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Abstract:    Wire race ball bearings have been widely used in high-tech weapons. The preload of a wire race ball bearing is crucial 
in engineering applications. In this study, a more effective approach is proposed for exact determination of the wire race ball 
bearing preload. A new mathematical model of the preload and the starting torque of the wire race ball bearing was built using the 
theorem of the 3D rolling friction resistance and the non-conforming contact theory. Employing a wire race ball bearing with a 
1000 mm diameter used in a specific type of aircraft simulating rotary table, the numerical analysis in MATLAB® showed that the 
preload magnitude can be controlled in the range of 130–140 μm. As verification, the experimental results were in agreement with the 
theoretical results, and confirm the feasibility of this method. This new approach is more exact in the preload range of 10–158 μm than 
that computed by the numerical method reported in our previous work (Shan et al., 2007b). This implies that the present method 
contributes to more effectively preventing rolling noise, overturning moments and wear of the wire race ball bearing. The current 
research provides critical technical support for the engineering application of wire race ball bearings with large diameters. 
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1  Introduction 
 

In the last 10 years the wire race ball bearing has 
been extensively used in the field of high-tech wea-
ponry because of its low inertia, high rigidity, high 
precision, and average effect of errors and uniform 
temperatures (Shi, 2004; Fan, 2005). The preload of a 
wire race ball bearing plays a very important role in 
engineering applications (Shan et al., 2007a). The 
traditional method for adjusting the preload is to ad-
just the thickness of the shims by trial and error, the 
process of which relies heavily on personal experience 
and skill of the engineers. The traditional method 

inevitably leads to rolling noise, overturning moments, 
and wear. 

To overcome the above problems, Shan et al. 
(2007b) developed a numerical method based on the 
frictionless non-conforming contact theory to con-
struct the preload magnitude range of the wire race 
ball bearing. Even with this method, because the 
preload range is too wide, determining preload re-
mains a challenge, and to an ongoing extent, engi-
neers still have to adjust the thickness of the shims by 
trial and error. In fact, the friction torque in the 
Hertzian contacts depends upon the preload to a con-
siderable extent (Poritsky et al., 1947). It is well 
known that the rolling of a ball is a cyclical process, 
as the stress field resulting from the ball contact 
moves with the ball (Drutowski, 1959; Williams, 
2005). The equilibrium rolling force increases rapidly 
once the contact stress becomes large enough to cause 
plastic deformation on initial rolling (Drutowski, 
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1959; Willner, 2004). Accordingly, the above factors, 
including the normal contact load, the tangential fric-
tion, the contact stress field, and even the ball and race 
materials and the surface finish are directly associated 
with the friction torque of a wire race ball bearing. In 
fact, the friction torque of a wire race ball bearing is 
of significant importance and interest (Jones, 1952; 
Drutowski, 1959; 1962; Drutowski and Mikus, 1960). 
Therefore, the preload problem of a wire race ball 
bearing should be treated as a non-conforming rolling 
contact problem with friction. 

The objective of this work is to explore a more 
effective approach for more precisely and accurately 
determining the preload of a wire race ball bearing. 
Based on the theories of both the rolling friction re-
sistance and the non-conforming contact, the math-
ematical model incorporating starting torque and 
preload magnitude will be presented as follows. As an 
example, a wire race ball bearing is used in a specific 
type of aircraft simulating rotary table (Fig. 1) for the 
modeling and experimental verification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2  Mathematical modeling 

