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Abstract:  Roller bearings support heavy loads by riding on an ultra-thin oil film (between the roller and 

raceway), the thickness of which is critical as it reflects the lubrication performance. Ultrasonic interfacial 

reflection, which facilitates the non-destructive measurement of oil-film thickness, has been widely studied. 

However, insufficient spatial resolution around the rolling line contact zone remains a barrier despite the use of 

miniature piezoelectric transducers. In this study, a finite-element-aided method is utilized to simulate wave 

propagation through a three-layered structure of roller-oil-raceway under elastohydrodynamic lubrication 

(EHL) with nonlinear characteristics of the i) deformed curvature of the cylindrical roller and ii) nonuniform 

distribution of the fluid bulk modulus along the circumference of the oil layer being considered. A load and 

speed-dependent look-up table is then developed to establish an accurate relationship between the overall 

reflection coefficient (directly measured by an embedded ultrasonic transducer) and objective variable of the 

central oil-film thickness. The proposed finite-element-aided method is verified experimentally in a roller- 

raceway test rig with the ultrasonically measured oil-film thickness corresponding to the values calculated using 

the EHL theory. 

 

Keywords: ultrasonic measurement; central oil-film thickness; rolling line contact; ray model; finite-element- 
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1 Introduction 

The Rolling bearings are critical supporting components 

of rotating machinery. An ultra-thin film of oil, which 

exists between the roller and raceway and typically 

forms based on dynamic lubrication effects, can support 

heavy loads. This thin oil film has an important role 

in bearing operations by reducing friction and wear, 

extending their lifespan, and/or dissipating heat [1]. 

The elastohydrodynamic lubrication (EHL) theory 

(e.g., Dowson’s theory) is widely used to predict oil- 

film thickness in a finite line contact and frequently 

requires the support of measured data for validation, 

especially in industrial applications [2–4]. The accurate 

measurement of oil film thickness provides not  

only fundamental and valuable information on the 

lubrication status for early warning of lubrication 

failures, but also the measured data for verification 

of the EHL theory. However, the accurate acquisition  

of the oil-film thickness under operating conditions 

remains an ongoing challenge for line-contact 

components such as roller bearings owing to the 

limited space for the installation of a transducer and 

the required measurement spatial resolution of the 

thin oil film at a micrometer or submicron scale.  

Among conventional methods [5–11], the ultrasonic- 
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based method [11] has been widely studied owing  

to its non-destructive nature. To date, a group of 

ultrasonic-based measurement models have been 

developed to calculate the film thickness variation 

in different lubrication regimes [11–15]. Among these 

models, the spring model [11] is deemed to be 

particularly suitable for thin-film thicknesses, e.g., less 

than 10 μm. However, the spring model is only valid 

under the assumption that the tribo-pairs are composed 

of two parallel and rigid surfaces. Conversely, roller 

bearings have nonparallel and curved surfaces; the 

thickness and stiffness of the oil film between the two 

surfaces are nonuniformly distributed owing to the 

varied stresses in the contact, significantly influencing 

the ultrasonic measurements; moreover, the width 

of the line-contact zone is typically small compared   

to that of the transducer. Given these complexities, 

improving the spatial resolution is frequently the 

focus of this promising technique. Attempts have 

been made to improve the resolution of the hardware 

of ultrasonic transducers. The focusing lens and liquid 

bath were used to focus the acoustic beam, thus 

improving the spatial resolution [16]. The higher the 

center frequency of the transducer, the smaller the 

focal zone of the focusing transducer [17]. However, 

high frequencies induce increasing attenuation in the 

sound energy, making the influence of the thickness 

of the steel ring non-negligible when practicing this 

method. Moreover, an additional hole is required on 

the bearing housing to fix the transducer, acoustic lens, 

and cables.  

Progress was reported by Drinkwater et al. [18] in 

2009. In their study, a piezoelectric thin-film ultrasonic 

transducer of 200 MHz was attached to the outer 

raceway of a deep groove ball bearing to monitor  

the oil film. The active area of this transducer was 

approximately 0.3 mm in width and 3 mm in length, 

and its focus area was less than that of the contact 

area. However, piezoelectric thin-film ultrasonic 

transducers are expensive and complex. Moreover, as 

described above, high-frequency ultrasonic waves tend 

to be significantly attenuated during propagation, 

making the captured data sensitive to signal noise. 

Other researchers have focused on using low-cost 

piezoelectric elements that are cut into smaller 

rectangular pieces to improve the spatial resolution 

[19, 20]. This is not a feasible solution for industrial 

applications owing to the difficulty of maintaining 

these brittle and tiny transducers. Furthermore, such 

a simple cut divides the energy of the ultrasonic signal 

and thus decreases the signal-to-noise ratio. To date, 

the narrowest rectangular piezoelectric element is  

0.6 mm [20].  

Other researchers have developed new signal 

processing algorithms to extract the exact film thickness; 

however, at the cost of the repetition frequency of  

the measurement [21, 22]. When measuring using a 

focusing transducer, under low speed and high- 

repetition frequency, the focal spot moves sufficiently 

slowly such that the two adjacent focused spot circles 

overlap in the diameter when the rollers pass by the 

fixed transducer. By analyzing the internal relationship 

between the multiple overlapped measuring points, 

the reflection coefficient of the overlapped region of 

consecutive measuring points can be obtained. The 

overlapped area of two consecutive measuring points 

is smaller than that of the focal zone, and thus a higher 

resolution can be obtained. However, as the bearing 

speed increases, the overlapped region of the two 

consecutive measuring points decreases or even 

disappears.  

