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Abstract: There are few experimental results available on film thickness at speeds above 5 m/s and they are almost 

all based on the optical ball-on-disc test rig. In contrast to the contacts in a rolling bearing, in which the lubricant 

in the oil reservoir distributes symmetrically, ball-on-disc contact shows asymmetry of lubricant distribution 

due to centrifugal effects. In order to closely imitate the contact occurring between the ball and the outer ring of 

a ball bearing, this study proposes an experimental model based on ball-on-glass ring contact. An optical matrix 

method is used to analyze the optical system, which is composed of a steel ball-lubricant-chromium-coated 

glass ring. Based on the optical analysis, the measurement system is improved in order to obtain a high quality 

interference image, which makes it possible to measure the film thickness at high-speeds conditions. 
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1  Introduction 

Over the past few decades, the measurement of 

lubricant film thickness has caught considerable 

attention of many researchers in the elastohydrodynamic 

lubrication (EHL) community. Given that the film 

thickness is extremely thin in the Hertzian contact 

region, an optical interferometry-based method can 

measure the film thickness accurately. This is shown 

by the experimental investigations of EHL, owing  

to a comparable magnitude between optical light 

wavelength and lubricant film thickness. In the 1960s, 

Gohar and Cameron first applied optical interferometry 

to the measurement of oil film thickness in EHL, 

capturing the first classical interference image with a 

rotating steel ball loaded against a glass plate [1]. 

They then gave the results both in point and line 

contacts in their following works [2]. The subsequent 

development and improvement of this technique 

were focused on the lower limit of measurable thickness 

and higher resolution. The technique used by Spikes  

and his group could measure films down to less than 

5 nm at very low speeds, which combined a spacer 

layer with spectrometric analysis [3]. Based on this 

technique, an imaging system was developed to profile 

the film in the EHL contacts [4], and later extended  

to obtain the film thickness distribution in the contact 

area by combining the spacer layer technique with 

the color image analysis [5]. Aiming for accurate 

determination of lubricant film thickness distribution, 

Hartl’s group developed an experimental technique 

that combined chromatic interferometry with a com-

puter image processing method. They obtained a 

three-dimensional distribution of the EHL film in a 

range of 60–800 nm with high resolution and accuracy 

[6]. This colorimetric interferometry used by the 

same group allowed the study of ultra-thin lubrica-

tion films down to 1 nm [7]. The technique, based  

on monochromatic interferometry, also had a low 

minimum measurable thickness and high resolution. 

The relative optical interference intensity method 

proposed by Luo et al. determined the film thickness 

by the interference intensity of the point in the contact 

region, with the location of this intensity between the  
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Nomenclature 

x, x′  coordinates in the radial direction of the 

ring at which the ray intersects with the 

input and output planes 

α, α′  angles of the projections of rays onto the 

xz plane with the optical axis at the input 

and output planes 

y, y′  coordinates in the axis direction of the 

ring at which the ray intersects with the 

input and output planes 

,  ′  angles of the projections of rays onto the 

yz plane with the optical axis at the input 

and output planes 

M optical transfer matrix (OTM) of an optical 

system 

Mi OTM of the air medium between lens 

and image surface 

Mlens OTM of the lens 

Ma OTM of the air medium between the lens 

and the ring in the uncorrected system 

Mr OTM of the outer surface of the ring 

Mo OTM of the glass medium of ring 

Mc OTM of the cylindrical lens 

Ma1 OTM of the air medium between the ring 

and the cylindrical lens in the corrected 

system 

Ma2 OTM of the air medium between the lens 

and the cylindrical lens in the corrected 

system 

S OTM of the uncorrected system 

C OTM of the corrected system 

di  distance between the image surface and 

the lens 

da  distance between the lens and the ring in 

the uncorrected system 

dax  da for the object-image relationship in the 

x direction to hold 

day  da for the object-image relationship in the 

y direction to hold 

do  thickness of the glass ring 

dc  thickness of the cylindrical lens, the 

curvature of which is ignored 

da1  distance between the ring and the cylindrical 

lens in the corrected system 

da2  distance between the lens and the cylindrical 

lens in the corrected system 

mij  the element at the ith row and jth column 

of M 

L  width of the homogeneous medium layer

n1, n2  refractive index of glass K9 and air 

ρ radius of the sphere, ρ > 0 for convex (center 

of curvature after interface) 

f  focal length of lens, f > 0 for convex/positive 

(converging) lens 

R  radius of the ring, R > 0 for convex (center 

of curvature after interface) 

Rc radius of the cylindrical lens, Rc > 0 for 

convex (center of curvature after interface)

  
 

darkest and brightest fringes. The intensity came from 

the interference of two reflected beams [8]. Considering 

the effects of multi-beam interference and the optical 

absorption of metals, Guo and Wong [9] developed a 

multi-beam intensity-based technique with a resolution 

of 1 nm and a minimum measurable thickness of 1 nm. 