2.1  Wire race ball bearing kinematics 

It is well known that rolling friction is a complex 
problem and many factors may affect the value of 
rolling friction (Zhu and Yu, 2003). From the aspect 
of the energy loss, the primary friction losses in a wire 
race ball bearing consist of: (1) sliding friction losses 
in the contacts between the rolling elements and the 
raceways; (2) hysteresis losses due to the damping 
capacity of the raceway and the ball material; (3) 
sliding friction losses between the separator and its 
locating race surface and between the separator 

pockets and the rolling elements (Anderson, 1964). It 
is impossible, however, to take all factors into account 
during mathematical modeling. Hence, several as-
sumptions are needed during the modeling procedure: 
(1) the case of dry friction is considered. Therefore, 
the viscous friction due to the lubrication was ignored; 
(2) the contact friction between the cage and the balls 
is ignored for its uncertainty and complexity; (3) the 
relative movement between balls and wires is re-
garded as the pure rolling at the start of revolution. 
Namely, the sliding friction between the contact 
bodies is assumed to be negligible; and, (4) it is as-
sumed that the coefficient of rolling frictional resis-
tance does not change with the normal contact pres-
sure between balls and wires. 

Accordingly, by treating the contact model as a 
quasi-static model associated with the rolling resis-
tance (Lamon et al., 2004), the contact bodies (the 
ball and the wire) are mainly subjected to a normal 
contact load P, and a relative motion trend caused by 
a horizontal force Fv. In this case, contact deformation 
between the ball and the wire occurs. The contact 
point is expanded into a contact zone A (Fig. 2a). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Thus, the rolling frictional resistance moment of 

couple Mr, the frictional force fs, and the normal re-
action force FN in relationship to each other can be 
obtained (Fig. 2b). Therefore, according to the theo-
rem of rolling frictional resistance, Mr is proportional 
to FN. It can be expressed as 

 
Mr=ξFN,                            (1) 

 
where ξ is the coefficient of rolling frictional resis-
tance (m), which relates the normal contact force to 

Fig. 1  Wire race ball bearing used in aircraft simulating 
rotary table 
(a) Simulating rotary table; (b) Sketch of the wire race ball
bearing 
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Fig. 2  Sketch of the rolling frictional resistance 
(a) Rolling contact zone; (b) Moment of rolling frictional 
resistance couple 
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the rolling frictional resistance torque (Samper et al., 
1999); Mr is the moment of rolling frictional resis-
tance couple (N·m); and FN is the normal contact 
force (N). 

It is worth emphasizing that the exact value of ξ 
should be determined by the experiments. It will be 
described in Section 3. 

Consequently, Fig. 3 illustrates the schematic 
drawing of the contact status. Fig. 4 shows the 
equivalent drawing of the space force couple for the 
contact between one ball and four wire races. From 
Fig. 4, the moment of rolling frictional resistance 
couple at the jth contact point on the ith ball, Mrij, can 
be described as 

 
Mrij=ξFij,                                   (2) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

where i and j are integral numbers, 1≤i≤Z (Z denotes 
the number of balls), 1≤j≤4; and Fij denotes the con-
tact force at the jth contact point on the ith ball. 

2.2  Bearing torque 

The total equivalent frictional moment of couple 
for the bearing, Mzr, can be obtained: 

 
4 4

r r
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where α denotes the contact angle of the bearing (rad); 
Mzrij is the equivalent moment of rolling frictional 
resistance couple at the jth contact point on the ith ball 
(N·m). 

Therefore, according to the relationship between 
the contact load and the contact deformation derived 
by Johnson (1985), the descriptions of the frictional 
starting torque for the wire race ball bearing, Ms, 
concerning the contact forces and the contact defor-
mation at four contact points can be obtained as 

 
Ms=Mzr=ξZ(F1+F2+F3+F4)cos α,        (4) 

 
where Fj (1≤j≤4) denotes the contact force at the jth 
contact point (N), F1=Kiδ1

3/2, F2=Kiδ2
3/2, F3=Koδ3

3/2, 
F4=Koδ4

3/2, δj (1≤j≤4) denotes the contact deformation 
at the jth contact point (m). The stiffness coefficients 
Ki and Ko are: 
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The specific definition of the parameters E*, Rei, Reo, 
F2i(e) and F2o(e) are given in our previous work (Shan 
et al., 2007b). 

