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Abstract: The sliding-rolling mixed motion behavior degrades the ball screw’s precision at different levels. Based on the 
sliding-rolling mixed motion between ball and screw/nut raceway, the ball screw’s precision loss considering different 
given axial loading and rotational speed working conditions was investigated. Since creep and lubrication relate to sliding 
and rolling motion wear, the creep and lubrication characteristics are analyzed under different working conditions. Besides, 
the precision loss was calculated considering the sole influence of sliding behavior between ball and screw and compared 
with the results from other current models. Finally, research on precision loss owing to the sliding-rolling mixed motion 
behavior was realized under given working conditions, and suitable wear tests were carried out. The analytical results of 
precision loss are in good agreement with the experimental test conclusions, which is conducive to better predicting the 
law of precision loss in stable wear period. 
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1 Introduction 
 

As driving functional components, ball screw 
mechanisms (BSMs) are among the most used 
components for precision equipment in various 
fields, such as machine tools [1]. The decline of the 
BSM precision level can restrict the accuracy level 
of precision equipment. Precision retention of ball 
screw refers to the ability to maintain precision at a 

certain precision level under specified operating 
conditions and times. However, the sliding-rolling 
mixed motion behavior influences the ball screw’s 
precision degradation at different degrees. Studies on 
BSM precision loss include precision degradation 
basics and analysis of precision degradation, 
revealing the law of precision degradation. 

The basics of the BSM precision degradation 
include statics, kinematics [2−4], and dynamics [1, 
5]. LIN et al [2] proposed the basic kinematic  
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analysis method for ball screws. Further, WEI et al 
[3] improved the ball screws kinematic model based 
on LIN’s model by considering the effect of contact 
angle and elastic contact deformation on kinematics. 
The kinematics model [2] was applied to the 
optimization analysis of BSM transmission 
efficiency by LIN et al [4], and WEI et al [6] 
extended the transmission efficiency optimization 
model of the BSM based on LIN’s work. By 
considering the influence of preload and lubrication 
on contact kinematics, WEI et al [7] selected the 
preload-adjustable BSM as the research object. 
YANG et al [1] and LIU et al [5], respectively, 
studied the BSM feed dynamics control and dynamic 
performance optimization. Moreover, CHEN et al  
[8] established BMS’s contact stiffness considering 
the impact of the contact angle and helix’s rise angle 
on dynamics. 

Besides, ZHAO et al [9], ZHEN et al [10], and 
LIN et al [11] studied the contact load distribution by 
considering the motion torque and geometric error. 
KANG [12] designed a series of experiments to 
detect the BSM friction torque models. Through 
creep analysis, XU et al [13] proposed a novel ball 
screw friction torque model. By considering the 
impact of preload on friction torque, ZHOU et al [14] 
selected the preload-adjustable BSM as the object of 
their experimental investigation. Finally, WEI et al 
[15] and KAMALZADEH et al [16] revealed the 
effects of preload and elastic deformation on the 
BSM wear rate. 

At present, studies on BSM precision 
degradation are mainly performed from the 
perspective of sliding wear. According to the ball 
screw kinematics analysis results, there are two types 
of motion in BSM, rolling and sliding [14, 17, 18]. 
Based on ARCHARD’s [19] model, WEI et al [15], 
ZHOU et al [20], LIU et al [21], CHENG et al [22], 
and ZHOU et al [23] studied the BMS wear. ZHOU 
et al [20] and LIU et al [21] studied the screw 
precision degradation rate in line with wear model, 
and the BSM precision degradation due to wear 
result under time-varying working conditions was 
studied by CHENG et al [22]. The BSMs wear 
coefficient was obtained by ZHOU et al [23] through 
design experiments. LIU et al [24] developed a 
compensation method for thermal error. By detecting 
the motor current and the vibration signal of BSM, 
NGUYEN et al [25] realized the preload monitoring. 
CHENG et al [26] established the attenuation model 
of machine tool accuracy, considering the decline of 

transmission components accuracy. Then, CAI et al 
[27] and CHENG et al [28, 29] described the 
coordinate transformation relationship between two 
adjacent bodies in a multi-body system and 
established an accuracy prediction model for the 
vertical machining center [30, 31]. Moreover, the 
research results can be applied to the accuracy 
prediction of various machine tools. 

Despite the progress, the degradation law of the 
ball screw’s positioning precision considering the 
effects of the sliding-rolling mixed motion behavior 
has not been studied, as well as the BSM precision 
degradation and its precision loss rate due to sliding-
rolling mixed motion behavior. In order to update the 
study of precision loss, the BSM sliding-rolling 
mixed motion behavior considering given axial 
loading and rotational speed working conditions was 
studied in this paper. Furthermore, the BSM 
precision degradation and BSM precision loss rate 
were also gained in the light of the sliding-rolling 
mixed motion behavior in this study. 
 
2 Ball screw mechanisms creep rate 
 

Creep analysis is the basis for resolving the 
problem of the BSM rolling contact, including the 
BSM rolling friction [13] and the BSM rolling 
contact wear [32, 33]. This paper uses the BSM 
coordinate system shown in Figure 1 [13, 22]. 