Using a rectangular piezoelectric element, a ray 

model was proposed for practical applications in 

ultrasonic measurements. This equates the sonic field 

to a cluster of rays. Each ray can be used to calculate 

the oil-film thickness based on the hypothesis of total 

reflection. For nonparallel surfaces, the surface profile 

is considered to extract the reflection coefficient of 

the central film thickness from the overall reflection 

coefficient using the ray model. This practice was 

performed in a piston ring and cylindrical roller 

bearing [19, 20]. The results demonstrated that the 

ray model can improve the measurement resolution 

to a certain degree. However, the ray model ignores 

the scatter influence caused by the curved surface 

profile and influence of the nonuniform distribution 

of the bulk modulus in the oil layer. A detailed analysis 

with the ray model is presented in Section 2.2, with 

its limitations to the thickness measurement of oil 

film between nonparallel interfaces indicated. 

This study adopts a finite-element-aided method to 

simulate wave propagation through a three-layered 
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structure of roller-oil-raceway under EHL with 

nonlinear characteristics of the i) deformed curvature 

of the cylindrical roller and ii) nonuniform distribution 

of the fluid bulk modulus along the circumference  

of the oil layer being considered. A load- and speed- 

dependent look-up table is then developed to establish 

an accurate relationship between the overall reflection 

coefficient (directly measured by an embedded 

ultrasonic transducer) and objective variable of the 

central oil-film thickness.  

The remainder of this paper is organized as follows: 

Section 2 reviews the ultrasonic spring model and 

analyses the limitations of the ray model, which is 

commonly employed to calculate the oil-film thickness 

in a roller bearing. Section 3 proposes an finite element 

method (FEM) to aid film thickness measurement, 

and the effectiveness of this method is demonstrated 

by comparing the simulated reflection coefficient with 

the theoretical reflection coefficient in a simplified 

three-layered parallel lubrication model. With the 

proven feasibility, Section 4 uses the FEM again for in 

situ oil-film thickness measurement in a roller-raceway 

contact under EHL, where a mathematical relationship 

between the measurable ultrasonic reflection coefficient 

and central film thickness is established to ensure 

accurate measurements. Section 5 presents the test 

setup and discusses the experimental testing results 

to assess the proposed FEM-aided method. Finally, 

conclusions are presented in Section 6. 

2 Ultrasonic-based measurement in roller- 

raceway contact 

This section introduces the principle of the classical 

spring model, based on which a commonly used ray 

model is introduced to measure the oil-film thickness 

in a roller bearing. The limitations of the ray model, 

particularly in terms of measurement resolution, are 

further analyzed. 

2.1 Principle of spring model 

In a three-layered structure of steel–oil–steel with all 

surfaces parallel, ultrasonic waves that perpendicularly 

incident on the oil layer would be transmitted and 

reflected partially at each interface simultaneously. 

Assuming that the oil layer is between two surfaces 

with the same steel material, the reflection coefficient 

from the oil layer can be expressed as [23] 
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where ( )R f  is the reflection coefficient, h  is the 

thickness of the oil-film layer, f is the frequency of  

the incident signal, and 
0

z  and z  are the acoustic 

impedances of the oil film and steel, respectively. The 

impedance of oil 
0

z  is calculated using 
0

,wherez c  

  is the density of the oil and c  is the wave speed of 

the oil.  

When the oil layer thickness is thinner than the 

ultrasonic wavelength, the elastic effect of the oil 

layer becomes dominant in the load support. In this 

case, Eq. (1) can be simplified to a quasistatic spring 

model [24]: 
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where B  is the bulk modulus of the fluid, expressed as 

 2B c                                  (3) 

As the incident signal is difficult to obtain, the 

reflection coefficient is normally obtained by com-

paring the signal reflected from the oil layer to that 

from a reference interface with known acoustic 

impedance [12]: 

 mf
ref
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where 
mf

( )A f  is the amplitude of the reflected signal 

from the solid/oil interface, the amplitude of the 

reference signal is denoted as 
ref

( )A f , and the reflection 

coefficient of the reference interface is denoted by 

ref
( )R f . In the case of full reflection (i.e., no wave 

penetration), 
ref

( )R f  is equal to 1.  

2.2 Ray model for measuring oil film in roller- 

raceway contact  

The principle of the ultrasonic-based oil-film thickness  
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measurement in a roller-raceway tribo-pair is depicted 

in Fig. 1. An ultrasonic transducer is used to emit 

ultrasonic waves and collect the reflected signals 

from the oil film. With these waves, the thickness can 

be calculated with the spring model using Eqs. (2) 

and (4).  

As can be observed in Fig. 1, the roller-raceway 

contact zone is composed of the central flat contact and 

two curvature segments considering the lubrication 

film. The sonic wave reflection could fully cover the 

contact zone if the transducer is wider than the flat 

contact zone. This is commonly observed in practice 

because the contact width is on the micron scale, 

whereas the transducer is on the millimeter scale. 

Therefore, the average value of the oil-film thickness 

must be compromised in practical measurements, 

instead of a more meaningful value of the central oil- 

film thickness in a lubricated contact. 

 

Fig. 1 Schematic diagram of the ultrasonic measurement of 
oil-film thickness in roller-raceway tribo-pair. 