Owing to considering the starting torque of the 
bearing, the external axial load, Fa, is zero. Accord-
ingly, the following equilibrium equation can be ob-
tained: 

 
Z(F1sin α−F2cos α)+Go=0,                 (7) 

 
where Go is the gravity of the outer framework (N), 
and F1=F3, F2=F4. 
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Fig. 3  Schematic drawing of the contact status 
Fj (1≤j≤4) is the contact force at the jth contact point (N), and
α denotes the contact angle (rad) 

Fig. 4  Equivalent drawing of the space force couple for
the contact between one ball and four wire races 
Fj (1≤j≤4) is the contact force at the jth contact point (N); FNj
(1≤j≤4) is the contact reaction force at the jth contact point
(N); fj (1≤j≤4) is the frictional force at the jth contact point
(N); and α is the contact angle (rad) 
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Therefore, according to Eqs. (4) and (7), the 
contact forces are 
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Finally, according to the definition of preload 

magnitude given in our previous work (Shan et al., 
2007b), the relationship between the preload magni-
tude and the frictional starting torque can be ex-
pressed as 
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The validity of this mathematical model is veri-

fied by experiment as follows. 
 

 
3  Experimental  
 

A wire race ball bearing with a diameter of ap-
proximately 1000 mm diameter was used in a specific 
type of aircraft simulating rotary table. The bearing 
was fixed on the experimental platform (1600 mm 
×2500 mm). Table 1 lists the geometry and material 
properties of the bearing. Fig. 5 shows the diagram-
matic sketch of the measurement system for the 
starting torque. In this figure, the computer, in fact, 
refers to the process of the numerical programming 
and solving. 

It is widely known that the most common fin-
ishing operation of shims is mechanical grinding with 
abrasives. Therefore, the 24 pieces of shims 
(fan-shaped, angle of the sector is 15o, as shown in 
Fig. 6) were simultaneously ground on a surface 
grinding machine. The preload magnitude of the 
bearing was controlled by grinding the two surfaces 
of the shims. The different thicknesses of the shims 

corresponded to the different preload magnitudes 
(Their relationship will be discussed in Section 4). 
The measures of the starting torque at different pre-
loads were obtained. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig. 7 shows the experimental measuring system 

of the starting torque. The force transducer 
(CLF2-L2-500 kg, Liye Sensor Co. Ltd., China) was 
fixed on the outer frame of the wire race ball bearing. 
The signal of the force transducer was inputted into 

Table 1  Geometry and material properties of the bearing 

Parameter Value 

Pitch diameter of the bearing (mm) 889.6 
Number of balls 90 
Diameter of the wire race (mm) 3.0 
Diameter of the ball (mm) 14.288 
Contact angle of the bearing (rad) π/4 
Modulus of the wire race (GPa) 219.4 
Modulus of the ball (GPa) 208 
Poisson’s ratio of the wire 0.3 
Poisson’s ratio of the ball 0.3 
Material of the wire T8MnA 
Material of the ball GGr15 
Rockwell C hardness of the wire 51 
Rockwell C hardness of the ball 67 
Gravity of the outer framework (N) 806.27 

Wire race ball 
bearing

Experimental bench
Experimental 

dada

Dynamometer

Output graphs

Computer

Measured by 
the multipoint 

method

 Force transducer

Fig. 5  Diagrammatic sketch of the measurement system 
for the starting torque 
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Fig. 6  Sketch map of a shim 
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the digital dynamometer (CL-2, Xinheng Electronic 
Technology Co. Ltd., China). The values of the force 
can be digitally displayed and directly recorded. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition, a point worth emphasizing is that the 

multipoint measuring method and the arithmetical 
method was employed during the experiments to the 
minimize errors deriving from two aspects: (1) the 
error resulting from the machining; (2) the error 
caused by the inhomogeneous deformation of the 
wires. 