Experimental studies to measure the film thickness 

in EHL are mainly based on abovementioned optical 

interferometry mechanism. Most research studies 

have been focused on the lubrication performance at 

speeds lower than 5 m/s. Only a few experimental 

studies have explored the film thickness behavior at 

speeds higher than 5 m/s. The limited experimental 

results at very high speeds show that elastohydro-

dynamic films are thinner than that predicted by 

classical theoretical models, such as the Hamrock and 

Dowson equation. Hili [10] concluded that the inlet 

shear heating has a significant effect on the behavior 

of film thickness at very high speeds up to 20 m/s. 

Liang et al. [11] studied the behavior of starved EHL 

contacts at high speeds up to 42 m/s with ball-disc 

contact, the results of which indicated that centrifugal 

force significantly affects the starved behavior of the 

lubricant film. 

However, almost all published experimental studies 

on EHL film thickness measurement of the point 
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contacts are based on ball-on-disc or ball-on-plate 

contacts, where the speed distribution in the ball- 

on-disc is different from the speed distribution in a 

rolling bearing. Compared to a rolling bearing, where 

the centrifugal force is perpendicular to the contact 

surface, the centrifugal force in the ball-on-disc contact 

is parallel to the disc face, which drags the oil out of 

the contact region. This may increase the oil supply, 

and also lead to the interference image haziness as 

mentioned in Liang’s study [11]. 

This paper reports a new ball-on-ring model for 

the measurement of oil film thickness, which may be 

suitable to imitate contact conditions occurring in a 

high-speed ball bearing. This model avoids the uneven 

distribution of lubricant between the two sides of the 

“raceway”, which occurs in the ball-on-disc contact 

because centrifugal force pulls the lubricant away 

from the contact region. Owing to unexpected optical 

refraction at the outer cylindrical surface of the ring, 

the initial interference images are fuzzy and out-of- 

focus. To solve the problem, the matrix optics method 

[12] is used to analyze the optical system, and a 

correction approach is proposed to modify the optical 

path. The preliminary experimental results prove the 

feasibility of the ball-on-ring model in the measurement 

of oil film thickness. 

2 Optical analysis of the ball-on-ring model 

The test rig, as shown in Fig. 1, was developed to 

measure the film thickness of the lubricant in the 

point contact region. The test rig imitates a rolling 

bearing in the form of a steel ball in contact with a 

ring made of K9 optical glass. A supporting system 

containing four well-adjusted small rolling bearings  

 

Fig. 1 Schematic of the optical measurement system based on 
the ball-on-ring model. 

underneath the ball ensures that the ball rotates 

around an axis parallel to the glass ring’s central axis. 

The inner surface of the glass ring is coated with a 

very thin, semi-reflective layer of chromium with  

the reflectivity of about 20 percent, thus when the 

incident light has reflected from the steel ball and 

refracted at the chromium, two interfering beams 

have approximately equal intensities, which enables 

the interference to occur and the film thickness to be 

determined. A laser device is used to provide light 

with good coherence for optical interference image.  

The interference images are magnified using a coaxial 

microscope and then captured by a charge coupled 

device (CCD), which is coupled with the microscope. 

Figure 2 shows a set of interference images captured 

by the newly developed test rig at different object 

distances, ranging from far to near the ring. It was 

found that the resultant interference images were not 

clear and showed blurring and ghosting. Owing to 

the haziness of the interference image, it could not 

be used to determine the film thickness. The reason 

for the image haziness should be explored in order 

to improve the quality of the interference images. 

Therefore, an optical model for the test rig was 

developed to conduct optical analysis based on the 

following optical matrix method. 

The optical transfer matrix provides an effective 

method of analyzing the cause for the fuzziness in the 

interference images shown in Fig. 2. Figure 3 gives the 

definition of a ray, where hx and hy are the coordinates 

of the point of intersection at which the ray intersects 

the reference plane, α is the angle between the 

projection of the ray in the xz plane and z axis, and  

is the angle between the projection of the ray in the 

yz plane and z axis. The propagation of a paraxial ray 

through a system of centered lenses can be written in 

the matrix form: 

 



   
   

          

x x

yy
M                (1) 

where the matrix M is the optical transfer matrix. 

