that the strongest contact re-
gion will keep sticking under the growth of the tangential force
until the whole slipping, the strongest point undergoes three
stages in one cycle, which are named as sticking stage, fret-
ting stage, and cracking stage, respectively. The meaningful
results also prove that the developed image processing method
is valid, and that using image-processing method to research

the evolution of real contact area would be a valuable direc-
tion.

Combining the phenomenon of junction growth and the
variation of strongest contact area, we propose a physical pro-
cess of stick-slip movement: the tangential force causes the
increase of the real contact area, which reduces the pressure
between the contact spots and finally leads to the slipping.
Once slipping occurs, the real contact area drops to the orig-
inal level causing the pressure increase to the original level,
which makes the sticking happen again.
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