 
 

4  Results and discussion 

4.1  Experimental results 

A numerical program was developed in MAT-
LAB®, based on the above mathematical model, the 
parameters in Table 1 and the experimental data. 
Hence, the nonlinear relationship among the starting 
torque, the preload magnitude and the coefficient of 
rolling frictional resistance were obtained (Fig. 8). 

From Fig. 8, one can see that the starting torque 
increases nonlinearly with the preload magnitude, and 
that the coefficient of rolling frictional resistance has 
a prominent nonlinear influence on the starting torque. 
In fact, this result is in good agreement with current 
engineering practice.  

Table 2 shows the experimental data with respect 
to the preload, the starting torque and the contact 
loads between the contact bodies. It is worth men-
tioning that as long as the bolts are used to impose a 

preload during the experiments, it is probable that a 
misalignment or overturning moment of the bearing 
can occur when an inexperienced operator is assem-
bling the wire race ball bearing. To overcome the 
experimental error in this regard, the bolts should be 
tightened evenly and symmetrically using a torque 
spanner. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thus, the experimental starting torque can be 

presented as follows: 
 

Msn=2ξZ(F1n+F2n)cos α+Mu,             (11) 
 

where n is the group number of the experimental data, 
1≤n≤9; Msn, F1n and F2n denote the experimental 
starting torque and the contact loads listed in Table 2; 
Mu presents the frictional resistance torque caused by 
the unconsidered factors in the developed mathe-
matical model. Incidentally, during the experiments, it 
was necessary to consider why the starting torque of a 
wire race ball bearing is higher than the running 
torque. In fact, according to the definition of the 
rolling frictional moment of the couple, it can be 
shown that the roller is in the critical state of equilib-
rium at the moment of starting. Simultaneously, the 
rolling frictional moment of a couple reaches its 
maximum. Therefore, the starting torque of the wire 
race ball bearing is higher than the running torque. 

To minimize errors, the method of grouping and 
the arithmetical method were proposed during proc-
essing experimental data. Therefore, the coefficient of 
rolling frictional resistance can be defined as follows: 

Fig. 7  Experimental measuring system of the starting 
torque 

a: dynamometer; b: wire race ball bearing; c: rotating disc; d:
steel channel beam; e: force transducer; f: experimental bench

ac bdef

Fig. 8  Theoretical relationship among the starting torque, 
the preload magnitude and the coefficient of rolling fric-
tional resistance 
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Furthermore, the frictional resistance torque 
caused by the unconsidered factors in the developed 
mathematical model can be obtained: 

 

( )u s 1 22 cos ,M M Z F Fξ α= − +             (13) 

 

where sM  is the mean value of the measured bearing 

torques, and 
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the mean values of the contact loads F1 and F2, and 
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Accordingly, the coefficients of rolling frictional 
resistance ξ and the frictional resistance torque caused 
by the unconsidered factors during modeling Mu can 
be obtained (Table 3). 

 
 
 
 
 
 
 
 

 

 
Fig. 9a illustrates the theoretical and experi-

mental curves of the relationship between starting 
torque and preload magnitude. From Fig. 9a, it is 
determined that: 

1. The starting torque increases with the increase 
of the preload magnitude. 

2. The experimental curve is an S-shaped curve. 
It reveals that the complex contact deformation be-
haviors (elastic, elastic-plastic and plastic) occur in 
the interacting surfaces between the wires and the 
balls (Kogut and Etsion, 2002; Gao et al., 2006; Ja-
mari and Schipper, 2006; 2007). 

