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Rolling bearing performance often degrades due to extra wear introduced by sliding-rolling contacts. Thus, it is
vital to monitor the evolution of such wear process through investigating the worn surface. Compared with
traditional two-dimensional (2-D) methods, three-dimensional (3-D) measurements of worn surfaces can provide
more information. Due to the lack of in-situ 3-D measurement techniques and the scale-dependency of char-
acterization parameters, it remains a challenge to examine the wear evolution of sliding-rolling contact using 3-D
surface topography features. A characterization framework is here developed for inspecting worn surface to-
pography variations under sliding-rolling contact, by combing 3-D surface reconstruction and computed fractal
dimension. The worn surface is firstly imaged by an in-situ microscope. Next, a virtual 3-D surface is obtained
from 2-D images via topography reconstruction. Then, the fractal dimension of worn surfaces is calculated to
characterize the wear state with 3-D root-mean-square. A wear test is carried out on a roller-ring test rig to verify
the proposed method. Results indicate that the proposed 3-D characterization performance is comparable to

laser scanning confocal microscopy (LSCM) and allows rapid description of the wear process.

1. Introduction

Skidding damage of rolling bearings is a common fault in rotating
machinery, which directly affects the running condition of the machine.
The sliding-rolling contact may introduce extra wear that is regarded as
the main cause of early failure of rolling bearings. Therefore, it is vital
to monitor the evolution of such wear process [1,2]. However, previous
works were emphasized on exploring the wear phenomenon by indirect
measurements such as vibration [3,4], acoustic emission [5], oil-debris
[6], etc. Investigation of the worn surface topography that contains
abundant wear information is still a challenge. One reason is that in-situ
measurements of the surface topography are often an intractable task.
On the other hand, 3-D surface morphology can provide more details of
wear process, when compared with 2-D images. In recent years, a
number of studies have been conducted to explore 3-D surface topo-
graphy changes with surface topography measurement apparatus
[7-12]. Due to the miniature dimension of the object, these instruments
usually require disassemble detection and are vulnerable to in-
accuracies introduced.

Conventionally, surface topography is characterized by 3-D rough-
ness parameters, such as arithmetic mean deviation, root-mean-square
deviation, and maximum peak-to-valley height [13]. However, the ac-
curacy of these parameters is highly dependent on the resolution and
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the scan length of the roughness-measuring instruments. Hence, these
methods are scale-dependent. Alternatively, fractal theory is recently
becoming a useful tool in surface texture characterization and the un-
derstanding of wear phenomena [14-17]. Existing fractal parameters,
including fractal dimension (FD) and multifractal spectrum can be
utilized to characterize surface topography, which are not being af-
fected by resolution and the scan length. Its popularity in worn surface
analysis is due to its ability to describe more intrinsic information of
surfaces including complexity and irregularity [18,19].

The aim of this work is to characterize 3-D worn surface topography
variations under sliding-rolling contact. The 3-D surface reconstruction
technology and a 3-D fractal dimension computation method are
adopted to recover the surface topography and to obtain surface to-
pography features. Validation tests are conducted on a roller-ring test
rig to evaluate the proposed method. The result demonstrates that the
developed method is capable of in-situ measurement of 3-D worn sur-
face topography and providing the description of wear process with 3-D
surface topography features.

The rest of this paper is organized as follows. Section 2 briefly
presents the 3-D surface reconstruction technology based on photo-
metric stereo and the FD computation process. Wear tests carried out
are detailed in Section 3. In Section 4, the computation of worn surfaces
FD is illustrated. Performance of the proposed method is discussed in
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the same section, followed by the main conclusion drawn in Section 5.

2. 3-D surface topography reconstruction and fractal dimension
calculation

2.1. 3-D surface topography reconstruction based on the photometric stereo
technology

The 3-D topography reconstruction method, photometric stereo, has
been widely used in many research fields [20,21]. The principle of this
method can be described as: images of the same viewpoint on the object
surface under different but controllable illuminations are obtained.
Based on these images and the reflection model of the object surface,
the normal vector of the object surface is calculated, and then in-
tegrated to restore the object surface 3-D topography.