To describe the central thickness in a real contact 

zone, the ray model is proposed [19, 20]. The principle 

is to divide the sonic field into small equal units 

along the transducer width (Fig. 2(a)). In each unit, 

the ultrasound wave propagates vertically and 

independently. Considering the complicated oil-film 

shape within the transducer width, three parts of the 

acoustic field are identified: the central part (denoted 

as v ) and two wedge parts on the left, and right ends 

(denoted as u  and w , respectively).  

The oil-film thickness in each part corresponds 

to an individual reflection coefficient. Therefore, the 

reflection coefficient is the average of the values 

within the entire width of the transducer. 




 ray
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( )n
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i

R h x
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where 
ray

R  is the overall reflection coefficient over the 

entire width ( l ) of the piezoelectric element, ( )
i

R h  is 

the individual reflection coefficient of the i-th wave 

component, with an effective width of x  and the 

corresponding film thickness 
i

h , and n  is the total 

number of wave components. 

The ray model is initially used to correct the 

measured reflection coefficient, with the geometric 

deformation in the contact area of the roller-raceway 

accommodated [18]. Subsequently, it is used to extract 

the central oil-film thickness from the overall reflection 

coefficient, provided that the surface profile can be 

theoretically given [19, 20].  

 

Fig. 2 Schematic diagrams of ray model principle: (a) Rays are perpendicular to raceway surface and (b) rays are perpendicular to
roller surface. l is the width of the transducer. b is the half-width of the contact zone. 
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In application, using the measured and calculated 

average oil-film thicknesses, an iterative matching 

method is adopted to extract the central film thickness. 

The central film thickness is added gradually with 

a definite interval from zero. The average reflection 

coefficient, 
ray

R , for each central film thickness is 

calculated using Eq. (5). This iteration is terminated 

when the discrepancy between the measured and 

calculated values of the average oil-film thickness is 

within the preset error. Consequently, the final central 

film thickness can be extracted from the calculation 

of the ray model.  

Fundamentally, a complete vertical reflection of 

sonic waves is assumed in the ray model, irrespective 

of the convex surfaces by which the echoes are received 

by the transducer [19, 20]. This is far from the reality 

where scattering occurs on nonparallel surfaces 

including convex surfaces. Therefore, an alternative 

illustration is depicted in Fig. 2(b), where the reflected 

waves from the nonparallel interfaces (u and w, the 

two side parts) are no longer in the vertical direction. 

Different reflections correspond to the different parts 

of the lubrication zone. Consequently, large errors  

are inherent with the vertical reflection assumption, 

especially under non-ignored contact deformation [25]. 

Another problem is that the bulk modulus of the 

oil layer is assumed to be uniform in the contact zone 

in the traditional ray model [20]. Based on classical 

EHL theory, the metal surfaces in the high-stress 

contact zone are elastically deformed, and the bulk 

modulus of the oil film cannot be simply taken as a 

constant value owing to the nonuniformly distributed 

oil stress. It can be inferred from Eq. (2) that the 

variation in the bulk modulus would change the 

reflection coefficient. However, the influence of the 

ray model on the calculation error has not been 

considered in existing studies [18–20]. Given this issue, 

the measurement errors caused by the ray model are 

comprehensively investigated and further quantified 

using a finite element simulation method in this study, 

leading to highly accurate calculation results of the 

central oil-film thickness in a roller-raceway contact.  

3 FEM-based acoustic simulation of 

parallel three-layered structure 

The FEM has been widely adopted in simulating 

ultrasonic propagation [26–28]; however, it has not yet 

been suggested for measuring oil-film thickness. In this 

section, a simplified parallel three-layered model was 

used to demonstrate the effectiveness of the proposed 

FEM approach for the theoretical calculation of oil- 

film thickness. 

The commercial software COMSOL Multiphysics 

(version 5.3) [26, 27] was used for the FEM simulations. 

Two modules, the linear elastic module for steel 

deformation and acoustic pressure module with a line 

acoustics source were included. By inputting an exciting 

signal into the acoustic source, the normal incidence 

of ultrasonic waves can be modeled and thereby, the 

sonic field in all media can be obtained [28]. The 

simulation included seven steps, summarized as 

follows. 

1) Build the three-layered geometric model (steel– 

oil–steel parallel structure); 

2) Set the material property parameters (elasticity 

modulus, density, and Poisson’s ratio for the steel and 

sound speed, and density for the oil) of all media; 

3) Assign the linear elastic material and acoustic 

pressure modulus to the steel and oil medium, 

respectively; 

4) Input the disturbance signal to the line source 

and adopt the time-dependent study modulus to 

compute the time-varying propagation of the pressure 

waves; 

5) Discretize the model with varying meshes; 

6) Set the time-dependent solver; 

7) Solve and derive the result. 

To avoid distortion of the waveform in the 

propagation, the maximum mesh size is suggested to 

be less than 1/5 of the wavelength [27, 28]. In this study, 

the wavelength is defined as the ratio of the speed of 

sound to the wave frequency. Therefore, the maximum 

frequency of the simulated ultrasonic wave determines 

the size of the largest element size. In addition, a free 

subdivision triangular mesh was adopted considering 

its advantage of adaptive refinement [26–28]. Although 

the calculation cost increases with a decrease in the 

mesh size, the selection of the mesh size in this study 

is mainly concerned with a high measurement accuracy 

rather than computational efficiency. 

Overall, the mesh is adaptively controlled by five 

parameters: maximum element size, minimum element 

size, maximum element growth rate, curvature factor, 
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and resolution of the narrow regions. The maximum 

element size is used to limit the allowable element 

size. The resolution of the narrow regions is used to 

control the number of element layers in the thin oil- 

film regions. 