O-XYZ is the global coordinate system, and  
Ob-TNB is the free coordinate system. Both S−xsyszs 
and N−xnynzn are local coordinate systems. For the 
meaning of other parameters in the figure, refer to 
the Nomenclature. 

The creep rate of ball and nut along the xn and 
yn direction, i.e., ςxn and ςyn, according to KALKER’s 
linear creep [31], is expressed as follows: 

 
 n b n N n b Nx x x                         (1a) 

 
 n b n N n b Ny y y                         (1b) 

where b nx   and b ny   are the components of ball 
spin angular velocity ωbr in the xn and yn directions, 
respectively. ωbr was obtained [34, 35]: 
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Therefore, ωb−xn and ωb−yn can be written as:  
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Figure 1 BSM global-contact coordinate system and 

transformation relationship between coordinates O-XYZ, 

Ob-TNB, S−xsyszs and N−xnynzn 

 
   n n n n b ncos sinb x i r                  (3a) 

 
 b n n ty ir                             (3b) 

 
The components ωN−xn and ωN−yn of nut’s 

angular velocity ωN in the xn and yn directions, 
respectively, are as follows:  

 N n N n ncosx iR r                       (4a) 
 

N n 0y                                 (4b) 
 

The rolling speed between the ball and nut, ωb−N 
is:  

   2 2
b N b n b n N n N n

1

2 x y x y               (5) 
 

In the equations above, δni is the contact 

deformation between the i-th ball and the nut, 
expressed as follows:  
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E r
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 

                  (6) 

 
where χGSni (see Table 1) is the correction factor in 
the Hertz contact equation. 
 

Table 1 Initial parameters of BSM 

Parameter Value 

Nominal diameter of BSM/mm 50 

Ball diameter/mm 6.75 

Nut track curvature radius, rn/mm 3.673 

Screw track curvature radius, rs/mm 3.673 

Contact angle/(°) 45 

Helix angle/(°) 4.17 

Helical pitch/mm 12 

Tested length of the screw/mm 300 

Axial length of nuts/mm 80 

Number of balls 136 

Circle’s number×column’s number 2.5×2 

Raceway curvature ratio 0.2725 

Hardness of screw or nut (HRC) 62 

Hardness of ball (HRC) 63 

Elastic modulus/GPa 205 

Poisson ratio 0.3 

Correction factor (χGSsi, χGSni) 1 

Mean square of ball roughness/μm 2.2 

Mean square of screw roughness/μm 2.3 

Mean square of nut roughness/μm 2.3 

Lubrication mode Grease 

Viscosity of lubricant (25 °C)/(Pa∙s) 0.04 

Pressure-viscosity coefficient/(m2∙N−1) 2.2×10−8

Temperature-viscosity coefficient/K−1 4.7×10−3

Boundary wear coefficient, Kbl 3.2×10−11

 
ωn, ωb and ωt are given as:  

n br sin                              (7a) 
 

b br cos cos                           (7b) 
 

t br cos sin                            (7c) 
 

ωN is nut’s angular velocity, expressed as: 
 

N scos cos
cos

R
r   


    
 

               (8) 
 

ςxn and ςyn are expressed as: 
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n n br n n2 ( ) (sin cos cos cos sin )x ir       
     
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br n N nsin sin cos )    
 

               (9a) 
 

 n n br2 ( ) cos sin /y ir        

 N n br n( )( cos cos cosiR r         

br n N nsin sin cos )                   (9b) 
 

Similarly, based on Ref. [33], the creep rates 
between the ball and screw in the xs and ys directions, 
ςxs and ςys, are expressed as: 
 

 s b s S s b Sx x x                         (10a) 
 

s b s S s b S( )y y y                        (10b) 
 
where ωb−S is the rolling speed between the ball and 
screw, given by 
 

   b S s n s b s s
1

cos sin cos
2 iR r                 

(11) 
 

The angular velocity components of ball or 
screw in the xs and ys directions, namely ωb−xs, ωb−ys 
or ωS−xs, ωS−ys, can be calculated as: 
 

   b s s n s b scos sinx i r                  (12a) 
 

 b s s ty i r                            (12b) 
 

 S s s scosx ir R                        (13a) 
 

S s 0y                                 (13b) 

 
where δsi is the contact deformation between the i-th 
ball and the screw, expressed as: 
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where rs is is the track curvature radii of the screw. 

Finally, ςxs and ςys are expressed as: 
 

s s s br s[2( )( cos sin cosx i r           

br scos cos sin ) ] / [R R        

( )( cos sin cos )]si n s b s sr               (15a) 
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(15b) 
 
3 Ball screw mechanisms lubrication 

analysis 
 

The lubricant film thickness and contact surface 
roughness have diverse degrees of influence on the 
wear coefficient [36]. Figure 2 shows the BSM 
lubrication analysis diagram. 