In this process, the Lambert reflection model is adopted [22]. As-
suming that there are n light sources whose positions form a matrix
(theoretically only three light sources are needed, but in practice more
than three light sources are usually employed to eliminate errors), that
is, L = [L}, I?, ---L"]", where L" represents the vector component of the
nth light source. Under the action of n light sources, a set of image
brightness values are obtained for the same surface point, that is,
I =[I}, 1% ---I"], where I" represents the image brightness of the sur-
face point illuminated by the nth light source. If the normal vector of a
point on the surface is N = [ny, n,, n3]", the Lambert model can be ex-
pressed as a matrix:

(€8]

In the following, the near point light source calibration method is
used to obtain the information of the incident light, including the in-
tensity and direction of the incident light. At the same time, according
to the gray level of each pixel in the image, the reflective brightness of
each point can be obtained, and the normal vector of the surface points
can be calculated according to Eq. (1). The main steps are listed below.

Step 1: obtaining the photometric stereo images with the image
acquisition system.

A hand-held microscope with eight circularly distributed light
sources is used to obtain 2-D images of the worn surface as shown in
Fig. 1. In order to obtain images of the same viewpoint on the surface,
the position and intensity of the eight light sources need to be cali-
brated beforehand. Fig. 1(a) shows a rough and uneven worn surface.
Fig. 1(b-i) show the worn surface images obtained under different il-
lumination from the eight light sources. Each image presents different
light intensity and incident light position.

N=L1

Worn surface

(2
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Step 2: calculating the normal vector of the surface of the ob-
ject.

With the images from Fig. 1, the normal vector distribution of one
point on the worn surface can be calculated by using Eq. (1). By ana-
logy, the normal direction of the photographed surface can be obtained
by applying the above algorithm to all the pixels of the image.

Step 3: obtaining surface depth information by integrating the
vector fields.

The obtained normal vectors are normalized, and the surface gra-
dient domain is obtained. The depth of the surface points can be re-
stored by integrating the normal vectors. Moreover, the surface depth is
calculated by the same method as in [23]. The reconstruction 3-D
surface topography is shown in Fig. 2(a).

In order to verify the accuracy, a comparison with the 3-D surface
imaged by LSCM was carried out, see Fig. 2(b). The resolution of the
reconstructed image is 600 X 600, and the resolution of the LSCM
image is 1024 x 1024. Because it remains difficulty to find the exact
location corresponding to the reconstructed surface, as depicted in
Fig. 2, feature points cannot be aligned precisely. Despite the different
sampling lengths and resolutions, the result of the proposed re-
construction method qualitatively matches the results from the LSCM.

According to the height data from reconstructed surfaces and sur-
faces captured by the LSCM, two basic 3-D roughness parameters: the
arithmetic mean deviation S, and the root-mean-square deviation S,
are calculated and displayed in Table 1. Contrast results show that the
accuracy of reconstructed results is over 80%.

Although the reconstructed surface morphology is highly consistent
with the LSCM image, the accuracy of reconstructed surface is still af-
fected by many factors: (i) The effect of resolution. The higher the
image resolution is, the richer details of the image are, and the longer
the calculation time is. Here, the original image resolution is
600 x 600, corresponding to 1.33 pm per pixel. For the worn surface,
this accuracy is sufficient. (ii) The clarity of photometric stereo image.
It is necessary to clean the worn surface and focus the camera to acquire
a clear image. The light intensity of the environment should be as low
as possible. Otherwise, the accuracy of reconstruction results will be
affected. (iii) Verification of reconstructed results. Fig. 2 shows that
LSCM cannot be exactly corresponded to the reconstructed position.
This is because the focusing position can only be determined by salient
features of the reconstructed surface when using LSCM to acquire the
image. This remains a problem that needs to be solved in the future.

400 1 m

Fig. 1. 3-D surface topography reconstruction schematic diagram, (a) image with all eight lights on, (b—i) images sequentially obtained under the different light from

1to 8.
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(c) reconstructed result of surface 2

(d) reconstructed result of surface 2

Fig. 2. Results of 3-D surfaces with different methods, (a, c¢) reconstructed image, (b, d) LSCM image.

Table 1
Accuracy verification results.
Surface Roughness Reconstruction LSCM Accuracy
1 S, 1.702 2.103 89.1%
Sq 1.910 2.538 82.9%
2 Sa 1.340 1.845 80.6%
Sq 1.662 2.178 84.7%

2.2. Fractal dimension calculation based on the 3D-RMS method

Fractal geometry characterized by scale-independent and self-affi-
nity, can be used to describe the topography of worn surfaces [24].
Various computation methods of FD have been proposed over recent
years, such as differential box-counting [25], triangular prism area
surface [26] and variation method [27]. In comparison, the expressions
of these methods can be unified and expressed as:

log(M)

D = —lim
—0 log(7) ()]

where M is the measure of the calculation method, 7 is the corre-
sponding scale, D is the fractal dimension. Therefore, if the measure
and the scale can be selected properly and the power exponent re-
lationship in Eq. (2), can be established, then the corresponding fractal
dimension can be obtained.