The model and meshing results of the parallel 

three-layered (steel–oil–steel) structure are displayed 

in Fig. 3. Rather than a transducer with a width of   

7 mm as used in our previous works [12, 13, 15], a 

considerably smaller transducer with 0.6 mm width 

was utilized in this study to further improve the spatial 

resolution of the measurement. The maximum element 

sizes inside and outside the transducer diameter were 

0.09 mm (namely 1/10 of the minimum wavelength) 

and 0.3 mm, respectively. The minimum element size, 

maximum element growth rate, curvature factor, and 

resolution of the narrow regions were 0.00001 mm, 

1.3, 0.3, and 1, respectively. 

A Gaussian wave was used as the incident ultrasonic 

wave [29] taking the following form: 

      π
 


2

0 03

0e sin 2
f t T

f t A f t                    (6) 

where A (   81 10A  mm) is the amplitude of the 

Gaussian wave, 
0

f  ( 
0

12.5 MHzf ) is the center 

frequency of the Gaussian wave, and 
0 0

1 /T f .  

The reference wave was obtained by replacing 

the oil with air. The reflection coefficient, namely the 

simulated reflection coefficient, was calculated using 

Eq. (4). For comparison, several film thicknesses of 1, 2, 

3, and 4 μm were simulated with different calculation 

time of 7 h 42 m 51 s, 4 h 21 m 27 s, 2 h 20 m 23 s, and 

1 h 31 m 55 s, respectively. 

To validate the FEM simulation, the theoretical 

reflection coefficients were also calculated using Eq. (1) 

with the same oil-film thickness. These two reflection 

coefficients are plotted together in Fig. 4 with their 

deviations from each other.  

Acceptable consistency between the theoretical and 

simulation results can be drawn from Fig. 4, where 

the overall relative error ranges from −0.06% to +0.06% 

in the testing frequency bandwidth of 10.3–16.6 MHz 

(−6 dB). However, significant errors can be identified 

at both ends of the frequency band, including zones 

less than 3 MHz and greater than 23 MHz. Such large 

errors can be analyzed by inspecting the solving 

criterion of the FEM. Iterations with relative termination 

tolerance were primarily adopted in the FEM software. 

However, the wave amplitude near the limits of the 

effective frequency bandwidth attenuated significantly. 

When the wave amplitude was small and close to the 

relative tolerance, the number of iterations was limited. 

Therefore, the effective frequency bandwidth should 

be considered in further analyses. 

 

Fig. 3 (a) FEM of parallel steel–oil–steel structure and (b) corresponding meshing result. 
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4 FEM-based calculation of oil-film 

thickness in roller-raceway contact 

With the proof of the FEM-aided oil-film thickness 

measurement stated above, in this section, acoustic 

simulations with a roller-raceway contact are conducted 

under different operating conditions (Section 4.1) to 

obtain accurate oil-film thicknesses. The error of the 

ray model is quantified by comparing it with the 

simulation results (Section 4.2), addressing the two 

error sources. With the simulation to verify the error 

source of the ray model, the acoustic simulation is 

used to separately analyze the influence of the 

geometric scattering at the lubrication interface and 

the nonuniform distribution of the bulk modulus of 

the oil layer on the ray model (Section 4.3). An FEM- 

aided method is proposed to extract the central 

oil-film thickness by considering the load and speed 

compensation (Section 4.4). 

4.1 Acoustic FEM simulations for an equivalent 

roller-raceway model 

The contact of a roller-raceway under lubrication is 

complicated because it involves both solid deformation 

and uneven loading of the oil film. According to the line 

contact EHL theory proposed by Wen and Huang [2] 

and Grubin [3], the shape of the lubricant film formed 

by the contact of two elastic cylinders can be equivalent 

to the shape of the lubricant film formed by the contact 

of an equivalent cylinder with a rigid plane. Therefore, 

such an equivalence principle is adopted to depict the 

roller-raceway contact under identical conditions. 

According to the EHL theory, the oil-film thickness 

in the contact zone (hv) and surrounding gap zone (hg) 

can be obtained from Eqs. (7) and (8), respectively [2]: 

     
        

8
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where U  is the entrainment speed, 
0

 is the lubricant 

viscosity at the contact entry,   is the pressure– 

viscosity coefficient, E  is the reduced elastic modulus 

of the roller material, W  is the load on the contact, b  

is the half-width of the contact zone, x  is the distance 

from the origin to the position to be solved, and 
0

p  is 

the maximum contact stress in the contact zone. It can 

be expressed as 

 
   

1/ 2
8

π
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b
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where L  is the roller length. 

 
   

1/2

0 4

E b
p

R
                              (10) 

Fig. 4 Simulated and theoretical reflection coefficients, and relative errors at four different oil-film thicknesses: (a) reflection coefficient 
and (b) relative error. 
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where R  is the reduced radius of curvature, given by 

   
     

2 2

1 2

1 2

1 11 1

2E E E
                    (11) 
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                            (12) 

where E  is Young’s modulus and   is Poisson’s ratio. 

Subscripts 1 and 2 refer to the roller and raceway, 

respectively. The parameters required to calculate 

the theoretical oil-film shapes are listed in Table 1. 

Table 1 Parameters in EHL film thickness calculations [20]. 

Parameter Value

Reduced modulus, (GPa)E  214.5

Reduced radius, (mm)R  54 

Pressure viscosity coefficient for T68, 1(GPa )   22 

Effective viscosity for T68, 2
0 (N m( )/m )  0.2 

Length of the roller, (mm)L  10 

 

The two-dimensional model of the roller-oil-raceway 

based on Hertz theory is displayed in Fig. 5. The 

half-width of the contact zone, b , can be calculated 

using Eq. (9). 