According to Ref. [7], the lubricant film 
thickness between the ball and the raceway hb−k can 
be written as follows: 
 

   
2 2

b cb b
1 2

, 0,0
2 2

k k
k k b k k k k

i j
h h e i j e

R R          (16) 

 
where hcb−k (k=s or n) is the contact center lubricant 
thickness between the ball and screw or the nut that  
can be obtained from Ref. [35]. R1 or R2 is the 

 

 
Figure 2 Lubricated contact status between ball and raceway   
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curvature sum of ball and screw or ball and nut, and 
eb−k (ik, jk) is the elastic deformation of ball and screw 
and that of ball and nut [37]. 
 

0.7 0.46 0.09
cb s b s b s b s2.385h U G W 
      

   b s b s s b scos cos 1 cosd D d D d            

(17a)  
0.7 0.46 0.09

cb n b n b n b n2.385h U G W 
      

   b n b n n b ncos cos 1 cosd D d D d            

(17b) 
 

1 b s

1 1 1

2R r D
                            (18) 

 

2 b n

1 1 1

2R r D
                             (19) 

 
where Ub−s and Ub−n are the dimensionless velocity 
between the ball and screw and that between the ball 
and nut [34]; Gb−s and Gb−n are the BSM material 
parameters and relate to the pressure-viscosity 
coefficient of lubricant, γ; Wb−s and Wb−n are 
dimensionless contact loading; Ds and Dn are the 
inner diameter of screw and that of the nut, 
respectively; E* is the equivalent elastic modulus of 
the ball and the raceway.  
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where ηvs and ηvn are the lubricant’s dynamic 
viscosity. The relationship between viscosity, 
pressure, and temperature is as follows[38]: 
 

   vs s s vs,0 s s vs,0, expi iF T F T T              (24a) 
 

   vn n n vn,0 n n vn,0, expi iF T F T T            (24b) 
 
where ηvs,0 is the lubricant’s viscosity at temperature 
Tvs,0; ηvn,0 is the lubricant’s viscosity at temperature 
Tvn,0; γ/λ is the pressure-viscosity coefficient of 

lubricant (Table 1); λ is the temperature-viscosity 
coefficient of lubricant (Table 1); Fsi and Fni are 
contact loadings between the i-th ball and screw and 
nut, respectively. 

Moreover, ub−s and ub−n are the average sliding 
velocity in S−xsyszs and N−xnynzn, respectively: 
 

   22
b s b s s s b s s s

1

2 x x y yu v v v v              (25a) 
 

   22
b n b n n n b n n n

1

2 x x y yu v v v v             (25b) 
 
where vb−xs and vb−ys are the components of the ball 
velocity in the xs and ys direction, respectively; vs−xs 
and vs−ys are the components of the screw speed in 
the xs and ys directions, respectively; vb−xn and vb−yn 
are the components of the ball velocity in the xn and 
yn directions, respectively; vn−xn and vn−yn are the 
components of the nut speed in the xn and yn 
directions, respectively. These terms are expressed as 
follows: 
 

b s b s n s b ssin cosxv v r r                   (26a) 
 

b s t ssinyv r                            (26b) 
 

b n b s n n b nsin cosxv v r r                   (27a) 
 

b n t nsinyv r                             (27b) 

 s s scos sinxv r W       

   ssin sin cos sinr W R W          (28a) 
 

 s s scos cosyv r W        

   ssin sin sin cosr W R W          (28b) 
 

 n n ncos sinxv r W        

   nsin sin cos sinr W R W          (29a) 
 

 n n ncos cosyv r W       

   nsin sin sin cosr W R W          (29b) 
 

In the above equations, the term vb−s is ball’s 
rotational speed relative to screw in the helical 
direction [3], given by 
 

b s n n b nsin cosv r r        

ncos cos
cos

R
r  


  
 

                 (30) 

 
By combining Eqs. (16a)−(18b), the minimum 

lubricant film thickness hminb−s and hminb−n can be 
written as: 
 

min b s 1 cb sh R h                            (31a) 
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min b n 2 cb nh R h                           (31b) 
 

In line with the minimum lubricant thickness 
and the mean square roughness of contact surface, 
this study introduced the parameter Φ to describe the 
BSM lubrication state as follows: 
 

min

2 2
b l

h
 




                           (32) 

 
where σb and σl are the mean-square roughness 
values of the ball and the raceway, respectively. 
When hmin=hminb−s and σl=σs, Eq. (32) expresses the 
lubrication parameter of ball and screw; when 
hmin=hminb−n and σl=σn, Eq. (32) is the lubrication 
parameter of the ball and nut. 

The roughness morphology and profile heights 
of the raceways and balls can be obtained through 
three-dimensional surface topography technique 
using a three-dimensional topography signal 
instrument. Figure 3 shows the measured micro-
morphology signal of the screw raceway, and  
Table 1 summarizes the mean-square value of the 
roughness. This paper assumes that the screw 
 

  
Figure 3 Three-dimensional micro-morphology signal of 

screw raceway: (a) 3D rough surface micro-morphology 

of screw raceway; (b) Profile height along y-direction of 

3D rough surface micro-morphology 

raceway and nut raceway have the same roughness 
value. Similarly, the mean square roughness value of 
the ball was also obtained. 