However, all the current methods cannot provide high enough ac-
curacy. Therefore, a new method, three-dimensional root-mean-square
(3D-RMS), is applied to conquer the problem [19]. The basis of 3D-RMS
method is the root-mean-square value of the surface heights. Root-
mean-square is a statistical parameter and is calculated by using all the
height data on the surface, which makes the 3D-RMS method more
accurate.

According to [19], the root-mean-square V (r) follows the power law
computed by

log V(r) = (3 — D)log r 3

where V (r) is the measure of the method, r is the corresponding scale,
D is the FD. As can be seen from Eq. (3), the double logarithmic graph
of log V (r) versus log(r) can be used to estimate the FD

D=nm[3_M]

r=0 log(r) @

The detailed steps of 3D-RMS method are shown as follows.

(i) The surface topography data are presented in a N X N matrix.
z(x, y) is the surface height value at position (x, y). The projection
area of the surface on the XOY plane is divided into K X K non-
overlapping square units, where K = min{floor [N/r]}, floor[e]
denotes rounding to the next smaller integer, r denotes the side
length of a square neighborhood. Let C (k, I) denotes the square in
the kth row and Ith column, k, [ = {1, 2, ---K}. Fig. 3 shows the
partitioning of the squares.

(ii) The root-mean-square of all height values in the square unit C (k, I)
can be expressed as:

V() = JE{ [z(x,y) — E{z(x, »)}T},

Tz

x,y)eCkD (5)

Fig. 3. An illustration for the partition method of squares.
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Fig. 5. Schematic diagram of the test rig.

Position 2

Fig. 6. In-situ measurement apparatus.

(iii) Repeat step (ii) for each square. According to Eq. (3), the following
can be obtained from the fact that the root-mean-square V (r) for
the whole surface and the side length are related in terms of an
exponential function:

V(r) = Ep(r)} ~ reP ®)

(iv) Change the side length r and repeat steps (i)-(iii), the corre-
sponding root-mean-square V (r) can be obtained iteratively.
According to Eq. (4), the FD of surface can be estimated by the
slope « in the double logarithmic graph, namely, D = 3 — a.

The scale-invariant FD provides geometric structure at certain re-
gions called scaling region. When calculating the FD, the scaling region
can be simply considered as a straight-line portion of the entire double
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Table 2

Operation conditions.
Lubricating oil Slip ratio Rotational speed of the roller Radial load
Base oil 0.4 7500 rpm 2000 N

logarithm curve. Fig. 4 shows the log V (r) versus log(r) plot obtained
from 3D-RMS, where ry,;, and r,,, are the lower limit and upper limit of
the scale region respectively. Then, points (log(r), log V (r)) between
Fmin and Ky in the double logarithm graph are calculated by least
square fit. The slope of the fitted line is obtained, and then the FD of
surface can be calculated.

The measured V (r) of 3D-RMS has close relation with the root-
mean-square deviation S;. On one hand, Fig. 4 shows that log V' (r) in-
creases and becomes stabile with the increasing log(r). The corre-
sponding scale of the first stable point is ;. Calculations prove that the
saturated measure V;, is equal to the surface root-mean-square devia-
tion S;. On the other hand, surface root-mean-square deviation S, will
be underestimated when the side length of measured area is less than
Tsat- Because in this case larger area contains more characteristics such
as peaks and valleys, and gives rise to surface roughness. Thus, it is
inaccurate to calculate S, for a smaller scale.

3. Experiments and in-situ measurement of worn surface
3.1. Experiment apparatus and operating conditions

The roller-ring test rig was constructed using a roller of 10 mm
diameter and an inner ring of 108 mm diameter from a NU209EM
bearing, see Fig. 5. In the experiments, the roller and the inner ring
were driven by two independent electric spindles. Thus, the rolling-
sliding motion can be accomplished by varying the slip ratio. The roller
speed was ranged from O rpm to 10,000 rpm, and the inner ring speed
was ranged from O rpm to 4000 rpm. Load was applied vertically on the
roller via a lever system with a load sensor providing the feedback.
Lubricating oil was injected by a peristaltic pump into the sliding-
rolling contact region, then returned to the tank for cooling. The tem-
perature of the lubricating oil can be controlled by a heating rod in the
oil tank.