Figure 4(a) shows the optical model of the ball- 

on-ring test rig system. Assuming that the interference 

images emerge at the inner surface of the ring, and 

the contact region of the ring is the plane (the depth  
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Fig. 3 Description of a ray. 

of the image region in the optical axis direction is 

much shallower than the depth of the field of the 

microscope), the optical system of the ball-on-ring 

test rig can be simplified as an ideal optical system 

consisting of a cylindrical interface, a thin lens, and 

several homogeneous medium layers as shown in 

Fig. 4(b). It should be noted that we use a thin lens  

to represent the microscope, because the microscope 

consists of lenses with strict axial symmetry and has 

the same refraction ability for the rays in different 

directions, then it will has the same function as a thin 

lens to converge the light ray from an object point to 

an image point. 

For simplicity and clarity, we first consider the 

propagation of light in the xz plane. 

 

Fig. 2 A series of fuzzy images with varying distances between the microscope and the ring. 

 

Fig. 4 Optical system of the ball-on-ring test rig. 
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Light traveling from one surface to another in a 

homogeneous medium layer with thickness L obeys 

the following equation: 

1

0 1x

x x L x

  
       
               

M           (2) 

Light traveling through a thin lens with a focal 

length f obeys the following equation: 

1 0

1
1x

x x x

f
  

 
                    

M          (3) 

Light traveling through a curved interface between 

two mediums with refractive indexes n1 and n2 (light 

travels from n1 to n2) obeys the following equation: 

1 2 1

2 2

1 0

x

x x x
n n n

n n
  



 
                     

M        (4) 

where   is the radius of the curved interface. 

Similarly, the propagation of light in the yz plane 

can be obtained. Then, the above cases are extended to 

three dimensional situations. The propagation of light 

can be described as follows: 

0 0

0 0

0 0

0 0

x x

y y

 

 

     
          
     
     

          

x

y

M

M

          (5) 

When there is both a homogeneous medium layer 

and a thin lens, Mx = My. However, for a ray traveling 

through a cylindrical interface, the refractions of the 

ray at the cylindrical interface in the xz plane and the yz 

plane are different due to the different radii; therefore, 

from Eq. (4), Eq. (5) becomes 
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       (6) 

Therefore, the optical transfer matrix of the simplified 

optical system for the ball-on-ring model, as shown 

in Fig. 4(b), can be represented in terms of matrix 

multiplication as follows: 

i lens a r oS M M M M M              (7) 

where Mo is the optical transfer matrix when light 

travels in the glass ring, Mr is the transfer matrix 

when light travels through the outer surface of the 

glass ring, Ma is the transfer matrix when light travels 

in the air between the glass ring and the lens, Mlens is 

the transfer matrix when light travels through the 

lens, and Mi is the transfer matrix when light travels 

in the air between the lens and the CCD. They are 

described as follows: 
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In order to hold the object-image relationship, the 

entries S12 and S34 of the transfer matrix S must be equal 

to 0, that is 
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S12 denotes the object-image relationship in the xz 

plane. S34 denotes the object-image relationship in the 

yz plane. It can be found from Eq. (8) that S12 is related 

to the radius R of the outer surface and the thickness 

do of a glass ring, while S34 is only related to the glass 

ring thickness do, other than the position of microscope 

and CCD. If it is assumed that the air distance da 

(namely the position of microscope) is a variable,  

and the other parameters are fixed, the set of Eq. (8) 

has no solution. This means that the object-image 

relationship cannot hold in the xz and the yz planes 

simultaneously. Assuming ad x  and ay
d  are the required 

air distances that satisfy the object-image relationship 

in the xz and the yz planes, respectively, ad x  and ay
d  

can be obtained from Eq. (8) as follows: 

oi
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If a ax y
d d

 
is less than the depth of the field, the  

camera can still obtain clear images. However, a 

microscope has to be used in the test rig to magnify 

the interference image in the contact region in order 

to analyze the film thickness. The depth of the field of 

the microscope is usually very shallow, particularly 

with higher magnification. Table 1 shows the parameters 

used in the test rig in Fig. 1, and a ax y
d d

 
is obtained 

using Eq. (10), where the depth of field is taken using 

Zoom 6000 performance specifications of NAVITAR. 

It can be found that the depth of field of the image 

capturing system is much less than a ax y
d d , which 

means that the microscope cannot be in-focus in  

the xz and the yz planes simultaneously, resulting in  

Table 1 Actual parameters used in the test rig and a ax yd d . 

do 
(mm) 

n1 n2 
R 

(mm) 
a ax yd d  

(mm) 

Depth of field 
(mm) 

13.58 1.5 1 −65 0.678 Less than 0.02 

interference images blurring and ghosting as shown 

in Fig. 2. 