The relationship between the BSM wear 
coefficient kd and lubrication parameter Φ is as 
follows [37]: 
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 
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               (33) 

 
where kbl is the BSM wear coefficient under the 
boundary lubrication state (see Table 1). 
 
4 Precision degradation calculation 
 

According to the mixed motion analysis, this 
study calculates the BSM precision degradation for 
the sliding and rolling motion separately. 
 
4.1 Precision degradation due to sliding motion 

wear 
According to the Archard model [19], the 

sliding wear amount can be expressed as follows: 
     sw b s b s b n b nV t C V n C V n                 (34) 

 
where Cb−s and Cb−n are the total cycles of the ball 
and screw, and the ball and nut, respectively; Vb−s(n) 
and Vb−n(n) are the wear amount of the ball and screw, 
and the ball and nut, respectively, in one cycle.  

         1 2
b s b s b s b s b s

i MV n V t V t V t V t            

(35a)  
1 2

b b b b b( ) ( ) ( ) ( ) ( )i M
n n n n nV n V t V t V t V t            

(35b)  
where V1

b−s(t) and V1
b−n(t) are the wear amount of the 

first ball and screw and that of the first ball and nut 
during one cycle. 
 

       1
b s b s1 ss1 b s2 ss2 b s ssi iV t V t V t V t           

 b sM ssMV t                           (36a) 
 

       1
b n b n1 ns1 b n2 ns2 b n nsi iV t V t V t V t           

 b nM nsMV t                           (36b) 
 
where b s1 ss1 b sM ssM( ),  ,  ( )V t V t   are the wear 
amounts of ball and screw from tss1 to tss2, from tssi to 
tssi+1 and from tssM to tss1 in Eq. (37a); 

b n1 ns1 b nM nsM( ), , ( )V t V t    are the wear amounts of 
ball and nut from tns1 to tns2, from tnsi to tnsi+1 and from 
tnsM to tns1 in Eq. (37b): 
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

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







           (37b) 

 
where b s1 ss1( ),v t   ,   b sM ssM b n1 ns1( ) / ( ),v t v t    ,  

b nM nsM( )v t  are the wear amounts of ball and screw/nut 
at tss1, …tssi …tssM/tns1, …tnsi…tnsM in Eqs. (38a) and 
(38b). And Fs1, …, Fsi…, FsM/Fn1, …Fni …FnM are the 
contact loadings of each ball and screw/nut. 
 

 

 

s1
b s1 ss1 b s ss bs

b s

sM
b sM ssM b s ss bsM

b s

i
F

v t K l
H

F
v t K l

H

  


  


 



 


               (38a) 

 

 

 

n1
b n1 ns1 b n nn bn

b n

nM
b nM nsM b n nn bnM

b n

i
F

v t K l
H

F
v t K l

H

  


  


 



 


             (38b) 

 
where ss bs1,l   ss bs2 ,l   ,  ss bsMl   and nn bn1,l   

nn bn2 ,l   …, 
nn bnMl    are the screw and nut sliding 

distances relative to the 1st, 2nd, …, M-th ball. By 
taking the i-th ball as an example, one obtains: 
 

 

2
2bs s b

ss bs
bs bs ss

cos

1 2
i i

i
i i

R r L
l R

R v R

 




       
 

 
2

2
scos

2i
L

R r       
               (39a) 

 

 

2
2bn n b

nn bn
bn bn sn

cos

1 2
i i

i
i i

R r L
l R

R v R

 




       
 

 
2

2
ncos

2i
L

R r       
               (39b) 

 
where Rbsi and Rbni are the sliding-to-rolling ratios of 
the i-th ball and screw, and that of the i-th ball and 
nut, respectively. Based on Ref. [22], Rbsi and Rbni can 
be calculated: 
 

   bs n s n b n s2 sin sin cos cosR r r     


   


 

 

 

n n s n

b n s

cos cos sin sin
cos

1
cos cos cos

cos

R
r r

r R

     


    


         
     
 

 

   s n scos cos cos cos cosr R r          
 

(40) 
 

   bn b s n n s n2 cos cos sin sinR r r     


    


 

 n b s ncos cos cos cos
cos

R
r r     


        

 

 n s n nsin sin cos cos
cos

R
r r     


      

  
 

(41) 
 

By combining Eqs. (37a)−(41), one can 
calculate  2

b s ,V t
 …,  b s ,iV t

 …,  b s
MV t  and 

 2
b n ,V t   …,  b n ,iV t   …,  b n .MV t   Moreover, the 

sliding wear amount is obtained by bringing Eqs. 
(36a) and (36b) into Eqs. (35a), (35b) and (34). 
Based on Eqs. (34) and (36b), the sliding wear depth 
of ball and screw/nut is given as: 
 

     b s b s
sbs r

bs bs b s

C n V n
h n A

a b L
 





                (42a) 

 

     b n b n
sbn r

bn bn b n

C n V n
h n A

a b L
 





               (42b) 

 
where hsbs(n) and hsbn(n) are the screw raceway 
length and that of nut raceway; abs is the contact 
surface long half axes of ball and screw, and bbs is the 
contact surface short half axes of ball and screw; abn 
is the contact surface long half axes of ball and nut; 
bbn is the contact surface short half axes of ball and 
nut. The length of the raceway of the screw is 

b s s sin ,L L    and the length of the raceway of the 
nut is b n n / sin .L L    

According to Refs. [21, 39], the contact area can 
be established: 
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 

       

   

      
   
    

          (43) 

 
When k=s, Eq. (43) gives the contact area of ball and 
screw; when k=n, Eq. (43) gives the contact area of 
the ball and nut. 