The test rig allows “in-situ” observation of the inner ring surface
during interrupted tests, thus avoids dismounting the specimens, to
avoid a major cause of inaccuracy. The in-situ inspection device consists
of a hand-held microscope with 30X magnification and a cardan bracket
as shown in Fig. 6. The microscope can be extended into the test rig to
observe the surface topography, and the cardan bracket was used to
adjust the focal length and ensure location precision.

Accelerated experiments were carried out under the operation
conditions shown in Table 2. Four markers were drawn on the inner
ring. The tests were interrupted every hour and the four positions are
imaged at each interruption. The total test duration is 10 h. In order to
obtain a trend of the inner ring in different wear condition, the test was
carried out with no lubricant for dry friction during the 4th to 10th
hours.

3.2. Experiment results

With the reconstruction method described in Section 2.1, the 2-D
photometric stereo images are used to reconstruct the 3-D worn surface
topography. Reconstructed results of typical worn surface topography
in different wear stages are shown in Fig. 7, including no wear, normal
wear and severe wear. In the 3-D graphs, the coordinate units of x, y
and z axes are all in microns. It can be seen in Fig. 7(a) that the surface
is damage free while a lot of scratches appear on the worn surface as
shown in Fig. 7(b). It is found in Fig. 7(c) that large changes have taken
place on the surface due to poor lubrication. According to the change of
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(a) 0 hour

(c) 5 hours

(b) 3 hours

80 O

(d) 10 hours

Fig. 7. Surface degradation process of the inner ring, (a) 3-D image of surface morphology at Oh, (b) 3h, (¢) 5h, (d) 10h.

(i)8h

(§9h

(k) 10h

Fig. 8. The reconstructed surfaces of position 1, (a) 3-D image of surface morphology at 0 h, (b) 1h, (¢) 2h, (d) 3h, (e) 4h, (f) 5h, (g) 6h, (h) 7h, (i) 8h, () 9h, (k)

10h.

surface morphology and color, it can be preliminarily judged that ad-
hesive wear may occur at this time. Fig. 7(d) indicates that spalling
occurred at 10th hour.

In order to show the slight change of the surface morphology during
the whole wear process, the gray image of the surface morphology is
used to analyze the wear process, as shown in Fig. 8. Fig. 8(a) indicates
that fine finishing makes the original surface of the inner ring a rela-
tively uniform roughness. Fig. 8(b—d) show that the surface is becoming
roughened after 3h of normal wear under good lubrication condition,
and surface scratches are getting more and deeper. After stopping the
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oil circulation, scratches become shallow and the surface topography
changes slightly, see Fig. 8(e). A large number of pits can be observed
on the surface as shown in Fig. 8(f-h), which are caused by adhesive
wear. Fig. 8(i—j) shows that severe abrasive wear has occurred on the
surface, caused by a large number of abrasive particles produced in the
adhesive wear process. As the temperature of the contact area increases,
the wear is intensified, and large spalling occurs on the surface, see
Fig. 8(k). According to the surface depth information, 3-D features can
be extracted using 3D-RMS for quantitative analysis of wear process.
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Table 3

FD and S; of worn surfaces during the wear process.
Time Position 1 Position 2 Position 3 Position 4

FD S FD Sq FD Sq FD Sq

0h 2.6882 0.4658 2.6880 0.6366 2.6882 0.5120 2.6883 0.5506
1h 2.6880 0.5534 2.6876 0.6053 2.6876 0.6786 2.6876 0.5675
2h 2.6877 0.5919 2.6876 0.5915 2.6877 0.5835 2.6875 0.6047
3h 2.6874 0.5832 2.6874 0.6310 2.6874 0.6019 2.6874 0.5971
4h 2.6875 0.6381 2.6875 0.6098 2.6876 0.6051 2.6875 0.5974
5h 2.6874 0.6784 2.6874 0.6746 2.6874 0.6429 2.6874 0.6752
6h 2.6875 0.6850 2.6874 0.6493 2.6875 0.6285 2.6874 0.6321
7h 2.6874 0.6658 2.6874 0.8294 2.6874 0.7750 2.6874 0.7702
8h 2.6874 0.6874 2.6875 0.6285 2.6876 0.5576 2.6875 0.6695
9h 2.6877 0.6771 2.6877 0.6722 2.6876 0.6213 2.6876 0.6405
10h 2.6879 0.5733 2.6878 0.6334 2.6877 0.6518 2.6877 0.5058