3. The friction loss in rolling was believed to be 
required to overcome the interfacial slip which  

Table 3  Results of the coefficients of rolling frictional re-
sistance and the frictional resistance torque 

Parameter Value Parameter Value 
I
sM  (N·m) 26.3600 II

sM  (N·m) 75.1440
I I

1 2F F+  (N) 691.5500 II II
1 2F F+  (N) 4425.3220

sM  (N·m) 53.4622 Mu (N·m) 17.3245
ξ (×10−4 m) 1.0265   

Table 2  Theoretical and experimental results with respect to the preload magnitude 

Theoretical result Experimental
result h  

(mm) 
δ (μm) F1 (N) F2 (N) δ1 

(μm) 
δ2 

(μm)
δ3 

(μm)
δ4 

(μm)
P01 

(GPa)
P02 

(GPa)
P03 

(GPa)
P04 

(GPa) 
Msc 

(N·m) 
Mbm 

(N·m)
Msm 

(N·m)
3.99 10     45.93     58.60   3.25   3.82   3.25   3.82 2.504 2.716 2.504 2.715  1.37 17.33  0.01
3.98 20   141.17   153.84   6.87   7.27   6.87   7.27 3.640 3.746 3.640 3.746  3.85 21.19  3.86
3.96 40   410.76   423.43 14.00 14.29 14.00 14.28 5.197 5.250 5.197 5.250 10.90 29.62 12.30
3.94 60   759.91   772.56 21.10 21.33 21.10 21.33 6.380 6.415 6.379 6.415 20.02 37.30 19.97
3.92 80 1173.36 1186.03 28.18 28.39 28.18 28.38 7.374 7.401 7.373 7.400 30.83 42.43 25.11
3.90 100 1642.34 1655.01 35.27 35.45 35.26 35.44 8.249 8.270 8.248 8.269 40.81 51.73 34.41
3.88 120 2160.90 2173.57 42.35 42.51 42.34 42.51 9.039 9.057 9.038 9.056 50.63 75.31 57.99
3.86 140 2724.69 2737.36 49.42 49.58 49.42 49.57 9.765 9.780 9.764 9.779 71.36 99.40 82.08
3.84 160 3330.34 3343.01 56.50 56.64 56.49 56.64 10.441 10.454 10.440 10.453 87.19 106.85 89.53

h: shim thickness; δj (1≤j≤4): contact deformation at the jth contact point; P0j (1≤j≤4): the maximum Hertz stress at the jth contact point; Msc: 
calculated bearing torque; Mbm: measured bearing torque; Msm: measured starting torque 
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occurs because of the curved shape of the contact area. 
Therefore, this S-shaped experimental curve indicates 
that the rolling resistance results from not only the 
elastic hysteresis losses in the metal, but also from the 
friction due to interfacial slip. Nevertheless, the fric-
tion and the resultant bearing torque that arises from 
gross sliding, that is, spinning of the ball on the race, 

is far greater than the loss due to hysteresis effects. 
4. The results of experimental rolling frictional 

torque are in good agreement with the theoretical 
predictions. This demonstrates the feasibility of the 
present mathematical model.  

Fig. 9b shows the relationship between the 
bearing torque and the contact loads. Fig. 9c provides 
an example of the maximum Hertz contact stress at 
the contact point No. 2. From Figs. 9a and 9b, the 
distributions of the curves are also S-shaped. These 
results demonstrate that the plastic deformation is 
always yielded by repeated loads and high local 
stresses (Willner, 2004; Williams, 2005). 

In practice, to meet the requirement of this type 
of aircraft simulating rotary table, including high 
rigidity, high precision and high capability against 
overturning, the starting torque is often controlled in 
the range of 90–100 N·m. The corresponding preload 
magnitude is 130–140 μm (Fig. 9b). The preload 
magnitude obtained by our previous numerical 
method, however, is 10–158 μm (Shan et al., 2007b). 
As the range of 130–140 μm is narrower, this implies 
that the present method can more effectively prevent 
rolling noise, overturning moments and wear of the 
wire race ball bearing. This further demonstrates that 
the present method can more exactly control the 
preload of the wire race ball bearing. 