The calculation of contact loading was 
demonstrated. MEI et al [40] established the 
calculation model for the BSM contact loading. 
ZHAO et al [9], ZHEN et al [10], and LIN et al [11] 
studied the contact load distribution by considering 
the motion torque and geometric error. By 
considering the preload, WEI et al [7] pointed out the 
contact state between ball and raceway under 
different preloads; furthermore, based on the contact 
state, LI et al [41] conceptualized the correlation 
among contact loading, axial loading, and preload. 
Based on Refs. [40], [7] and [41], this paper 
calculates the contact loading between the ball and 
screw/nut considering the preload attenuation. 

According to Refs. [7, 41], the contact state 
between ball and raceway can be represented as 
shown in Figure 4. In Figure 4(a), the axial loading 
is higher than 2.83 times of preload; in Figure 4(b), 
the axial loading is lower than 2.83 times of preload. 
When the axial loading almost equals the preload, 
BSM is not suitable for precision transmission [7]. 
Therefore, the study does not discuss this situation. 

In Figure 4(a), F1a is the total contact loading 
among balls, screw, and nut 1 raceway; F2a is the 
total contact loading among balls, screw, and nut 2  
raceway, and they can be written as follows: 
 

     
1a 2a a

2 2 2
1 1 1 1 13 3 3

p a p a p( ) ( ) 2 ( )L L R R L

F F F

F t F F t F F t

 



   

 (44) 

Similarly, F1a and F2a in Figure 4(b) are: 
 

     

 

1a 2a a

2 2 2
2 2 2 23 3 3

p a p p

2
2 2 3

a p

( ) ( ) ( )

    ( )

L L L R

R R

F F F

F t F F t F t

F F t

  
    





     (45) 

 
According to Ref. [40], Fsi and Fni (i=1, …, M) 

can be obtained as: 
 

  
Figure 4 Contact state: (a) Axial loading is greater than 2.83 times of preload; (b) Axial loading is smaller than 2.83 times 

of preload  
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1

s m s s
1

sin cos
i

i j j
j

F F P  




                  (46a) 

 
1

n m n n
1

sin cos
i

i j j
j

F F P  




                 (46b) 

 
where Fp(t) can be obtained from Ref. [42]. In 
contact state in Figure 4(a), when the ball contacts  
nut 1,  m 1a p ;F F F t   when the ball contacts nut 

2,  m 2a p .F F F t   In contact state in Figure 4(b), 

when the ball contacts nut 1,  m 1a p ;F F F t   

when the ball contacts with nut 2,  m p 2aF F t F   

For the detailed calculations, refer to Refs. [40, 7, 41, 
42]. 
 
4.2 Precision degradation due to rolling motion 

wear 
In the rolling motion contact area of ball and 

raceway, there are partial sliding and partial adhesion 
phenomena [32, 33]. Figure 5 shows a schematic of 
rolling motion contact of ball and screw/nut 
raceways. 

Based on Ref. [32], the rolling wear depth of 

single ball and screw is deduced: 
s

rbs bs rbs( )
iF

h k t
A




                        (47) 

 
where kbs is the dimension wear coefficient, 
kbs=kd/Hb−s; according to Eq. (44), A(ς)≈akbk/9; vrbs is 
the creep velocity.  

At time ti, the wear depth is given owing to 
rolling motion as: 
 

     s
rbs rbs 1 bs bs 1

s( )
i

i i bs i
x

F
h h t k S t S t

A        (48) 

 
where Sbs is the creep value in rolling motion contact. 

By combining Eqs. (47) and (48), the 
accumulative wear depth owing to rolling motion 
behavior in the xs direction can be obtained: 
 

 
s

s
A

s s s s s s ss
rbs rbs A bs rbs C

s

d ,   
( )

x
i

x

tx x x x x x xi
i it

x

F
h h t k v t t t

A 
      (49) 

 
where s

rbs
xv  is the sliding velocity between ball and 

screw in the xs direction given by: 
 

s s
rbs b s s
x x

xv v                              (50) 
 

In Eq. (50), s
b s
xv   is the average rolling velocity 

 

 
Figure 5 Rolling motion contact of ball and screw/nut raceway: Partial slip and partial stick regions   
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of ball and screw in the xs direction calculated by 
combining Eqs. (12a) and (13a). 
 

   s
b s s n s b scos sinx

iv r r          

  bs s scos 2irR r R                   (51) 
 

By combining Eqs. (49)−(51), Eq. (48) was 
deduced as: 
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In Figure 5, at contact point Axs, s