4. Characterization of 3-D worn surface using FD

The FD of the friction pair surface can reflect the complexity,
roughness and self-similarity of the 3-D worn surface topography. The
larger the FD is, the more complex the 3-D surface topography is.
Furthermore, the more detailed structure is, the smaller the roughness
is, and the stronger the self-similarity between the whole and local
topography is. The FD is calculated based on the 3D-RMS method de-
scribed in Section 2.2. As a typical roughness parameter, the surface
root-mean-square deviation S; is also computed for comparison, as
shown in Table 3 and Fig. 9.

As can be seen from Table 3, the value of FD actually changes very
little. This is because the inner ring used in the experiment comes from
the real rolling bearing, and the wear duration of the experiment is
much shorter than the lifespan of the rolling bearing in practice.
Therefore, the change of the wear surface is very small, and the
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calculated FD is also small. However, according to the repetitive ex-
perimental results, FD follows the same fluctuation behavior in the four
positions. It decreases dramatically at first, stabilizes at a low value, and
increases slowly at the end. By contrast, S, increases rapidly at first,
fluctuates around a high value then, and decreases slowly at the end.

On the other hand, statistical parameters can only indicate that the
wear surface has changed but cannot explain the wear state of the
surface. By combining the 3-D surface morphology in different wear
stage in Figs. 7 and 8, the decrease, stability and increase of FD can
quantitatively reflect the topography changes of the worn surface
during the wear process under sliding-rolling contact.

During the time from Oh to 3h, the inner ring surface is under
normal wear and the detailed structures of the original surface are
destroyed, making roughness to increase and the FD decreases. During
the period from 3h to 5h, due to oil-free lubrication, adhesion wear
occurs. Scratches become shallow and a lot of adhesive particles are
produced on the surface, causing increased roughness and small fluc-
tuations in FD. During the period from 5h to 9 h, adhesive particles are
smoothened, and severe abrasive wear occurs. A large number of
scratches are produced on the surface, the number of detailed structures
are increasing, causing the roughness to increase, the FD remains at a
stable value and then increases. During the period from 9h to 10h,
wear is intensified with the occurrence of spalling fatigue. A large
amount of detailed structures is produced, the self-similarity between
the whole and local topography is becoming stronger, and the FD in-
creases slowly.

Therefore, FD can reflect the essential properties of surface topo-
graphy regardless of scale, while the roughness parameter is only a
numerical representation of the height of the surface profile. Different
measuring instruments will show different roughness values and the
roughness parameters cannot be calculated accurately for a smaller
scale. Thus, for limited surface data, it is more reliable to characterize
the surface topography by FD than roughness parameters.
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Fig. 9. Variation of FD and S; during the wear process, (a) position 1, (b) position 2, (c) position 3, (d) position 4.
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5. Conclusions

In this paper, a framework for in-situ characterization of worn
surface under sliding-rolling contact is presented. An in-situ measure-
ment method and 3-D surface reconstruction are adopted to obtain the
3-D surface morphology of the inner ring. Then a 3-D fractal dimension
computation method is used to extract 3-D surface morphology features
and the wear evolution of sliding-rolling contact can be characterized
by the extracted fractal features. The main conclusions can be sum-
mered as follows.

(1) The 3-D surface reconstruction technique provides a new way for
in-situ measurement of 3-D worn surface without disassemble de-
tection. The reconstructed surface has high consistency with the
surface captured by LSCM. The reconstructed surface topography
can be used for qualitative analysis, and the height data can be used
for quantitative analysis of 3-D worn surface.

The fractal dimension can be used for characterization of 3-D worn
surfaces under sliding-rolling contact. It decreases rapidly at first,
fluctuates around a lower value then, and increases slowly in the
end: reflecting the topography changes of the worn surface in dif-
ferent periods of the wear process.

The fractal dimension can reflect the essential properties of surface
morphology regardless of scale. For limited surface data, it is more
reliable to characterize the wear evolution by using fractal dimen-
sion than roughness parameters.

(2

—
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