4.2  Post test inspection 

After the experiments, a conforming groove was 
observed around the circumference of the wire race-
ways. Fig. 10 illustrates a scanning electron micro-
scope (SEM) picture of the contact indentation on the 
contact surface of a wire race. From Fig. 10, one can 
conclude that plastic deformation occurred in the 
contact zones of wire races. The plastic deformation 
can change the geometry of the contacting surfaces, 
and hence, the load transfer ratios and contact 
stresses. 

In applied engineering, the contact stresses be-
tween the wire races and balls increase with increas-
ing normal contact loads. The plastic deformation 
occurs with elastic deformation. In addition, the 
plastic deformation will cause residual stress in the 
contact zone. The resulting residual stress can prevent 
further plastic deformation (Johnson, 1985). There-
fore, to some extent, the plastic indentation contrib-
utes to defense and preservation of the contact bodies. 

Fig. 9  Theoretical and experimental results regarding the
relationship between bearing torques and the preload
magnitude, contact loads, and the maximum Hertz stresses 
(a) Theoretical and experimental bearing torques vs. the preload 
magnitude; (b) Experimental bearing torques vs. contact loads; 
(c) Experimental bearing torques vs. the maximum Hertz
stresses of the contact point. Msc: calculated bearing torque; 
Mbm: measured bearing torque; Msm: measured starting torque
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5  Conclusions 
 

1. In this paper, a more effective approach for 
exactly determining the preload of a wire race ball 
bearing was explored. A new mathematical model of 
the preload and the starting torque of the wire race 
ball bearing was developed, based on the 3D rolling 
friction resistance and the non-conforming contact 
theory. 

2. The analytical results obtained by a numerical 
computation in MATLAB® and the experimental 
results showed that the preload magnitude can be 
controlled in the range of 130–140 μm by the present 
method. This is more precise than the preload range 
10–158 μm achieved by a previous numerical method, 
and can more effectively prevent from rolling noise, 
overturning moments and wear of the wire race ball 
bearing. 

3. This work provides significant theoretical and 
experimental supports for the engineering application 
of the wire race ball bearing with a large diameter in 
aircraft simulating rotary table. 
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APPENDIX A 
 

Due to the referee’s suggestions, authors supply 
the detailed explanation for Eq. (1) and Fig. 2 here. 

The contact model between the ball and the wire 
race can be treated as a quasi-static model associated 
with the rolling resistance. The contact bodies are 
mainly subjected to a normal contact load P, and a 
relative motion trend caused by a horizontal force Fv. 
Fig. A1 shows the sketch of the force diagram for a 
ball. In this case, contact deformation between the 
ball and the wire occurs. The contact point is 
expanded into a contact zone A, as illustrated by 
Fig. A2a. Fig. A2b shows the simplified force and the 
moment of rolling resistance couple. 

 
 
 
 
 
 
 
 
 

 
Thus, the rolling frictional resistance moment of 

couple Mr, the frictional force fs, and the normal 
reaction force FN in relationship to each other can be 
obtained, as shown in Fig. A2c. To better understand 
this point, Fig. A3 shows the ketch of the physical 
meaning for the coefficient of rolling frictional 
resistance. From Fig. A3, it can be found that the 
coefficient of rolling frictional resistance, ξ, relates 
the normal contact force to the rolling frictional 
resistance torque, and has units of length (Samper et 
al., 1999).  

Therefore, according to the theorem of rolling 
frictional resistance, the relationship between the 
 

 
 
 

moment of rolling resistance couple, Mr, and the 
normal contact force, FN, was expressed as 

 
Mr=ξFN,                                    (1) 

 
where ξ is the coefficient of rolling frictional 
resistance (m), which relates the normal contact force 
to the rolling frictional resistance torque, and has 
units of length (Samper et al., 1999). 
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Fig. A1  Sketch of the force diagram for a ball Fig. A2  Sketch of the rolling frictional resistance 
(a) Contact deformation zone; (b) Simplified force and the 
moment of rolling resistance couple; (c) Decomposition of 
force 
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