A 0,xl   and at 
contact point Cxs, s

C s2 .x
xl a  

By considering the rolling cycles number, s
rbs
xh  

is expressed as: 
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Similarly, the rolling wear depth in the ys 

direction can be obtained: 
 

   
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The term s

rbs
yv  is the sliding velocity between 

ball and screw in the ys direction, given by 
 

s s
srbs b s

y y
yv v                              (55) 

 
where s

b s
yv    is the average rolling velocity of ball 

and screw in the ys direction calculated by combining 
Eqs. (12b) and (13b) as:  
 

 s ts
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iy r r
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
                         (56) 

 
Similarly, the cumulative rolling wear depth of 

ball and nut in the xn and yn direction is obtained: 
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The sliding velocities of ball and nut in the xn 

and yn direction, i.e., n
rbn
xv   and n

rbn
yv   in Eqs. (57a) 

and (57b), can be calculated: 
 

n n
rbn b n n
x x

xv v                             (58a) 
 

n n
nrbn b n

y y
yv v                            (58b) 

 
where ςxn and ςyn are the creep rate of ball and screw 
in the xn and yn directions given by Eqs. (9a) and (9b), 

respectively. The terms n
b n
xv   and n

b n
yv    are the 

average rolling velocity of ball and nut in the xn and 
yn directions calculated according to Eqs. (3a), (4a), 
and Eqs. (3b) and (4b): 
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Considering the rolling cycles number and 

combining Eqs. (57a) and (57b), n
rbn
xh and n

rbn
yh  are 

given by Eqs. (60a) and (60b), respectively: 
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where  s

rbs 1xh n    and  s
rbs 1xh n    are the rolling 

wear depths of ball and nut in the xn and yn directions, 
respectively, when the number of the ball rolling 
cycles is (n1). In Figure 5, at contact point Axn, 

n
A 0;xl   at contact point Cxn, n

C n2 .x
xl a  At contact 

point Ayn, n
A 0,yl    and at contact point Cyn, 

n
nC 2 .y

yl a  
 
5 Analysis of BSM precision loss  
 
5.1 Working conditions on precision loss 

Figure 6 shows the flowchart of the whole 
calculation process. When the ball is at different 
phase angles, the creep rate between ball and 
screw/nuts varies with the operating conditions (i.e., 
axial loading and rotational speed). The BSM lead 
and raceway curvature ratios were obtained from 
Table 1. The variation of the creep rate with the axial 
loading can be investigated based on the creep 
calculation presented in Section 2; the rotational 
speed of the screw was set to 60 r/min, and the initial 
preload was set to 2500 N. Besides, the law of the 
BSM creep rate can be obtained considering the 
different axial loading conditions in Figures 7(a)−(d). 
Similarly, the BSM lead was 20 mm, and the 
raceway curvature ratio was 0.2725 based on   
Table 1. When the axial loading was set to 2000 N, 
and the initial preload was 2500 N, the creep rate was 
obtained considering the different rotational speeds   
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Figure 6 Flowchart of calculation process for BSM precision loss and precision loss rate 

 
in Figures 7(e)−(h). 

In Figures 7(a) and (b), the changing 
characteristics of the creep rate between the ball and 
the screw raceway are consistent with those of the 
contact angle. That is, the creep rate between the ball 
and the screw raceway decreases with reducing 
contact angle. Also, the creep rate decreases with the 
increase of the axial load. However, the contact angle 
θn between the ball and the nut raceway increases as 
the axial load increases. Therefore, in Figures 7(c) 
and (d), the changing characteristics of the creep rate 
between the ball and the nut raceway are also 
consistent with the changing characteristics of the 
contact angle. That is, the absolute value of the creep 
rate between the ball and the nut increases as the 
contact angle increases, and it became more 
significant as the axial load increases.  

In Figures 7(e)−(h), because of the ball spin 
angular velocity, the rolling speed between ball and 
screw/nut relates to the contact angle. When the 
rotational speed of the screw increases, the contact 
angle θs becomes larger. Therefore, in       
Figures 7(e) and (f), the changing characteristics of 
the creep rate between the ball and the screw 

raceway are consistent with the changing 
characteristics of the contact angle. That is, the creep 
rate between the ball and the screw enlarges as the 
contact angle increases. The performance result was 
that the creep rate increased with the increase of the 
screw rotation speed. However, the contact angle θn 
becomes small as the screw rotation speed increases. 
Therefore, in Figures 7(g) and (h), the changing 
characteristics of the creep rate between the ball and 
the nut raceway are also consistent with those of the 
contact angle. That is, the absolute value of the creep 
rate between the ball and the screw becomes smaller 
as the contact angle decreases. Also, as the screw 
rotation speed increases, the creep rate reduces. 
    Using KOC301 lubricant, the lubricant 
viscosities ηvs and ηvn can be calculated from    
Eqs. 24(a) and (b). According to Figures 8(a) and (b), 
both the rotational speed and the axial loading have 
certain influences on the minimum lubricant film 
thickness between ball and screw/nut. However, the 
influence of the rotational speed is more significant 
than that of the axial loading. Also, the minimum 
film thickness between the ball and nut is slightly 
larger than that between ball and screw, because with   
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Figure 7 BSM creep rates under rolling contact considering different axial loading conditions (a, b, c, d) and rotational 