The above analysis of the blurring and ghosting of 

the interference image is schematically shown in 

Fig. 5. To easily compare the imaging of the system in 

the xz plane and the yz plane, the optical paths in 

both xz and yz planes are drawn in the same diagram. 

Based on Snell’s law, the optical path in the yz plane 

refracts more outwards than that in the xz plane at the 

outer surface of the ring. Thus, as shown in Fig. 5(a), 

rays from object point focus on the CCD in the x- 

direction, while behind the CCD in the y direction 

when da is equal to dax. Therefore, the interference 

fringe is clear in the x direction, and blurry in the y 

direction. If da is equal to day, rays from the object point 

focus on the CCD in the y-direction, while in front  

of the CCD in x direction. Therefore the interference 

fringe is clear in the y direction and blurry in the x 

direction, as shown in Fig. 5(b). When da is in between 

day and dax, the interference fringe will be blurry in 

both directions as the rays will not focus on the CCD 

in both directions, as shown in Fig. 5(c). In Fig. 2, the 

images from left to right were captured by the test  

rig while increasing the observation distance, which 

corresponds to the increase of da from dax to day. 

Therefore, the blurring and ghosting of the interference 

image are consistent with the results of the matrix 

theory. Such interference images cannot be used to 

determine the oil film thickness because the interference 

fringes are not adequately sharp and clear. The mea-

surement must be taken after improving the test rig 

to obtain high-quality interference images. 

Based on the above optical analysis, in order to obtain 

clear interference images, the optical path must be 

corrected according to the formulation of the optical 

system. Thus, a cylindrical lens is introduced to adjust 

the different refractions in the x and y directions at 

the outer cylindrical surface of ring, as shown in Fig. 6. 

The axis of the cylindrical lens is parallel to the axis 

of the glass ring, and intersects perpendicularly with 

the optical axis of the system. When a light arrives at 

the cylindrical lens, it first refracts on the cylindrical 

surface, then travels in the cylindrical lens, and finally 

refracts at the flat surface leaving the cylindrical lens. 

Thus, the optical transfer matrix of this cylindrical 
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lens can be written as follows: 

c
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(11) 

Then, the optical transfer matrix of the corrected 

optical system is as follows: 

i lens a c a r o2 1
C M M M M M M M           (12) 

where Ma1 is the transfer matrix when light travels in 

the air between the glass ring and the cylindrical lens, 

while Ma2 is the transfer matrix when light travels in 

the air between the cylindrical lens and the lens. They 

are depicted as follows: 

 

Fig. 5 Optical path diagram of an optical system showing different images of a point against da. 

 

Fig. 6 Corrected optical system. 
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where da1 is the distance between the glass ring and 

the cylindrical lens, and da2 is the distance between the 

cylindrical lens and the lens. 

Based on the object-image relationship, da1 and da2 

can be obtained through Eq. (12) in the x direction and 

the y direction as follows:  
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where 

o c o c o c o o
2 2 2 2 2 2 2

1 1 1 1 2 1 2 2
4 4 2 4 .A n d R n d RR n n n d R n n d n d     

 
According to Eq. (13), da1 depends only on the glass 

ring and the cylindrical lens, while da2 depends on the 

glass ring, cylindrical lens, and microscope. As Fig. 7 

shows, using the parameters in Table 2, da1 increases 

with increasing radius of the cylindrical lens used, 

while da2 decreases. To correct the light deviation at the 

outer surface of the ring, the radius of the cylindrical 

lens Rc must be larger than or equal to the outer radius  

 

Fig. 7 da1 and da2 vary with the radius of cylindrical lens. 

Table 2 Structure parameters used in Fig. 7. 

do 

(mm) 
n1 n2 

R  
(mm) 

id  
(mm)

cd   
(mm) 

f  
(mm) 

cR
 (mm) 

13.58 1.5 1 −65 22 0 15 0~1,500

of ring R, and smaller than the value limited by da2 in 

order to avoid interfering with the microscope objective 

lens. Thus, by mounting a cylindrical lens with the 

proper distance described above, the optical system 

can focus the interference images on the CCD 

simultaneously in the x direction and y direction. 

Thereupon, analyzable interference images can be 

obtained by this corrected optical system. 

3 Discussion 

For an optical system with a cylindrical interface, 

where unexpected optical deviation occurs, a coupled 

cylindrical lens with the same diameter can avoid its 

position adjustment by closely fitting with the interface 

[13]. However, in the current ball-on-ring test rig, the 

glass ring rotates at a very high speed, and thus, the 

coupled cylindrical lens cannot be fitted closely on 

the ring due to friction, damage of the optical surface, 

and interfering with the fixture. According to the 

result for da1 given in Fig. 7, a concave cylindrical lens 

with a diameter of approximately between 200 mm~ 

1,600 mm could be used to overcome the problem of 

fuzzy images and avoid interfering with other elements 

in the original ball-on-ring test rig. So instead, a concave 

cylindrical lens of 1,000 mm in diameter is mounted 

above the glass ring by a distance of about 30 mm.  