The pressure distribution in the contact zone con-

forms to a half-elliptical distribution [2]. 

 
  

 

2

0 2
1

x
p p

b
                            (13) 

The bulk modulus of the oil layer, as influenced by  

 

Fig. 5 Equivalent model of roller-raceway contact. 

the high contact stress, is given by [30, 31]  

   
                  

l
e 0 0 l 0

0 0

1
1 log 1 1 1

1

p
B B B p B

B B
   

(14) 

where 
l

p  is the pressure in the liquid, 
0

B  is the bulk 

modulus at ambient pressure, and 
0

B  is the pressure 

rate of change of B at ambient pressure, which is 

approximately 11 [31]. 
0

B  can be calculated using 

Eq. (15) [32, 33]: 

  
0 00

exp
k

B B T                       (15) 

where 
00

B  and 
k
 are the constant coefficients. 

00
B  is 

approximately 12 GPa, 
k
 is approximately 6.5e10–3 K–1, 

and T  is the absolute temperature. The density of the 

oil layer under pressure p, 
p
, is given by Eq. (16) [2]: 

 
   

0

0.6
1

1 1.7
p

p

p
                    (16) 

where p is the speed of sound under pressure and ρ0 is 

the density of the oil layer under pressure p0. 

Figure 6 displays the distribution of the bulk 

modulus within the transducer width under different 

loads. It can be observed that the distribution of the 

bulk modulus is uniform and largely ranges along 

the contact width. Distribution uniformity is defined 

numerically as the difference between the maximum 

and minimum values throughout the contact width, 

which is proportional to the load. 

 
Fig. 6 Distribution of oil bulk modulus in roller-raceway contact 
with load varied from 100 to 1,500 N. 
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The p can be obtained by combining Eqs. (2) and 

(14)–(16). The center frequency of the ultrasonic 

transducer (
0

f ) in Eq. (6) is 12.5 MHz.  

Using a similar process to that described in Section 3 

and the contact deformation result, the equivalent 

FEM model of the roller-raceway contact is further 

meshed, as displayed in Fig. 7. The reference wave can 

be obtained by replacing the oil with air. The reflection 

coefficient, namely the simulated reflection coefficient, 

was calculated using Eq. (4).  

4.2 Error evaluation of the ray model  

For a comprehensive understanding of the coupling 

effects of loads and speeds, 30 combinations of con-

ditions including five rotation speeds (100, 300, 500, 

700, and 900 rpm) and six loads (100, 300, 600, 900, 

1,200, and 1,500 N) were adopted. The reflection 

coefficients from both the simulations and calculations 

using the ray model were extracted for comparison. 

For differentiation, 
sim

R  represents the reflection 

coefficient of the entire transducer (0.6 mm width) in 

the FEM simulation.  

Based on Eq. (5) and the iterative solution algorithm, 

the reflection coefficient of the central oil-film thickness 

can be calculated using the ray model and is denoted 

as 
ray center

( )R h . As a reference, the reflection coefficient   

 

Fig. 7 Meshing results of equivalent model of roller- 

raceway contact. 

of the central oil-film thickness in the FEM model, 

denoted as 
actual center

( )R h , was calculated based on  

Eq. (1).  

The amplitudes of the reflection coefficients against 

the load are plotted in Fig. 8. The comparison is 

performed at the center frequency 
0

f .  

As can be observed from Fig. 8, there are significant 

differences between 
ray center

( )R h  and (
actual center

( )R h ). 

With an increase in the load, the deviations decrease 

first and then increase. This can be analyzed from the 

contact variation in the loading. As the load increases, 

the contact zone becomes wider with less variation in 

the curves compared with the initiations. Therefore, 

fewer effects are introduced in the results of the ray 

model. However, in the same process, the changes 

in the distribution of the film bulk modulus become 

pronounced, as indicated in Fig. 6. These effects 

significantly influenced the simulation results. These 

characteristics explain the deviations of the ray model 

and simulation with increasing loading effects.  

To further quantify the errors of the ray model, the 

oil-film thickness was calculated using the 
ray center

( )R h  

under different operating conditions, as displayed 

in Fig. 8. Table 2 presents the relative error (%)* of the 

calculated central film thickness using the ray model 

to the central film thickness in the FEM model (i.e., the 

theoretical one) under different operating conditions. 

It can be observed from Table 2 that the absolute 

relative error fluctuates between 0.04% and 213.76% 

under different conditions. Therefore, the error of the 

ray model is large and cannot be ignored, especially 

at low speeds.  

4.3 Verification of error sources of the ray model  

To verify that the errors of the ray model are caused 

by geometric scattering of wave propagation and 

nonuniform distribution of the oil bulk modulus, the 

equivalent models of the roller-raceway contact under 

different loads at a speed of 300 revolutions per minute 

(rpm) were used to verify the error sources. 

Geometric scattering was studied first. The sound 

velocity and density of the oil film in both the contact 

and non-contact zones were set to 1,467 m/s and  

850 kg/m3, respectively, to ensure a uniform distribution 

of the bulk modulus of the oil film. Then, different 

loads in the range of 100–1,500 N were applied to obtain  
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Fig. 8 Comparison of 
actual center

( )R h  and 
ray center

( )R h  under different operating conditions: (a) 900 rpm, (b) 700 rpm, (c) 500 rpm, 
(d) 300 rpm, and (e) 100 rpm. 