speed conditions (e, f, g, h): (a, e) Ball and screw in xs direction; (b, f) Ball and screw in ys direction; (c, g) Ball and nut 

in xn direction; (d, h) Ball and nut in yn direction rates under rolling contact considering different rotational speed 

conditions   
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Figure 8 BSM minimum lubricant film thickness under 

different rotational speed and axial loading working 

conditions: (a) Minimum lubricant thickness between ball 

and screw; (b) Minimum lubricant thickness between ball 

and nut 

 
the increase of the rotational speed and centrifugal 
force, the minimum lubricant thickness between ball 
and nut was increased more than that between ball 
and screw. As the axial loading increases, the contact 
loading of the ball and screw/nut also increases. 
Therefore, the minimum lubricant film thickness of 
the ball and screw/nut reduces. 

In this study, when the ball moved from the ith 
ball position to the (i+1)th ball position, the sliding 
length of screw/nut relative to the original contact 
point is called the sliding distance. Axial loading and 
rotational speed have different degrees of influence 
on the sliding distance. When the initial preload was 
2500 N, by combining Eqs. (39a)−(41), the sliding 
distance of ball and screw/nut is obtained (see  
Figure 9) considering the effects of axial loading and 
rotational speed. 

According to Figure 9, both the axial loading 
and rotational speed of the screw have different 
degrees of influence on the BSM sliding distance. 
However, compared to the effect of axial loading on 
the sliding distance, the effect of the rotational speed 
is more significant. Also, the sliding distance on the 
screw is greater than that on the nut. The reason for  

 

 
Figure 9 BSM sliding distance at different rotational 

speed and axial loading working conditions: (a) Sliding 

distance between ball and screw; (b) Sliding distance 

between ball and nut 

 

this phenomenon is the transmission principle of 
BSM; that is, the movement of the screw drives the 
ball, and in turn, drives the nut to move. When a 
sliding movement exists between the ball and the 
screw raceway, it directly affects the movement 
between the ball and nut. It causes sliding-to-rolling 
ratio Rbs between the ball and the screw greater than 
the Rbn between ball and nut. Therefore, the sliding 
distance between the ball and screw is more 
significant than that between the ball and nut. 
 

5.2 Experimental tests for evaluating precision 
loss 
According to Refs. [6, 20−22], the cumulative 

wear depth in the stroke direction corresponds to the 
BSM precision loss value. By combining Eqs. (42a) 
and (43), the BSM precision degradation owing to 
the accumulated sliding motion wear depth of ball 
and screw/nut can be obtained: 
 

   b s

sbs 1 sbs 10
s

cos
d

sin

L
H n h n L




              (61a) 
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Compared with WEI’s [6], ZHOU’s [20], and 

LIU’s [21] models, the BSM precision loss due to 
sliding motion wear of ball and screw was obtained. 
Based on Eq. 61(b), the precision loss due to the 
accumulated sliding motion wear between ball and 
nut in the stroke direction can also be gained.  
Figure 10 shows the BSM precision loss due to 
sliding motion wear. 
 

  
Figure 10 BSM precision loss due to sliding motion wear: 

(a) Precision loss due to sliding motion wear between ball 

and screw; (b) Precision loss due to sliding motion wear 

between ball and nut 

 
By combining Eqs. (9), (15) and (22), the BSM 

creep rate can be calculated considering the 
operating conditions. The BSM creep characteristics 
were obtained at different axial loadings (see  
Figures 7(a)−(d)) and at different rotational speeds 
(Figures 7(e)−(h)). Based on Eqs. (47)−(52), the 
rolling motion wear depth of single ball and screw 
was obtained. Then, according to Eq. (53), the 
accumulated rolling motion wear depth of all 
effective transmission balls and screw in the xs 
direction is given by Eq. (62). 

   b ss s
rbs 1 rbs 10

s

cos
d

sin

Lx xH n M h n L



             (62) 

 
Similarly, according to Eq. (54), the 

accumulated rolling motion wear depth of all 
effective transmission balls and screw in the ys 
direction was also obtained: 
 

   b ss s
1 1rbs rbs0

s

cos
d

sin

Ly yH n M h n L



             (63) 

 
Figure 11(a) shows the variation trend of BSM 

cumulative rolling motion wear depth obtained by 
combining Eqs. (62) and (63). Similarly, according 
to Eqs. (60a) and (60b), the cumulated rolling motion 
wear depth of all effective transmission balls and nut 
in the xn and yn directions can be written by Eq. (64), 
and Figure 11(b) shows its variation law. 
 

 
Figure 11 BSM precision loss due to rolling motion wear: 

(a) Between ball and screw; (b) Between ball and nut 

 
Similarly, according to Eqs. (61), the 

accumulated wear depth of all effective transmission 
balls and nut in xn/yn direction can be written as 
follows: 
 

   b nn n
rbn 2 rbn 20

n

cos
d

sin

Lx xH n M h n L



           (64a) 
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In order to obtain the amount of precision loss 

when the BSM runs in a stable operating state, the 
BSM after fully running-in was selected as the 
experimental object. The positioning error after 
running was taken as the initial precision value. The 
experiments were performed using a test platform 
and a laser interferometer (XD Dual Frequency 
Laser Interferometer).  