The corrected ball-on-ring measurement system 

was able to precisely capture the optical interference 

images at the ball-on-ring contact region. In order  

to check the validation of the proposed approach,  

the test rig was improved with the updated optical 

imaging system, and preliminary experiments were 

conducted under a tractive rolling condition, where 

the steel ball was driven by the glass ring. Figure 8 

shows the images captured by a monochrome CCD 

with a coherent light source in the same incidence 

condition as Fig. 2. Figures 8(a) and 8(d) show the 

interference images captured by the uncorrected image 

system. Figures 8(b) and 8(e) show the interference 

images captured by the uncorrected imaging system, 

but with small aperture diaphragm. Figures 8(c) and 

8(f) present the interference images captured by the 

corrected imaging system. Figure 9 shows the optical 

intensities of the images in Fig. 8 at the centerline 

along the motion direction and the film profiles 
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corresponding to these images. Figures 8(c) and 8(f), 

captured by the corrected system clearly show the 

change in the interference fringes over the entire contact 

region, as they have high saturation and definition. 

This validates the effectiveness of the proposed ball- 

on-ring test rig. Figures 8(a) and 8(d), captured by 

the uncorrected test rig, are only in-focus in a very 

narrow field. Although they also have good saturation, 

most regions of the images have gray level deviations 

compared to Figs. 8(c) and 8(f), resulting in the different 

film thicknesses shown in Fig. 9. Using a smaller 

aperture helped to reduce the cone angle of the rays, 

resulting in a clear image in the center region, as 

shown in Figs. 8(b) and 8(e). However, the narrower 

the aperture, the darker the image becomes when the 

other factors are kept constant. Meanwhile, the length 

of the contact radius in the x direction is magnified 

because the cylindrical surface refracts the rays in the 

yz plane through larger angles (see Eq. (6) and Fig. 5), 

while aperture limits the light admission. The aberration 

of the contact radius can also be observed in Fig. 9. 

The images captured by the corrected system have 

an extra magnification in the x direction due to the 

cylindrical shape of the glass ring and the cylindrical 

lens, other than the magnification of the microscope.  

 

Fig. 9 Optical intensities of the images in Fig. 8 at the centerline 
along the motion direction and film profiles corresponding to each 
image. 

In an optical system of centered lenses, the lateral 

magnifications are m11 and m33 in Eq. (1). In this paper, 

as shown in Fig. 10, the corrected system has different 

lateral magnifications in the x and y directions because 

of the radii of the ring and the cylindrical lens used. 

It should be noted that, the blurring phenomenon 

in the interferogram can be eliminated by the usage 

of the concave cylindrical lens, and the quality of 

the interference image can be further improved by  

 

Fig. 8 Interference images captured by: (a, d) uncorrected system; (b, e) uncorrected system with small aperture diaphragm; (c, f)
corrected system, at rest (a, b, c) and at the speed 5 m/s (d, e, f). 



Friction 4(4): 324–334 (2016) 333 

 

 

Fig. 10 Ratio between lateral magnification in the x and y 
directions in the corrected system (n1 = 1.5, n2 = 1.0, do = 13.58). 

choosing appropriate parameters for the Cr-coated 

film thickness, coating material and so on, which can 

be referred in Ref. [14]. 

4 Conclusion 

The development of modern equipment continuously 

increases the demand of the rolling bearing, for 

which the lubrication plays a very important role, 

particularly at high-speed/heavy-load conditions. In 

order to explore the lubrication behavior of high- 

speed ball bearing, this paper presented a new test 

rig for the optical measurement of oil film thickness 

based on a ball-on-ring mode. This closely imitated 

the contact between the ball and the outer ring in a 

ball bearing. The following conclusions can be drawn 

from the results of this study. 

Owing to the unexpected optical refraction at the 

outer cylindrical surface of the ring, the interference 

images were blurry and exhibited ghosting, which is 

not suitable for determining oil film thickness. 

An optical model was developed to analyze the 

measurement system of the ball-on-ring mode. Based 

on the optical analysis, the reason for the haziness of 

the interference image was explored. An improved 

measurement was proposed to obtain high-quality 

interference images to successfully investigate the 

lubrication behaviors of high-speed rolling bearings. 
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