Table 2 Relative error (%)* of calculated central film thickness using traditional ray model to central film thickness in FEM model 
(namely theoretical one) under different operating conditions. 

Applied load (N) 

100 300 600 900 1,200 1,500 

Contact width (μm) 

Rotating 
speed (rpm) 

50.64 87.70 113.24 151.92 175.42 196.14 

100 30.42% (0.429) −6.69% (0.388) −59.99% (0.365) −111.05% (0.351) −161.57% (0.342) −213.76% (0.335)

300 48.81% (0.954) 34.04% (0.863) 9.33% (0.811) −19.09% (0.781) 40.58% (0.761) −64.95% (0.746)

500 50.12% (1.383) 41.34% (1.252) 29.95% (1.175) 12.40% (1.133) −8.55% (1.104) 17.417% (1.081)

700 49.77% (1.767) 43.83% (1.599) 34.25% (1.501) 19.20% (1.447) 2.98% (1.410) −2.97% (1.381)

900 48.91% (2.121) 44.61% (1.919) 26.02% (1.802) 11.57% (1.737) 5.99% (1.692) 0.04% (1.658) 
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the corresponding deformed geometries. Figure 9 

displays the reflection coefficients at the center 

frequency extracted from the simulation and ray model 

calculations. By comparison, clear deviations can 

be identified between the ray model and simulation 

results under the different loading conditions. The 

deviations decrease marginally with an increase in 

the load because the contact zone becomes wider 

with less variation in the curves compared with the 

initial values. 

Following the above study of the geometric scattering 

effect, the influence of the nonuniform distribution of 

the bulk modulus of the oil film was then examined. 

The actual distribution of the bulk modulus in the 

contact and non-contact fields was adopted (Fig. 6). 

Because there is geometry scattering in the lubrication 

zone outside the contact zone, the ultrasonic reflection 

of this part cannot be considered. Therefore, to eliminate 

the influence of geometric scattering, the width of the 

transducer was set equal to that of the contact zone 

such that ultrasonic reflection only occurred in the 

contact zone. The reflection coefficients at the center 

frequency under different loads were extracted from 

the simulation and ray model calculation separately, 

the results of which are displayed in Fig. 10. 

It can be observed both the i) nonuniformity degree 

of bulk modulus distribution in the contact zone, and 

ii) deviation between the ray model and simulation  

 

Fig. 9 Reflection coefficients of transducer obtained using 
simulation and ray model under different loads. Bulk modulus 
distribution is assumed to be uniform in simulation. 

 

Fig. 10 Amplitudes of reflection coefficients of transducer 
obtained using simulation and ray model under different loads 
when bulk modulus distribution is nonuniform and width of 
transducer is set to that of contact zone under different loads. 

increase as the load increases, from a minimum 

deviation of 0.17 at 100 N to a maximum deviation 

of 0.40 at 1,500 N. 

With the above results, the two error sources and 

their mechanisms can be confirmed. 

4.4 FEM-aided method for calculating the central 

oil-film thickness 

From the above analysis, the simulated result is 

accurate, and hence, the simulation can be used to 

establish the relationship between the reflection 

coefficient of the central oil-film thickness and reflection 

coefficient received by the entire transducer. Here, 

coefficient 
k

R  is introduced to establish the relationship 

between the two reflection coefficients. 

 sim

sim center( )
k

R
R

R h
                        (17) 

Polynomial fitting was used to obtain 
k

R  under 

different conditions, as indicated in Fig. 11. The 

coefficient of determination (R2) and root mean squared 

error (RMSE) were 0.9990 and 0.1226, respectively. 

With polynomial fitting, 
k

R  can be denoted as a 

function of load W  and speed U : 



 

    

    

6 2

5 2 9 2

6.743 0.01403 0.04131 3.321 10

4.453 10 0.0001206 8.045 10

k
R W U W

WU U W U
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8 2 7 3 12 2 2

11 3 7 3 12 2 2

11 3 11 4

5.567 10 1.505 10 5.645 10

2.313 10 1.505 10 5.645 10

2.313 10 6.647 10

WU U W U

WU U W U

WU U

 

(18) 

In practical measurement, after the reflection 

coefficient of the entire transducer (denoted as 
mea

R ) 

is obtained, when the load W  and speed U  are 

known, the practical reflection coefficient of the 

central oil-film thickness (denoted as 
mea center

( )R h ) can 

be calculated by 

   mea
mea center

k

R
R h

R
                      (19) 

The central oil-film thickness can be calculated 

using Eq. (2). 

It can be concluded that the FEM-aided method 

has two main improvements over the ray model. The 

first is the improved accuracy by compensating for 

 

Fig. 11 Fitting result of 
k

R  under different working conditions. 

the two types of errors. The second is the decreased 

computational cost without iterative calculations. 

5 Experimental results for evaluation per-

formance of the proposed FEM method 

In this section, the proposed FEM-aided method is 

examined with a roller-raceway apparatus. 

5.1 Experimental device 

An experimental tester with a roller-raceway contact 

pair was prepared to imitate a rolling bearing in 

addition to a photograph of a roller and raceway, as 

displayed in Fig. 12. 

The roller and raceway, from a real roller bearing, 

were adopted to serve as contact pairs and were driven 

separately by two motors. The speed of the roller was 

controlled by a 1.5 kW electric spindle with a range 

of 0–10,000 rpm and the speed of the inner ring was 

controlled by a 7.5 kW servomotor running at 0–1,000 

rpm. This setup could facilitate the formation of oil 

films of different thicknesses by varying the relative 

speeds.  

The oil between the raceway of the bearing and  

top roller was supplied by an oil supply system 

driven by a peristaltic pump. The lubricating oil was 

a synthetic turbine oil, Shell Turbo T68. The load was 

applied to the bearing by a lever through a pressure 

transducer.  

Figure 13 displays the mounting of the ultrasonic 

transducer. The rectangular piezoelectric element 

was trimmed using a commercial circular ultrasonic 

transducer. The ultrasonic transducer was 6 mm in 

length, 0.6 mm in width, and 0.22 mm in thickness. It  

 

Fig. 12 Experimental setup with roller-raceway contact pair. 
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Fig. 13 Photograph of ultrasonic transducer on inner ring.  

was glued to the inner surface of the ring sample using 

standard Mode600 adhesive. The shaft holding the ring 

sample was specially made hollow to lead the signal 

cable to a slip ring with carbon brushes. With this, the 

measured signal could be introduced from the rotating 

part into a computer-based measurement system. The 

encoder was also equipped to synchronously locate 

the contact in the continuous signal. The number   

of encodings, Nencoder, determines the precision of the 

measurement in the circumferential direction of the 

ring. Therefore, it was set to 1,000.  

The FMS-100 supplied by Tribosonics Ltd., Co., was 

adopted as the ultrasonic measurement device to both 

send and receive the pulse simultaneously. The pulse 

repetition rate, denoted as 
r

f , was 20 kHz, and the 

hardware was configured in the pulse/receive mode; 

the same cable and transducer were used.  

In the case of a low inner ring speed, the measure-

ment speed was considerably faster than the encoder 

rotation speed, and several measurements were marked 

in the same position. The number of measurements at 

each observation zone divided by the encoder number 

is denoted as .N   


 


r

encoder speed speed

60 1,200f
N

N n n
                  (20) 

where 
speed

n  is the rotation speed (rpm). 

To ensure accuracy, N  should be greater than  

one in each observation zone. The final result for 

each observation zone was the average of multiple 

measurements in the zone.  

In the tests, a wide range of loads and speeds were 

adopted to produce oil films of different thicknesses. 

Specifically, the loads were 500, 1,000, 1,500, and 

2,000 N and the speed was set to 500, 700, and 900 rpm. 

The test included 18 combination conditions. The 

operating range of the experiment was the same as 

that for the simulation analysis. The relevant acoustic 

properties of the oil and bearing steel were measured 

and are provided in Table 3. 

Table 3 Properties of different materials in three-layered 
structures. 

Material 
Density 
(kg·m−3)

Acoustic  
speed (m·s−1) 

Bulk modulus, 
B (GPa) 

Oil (0.1) 850 1,467 1.83 

Oil (0.65) 1,007 2,854 8.20 

Oil (0.97)  1,037 3,282 11.17 

Bearing steel 7,810 5,818 200 

5.2 Experimental results 

Ultrasonic pulses with duration of 0.8 μs were captured 

and compiled in real-time, forming raw ultrasonic data 

streams, as indicated in Fig. 14. From the encoded 

data, it can be observed that the reduction in signal 

amplitude corresponded to the transducer passing 

through the contact zone. The amplitude attenuation 

of echo waves is mainly due to the transmission of 

sonic waves into the roller, which has lower acoustic 

impedance than air. 

For each pulse from the raw ultrasonic data, the 

reflected echo was transformed into a frequency 

domain and the amplitude at the center frequency was 

extracted. A dip appears when the piezoelectric element 

passes below the roller, as indicated in Fig. 15.  

Different phenomena can be observed in Fig. 15. First, 

there are numerous vibration phenomena around the 

dips. Similar results were reported in Refs. [18, 34, 35]. 

These could be caused by measurement uncertainties 

such as electronic noise, surface roughness, and contact 

vibration. 

Secondly, unexpected values of the reflection 

coefficients greater than one can be observed; similar 

abnormity was reported in Refs. [13, 35]. This 

phenomenon can be explained by the superposition 
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principle of waves [13]. When the oil-film thickness 

increases beyond the effective scope of the spring 

model, the pulse echoes are more likely to be scattered 

by the curvature surface of the roller and only partially 

received by the ultrasonic transducer, where the waves 

are summed as in the vector space, and the overall 

magnitude can be either greater or less than that   

of the incident pulse wave, according to Ref. [13]. 

Conversely, this phenomenon of “greater than one” 

does not violate the law of energy conservation as the 

total wave energy received by the transducer which 

is calculated using the sum of the energy of each echo 

wave, rather than using the energy of the overall wave 

vector. More information regarding the calculation of 

the energy of sound waves can be found in Ref. [36]. 

Thirdly, the shape of the dip is asymmetrical, which 

makes it difficult to identify the minimum oil- film 

thickness. In the current work, the middlemost point 

of the dip with a reflection coefficient of less than 

one is adopted for the symmetrical assumption of 

the contact. Consequently, the measured reflection 

coefficient (
m

R ) can be calculated using Eq. (4). 

With the measured reflection coefficient (
mea

R ), the 

reflection coefficient of the central oil-film thickness 

(
mea center

( )R h ) can be calculated using Eqs. (18) and 

(19), and the central oil film thickness (
center

h ) can be 

calculated using Eq. (2). For comparison, the oil-film 

thicknesses calculated by the FEM-aided method, ray 

model [20], and spring model [16] are also presented. 

Here, the reference spring model uses the overall 

reflection coefficient of the transducer (
mea

R ). 

Figure 16 displays the results under different load  

 

Fig. 14 (a) Raw ultrasonic data for period of time and (b) an enlarged view with commence and end time indicating moment transducer 
enters and leaves lubrication zone, respectively: (a) raw ultrasonic data and (b) enlarged view of contact zone. 

 

Fig. 15 Reflection coefficient recorded for (a) different loads at speed of 500 rpm and (b) different speeds at load of 1,000 N. 
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Fig. 16 Comparison of experimentally measured oil film thickness 
with EHL theoretical solution (Eq. (7)) for range of bearing 
load W and speed U. Dashed line represents EHL theoretical 
solution (Eq. (7)). 

and speed conditions. It can be observed that the 

reference spring model presents the most significant 

deviations from the theoretical EHL solution (Eq. (7)). 

Compared to the ray model, the proposed FEM-aided 

method can provide a decent improvement in terms 

of measurement accuracy.  

5.3 Error source discussion 

The method of integrating ultrasound simulation and 

EHL theory improved the measurement accuracy of 

the ray model. Figure 17 displays the results of the 

oil-film thickness of 20 measurements obtained using 

the FEM-aided method. 

To examine the reliability of the FEM-aided method, 

multiple measurements were performed. Figure 17 

displays the results of the 20 tests. Under the same 

test conditions, the theoretical value is calculated with 

the classical EHL model, and the measured value is 

obtained with the FEM-aided method as described 

above. The deviation of the measured value from 

the theoretical value is defined as the error. The error 

sources are the focus of the following discussion.  

It can be observed from Fig. 17 that errors exist 

between the two methods. The error sources can be 

discussed based on these aspects: 

1) The rectangular piezoelectric element is simplified 

as a line source in the finite element model to reduce 

computational cost. Therefore, there is an inherent  

 

Fig. 17 Result of oil-film thickness of 20 measurements using 
FEM-aided method. Dashed line represents EHL theoretical 
solution (Eq. (7)). 

simulation error between the three-dimensional and 

two-dimensional finite element models.  

2) There is an inherent error between the theoretical 

EHL theory and actual test. The bulk modulus dis-

tribution is based on an empirical equation, which is 

not accurate. Furthermore, the viscosity of the oil was 

assumed to be constant during the test. However, the 

temperature of the oil increased when the rig was 

operating at a higher speed. Therefore, the oil film 

would be thinner owing to the decrease in viscosity. 

This explains why the error of the measured value to 

the theoretical increased with speed. 

3) It can be observed that the measured oil-film 

thickness was always greater than the theoretical 

calculation values. This could have been caused by  

a certain deviation of the axis line of the roller and 

raceway during assembly; conversely, the mixed 

lubrication of the roller and raceway causes surface 

wear during the operation, which could also cause 

an error in the final result (to a certain degree).  

4) In our simulations and theoretical calculations, 

the surface roughness was not considered for simplicity; 

however, neglecting the surface roughness could result 

in an error in both the measured film thickness and 

theoretical value [37].  

5) The effect of rheology was not considered in this 

study. Rheology can influence the pressure distribution 

in the contact zone and alter the distribution of the 

bulk modulus [30]. Based on Eq. (2), the accuracy of 
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the film thickness calculation is influenced. 

6) The complex curvature of the deformed surfaces 

of the roller and raceway could not be completely and 

accurately established; in the simulation process, 

the elastic contact deformation between the roller    

and raceway was equivalent to the elastic contact 

deformation between an equivalent cylinder and    

a rigid plane. However, the actual deformation is 

considerably more complex and typically requires   

a sophisticated numerical solution; therefore, the 

deformation discrepancy from the assumptions made 

in the present work could introduce film-thickness 

measurement errors. These issues will be explored 

further in future research. 

7) The large size of the sensor compared with the 

contact zone could cause a large deviation from 

the central film thickness with respect to the spatial 

resolution. The quantitative influence on this 

relationship should be further analyzed. 

6 Conclusions 

In this work, an FEM-aided method was proposed 

to improve the spatial resolution of the thickness 

measurement of the oil film in a roller bearing. First, 

a two-dimensional finite element model was established 

to simulate ultrasonic wave propagation in a parallel 

steel–oil–steel interface. By comparing the reflection 

coefficient obtained by the theoretical calculation 

with that obtained by simulation, the effectiveness of 

the FEM method was verified. Then, the FEM method 

was applied to a roller–raceway contact; the simulation 

results demonstrated that the errors of the ray model 

derived from geometric scattering and the distribution 

nonuniformity of the oil bulk modulus. With the FEM 

employed again in a roller–raceway under EHL, an 

accurate relationship between the objective variable of 

the central oil-film thickness and reflection coefficient 

(directly measured by the embedded ultrasonic 

transducer) was established. Experimental results 

with varied loads and speeds demonstrated that the 

proposed FEM-aided method enabled highly accurate 

measurements of oil-film thickness (as compared 

with the conventional ray and spring models)     

by demonstrating acceptable agreement with the 

theoretical values.  

In future research, it is necessary to establish an 

actual and accurate roller–raceway contact model 

and consider the influence of the roughness and 

rheological properties of lubricant oil on the 

measurement results. The effect of surface roughness 

and rheology could have also caused errors in the 

proposed method. Their influence will be evaluated 

in a future study. Furthermore, the influence of the 

transducer width on the simulation measurement 

results must be further analyzed. In addition, a study 

of the optimal element size is required to balance the 

measurement accuracy and computational cost. 
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