The positioning precision of the BSM after the 
wear test was measured. The difference between the 
test value and the initial value was the precision loss 
due to sliding-rolling mixed motion behavior. The 
following experimental conditions were established: 
axial loading of 2000 N, rotational speed of 60 r/min, 
grease-type lubrication using KOC301 lubricant, 
ambient temperature of 23 °C, test overall duration 
of 160 h. By combining Eq. (61a) with Eq. (64b), the 
test process and test results due to sliding-rolling 
mixed motion were obtained (see Figure 12). 

 

  
Figure 12 BSM precision loss due to sliding-rolling 

mixed motion behavior 

 
ZHOU et al [20] and LIU et al [21] established 

the BSM precision loss model due to screw sliding 
motion, mainly focusing on screw precision 
degradation. However, since the screw, nut and ball 
have different degrees of precision degradation, this 
study focuses on the BSM precision degradation due 
to sliding-rolling mixed motion behavior. According 
to Refs. [20, 21] and combining Eqs. (61a)−(64b), 
the BSM precision degradation, and precision loss 
rate were obtained in Eq. (65). Figure 13 shows the 

 

 
Figure 13 Total precision loss rate of BSM due to sliding-

rolling mixed motion behavior 

 
total precision loss rate for the BSM. 
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(65) 
 

In Figure 13, both the axial loading and 
rotational speed have different degrees of impact on 
the BSM precision loss rate. Therefore, a 
quantitative analysis of the influence degree of axial 
load and rotational speed on the BSM precision loss 
rate is required. At a given screw speed, this study 
uses the variation of the precision loss rate and the 
variation rate of the precision loss rate to analyze the 
influence degree of axial load conditions on the 
precision loss rate. Table 2 summarizes the 
calculation results. In order to facilitate the 
quantitative analysis, the accuracy loss rate under an 
axial load of 500 N was used as a reference. 

When analyzing the influence degree of the 
rotation speed on the accuracy loss rate, it was more 
reasonable to use the variation rate of the precision 
loss rate as the quantitative analysis index since the 
increase rate of the screw rotation speed was 
different. The variation of the precision loss rate was 
an intermediate value for calculating the variation 
rate of the precision loss rate, and it was also 
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essential. In order to facilitate the quantitative 
analysis, the precision loss rate at a rotational speed 
of 20 r/min was used as a reference point. Note that 
due to the different increase in the screw rotation 
speed, that is, when the increment of the rotation 
speed was 40 or 60 r/min, it was necessary to divide 
by the multiple (2 or 3) of the rotation speed 
increment when calculating the variation rate of the 
precision loss rate. After that, the criteria for the 
unified quantitative analysis can be obtained  
(Table 3). 

From Figure 13 and Table 2, at a given 
rotational speed, the precision loss rate increases 
with the increase of axial load. However, when the 
axial load increases by the same amplitude, the 
variation (increased amount) of the precision loss 
rate gradually decreases, and the variation rate of 
precision loss rate gradually decreases. The reason is 
that as the axial load increases, the contact angle 
between the ball and the screw decreases. As a result, 
the contact load between the ball and screw enlarges, 
and so does the precision loss rate between the ball 
and screw. However, the contact angle between the 
ball and the nut increases so that the contact load 
between the ball and the nut becomes smaller, 
resulting in the precision loss rate between the ball 
and nut also becoming smaller. Therefore, when the 
axial load increases, although the precision loss rate 
enlarges, the change value (increased amount) of the 

total precision loss rate of the ball screw decreases, 
and the variation rate of the precision loss rate 
gradually decreases. 

At a given screw rotation speed, the increase in 
the precision loss rate is the maximum when the axial 
load changes from 500 to 1000 N. Moreover, the 
variation rate (increase rate) of the accuracy loss rate 
also reaches the maximum at 1000 N axial load. As 
the axial load increases, the amplitudes of 
attenuation of the variation value and the variation 
rate of the BSM precision loss are different. In 
particular, through the variation rate of precision loss 
rate, it is more convenient to analyze the change law 
of precision loss rate quantitatively. 

According to the analysis of Figure 13 and 
Table 3, at a given axial load, the precision loss rate 
enlarges as the screw rotation speed increases. 
However, as the rotation speed gradually increases, 
the increase rate of the precision loss rate gradually 
decreases. On the one hand, due to the increase in 
rotation speed, the sliding motion velocity becomes 
more significant and so does the sliding motion 
distance (Eq. (39) and Figure 9), resulting in the 
accelerated sliding motion wear, and the increased 
precision loss and precision loss rate. On the other 
hand, as the rotational speed of the screw increases, 
the contact angle between the ball and the nut 
decreases. The contact load between the ball and the 
nut increases, increasing the precision loss rate 

 
Table 2 Influence degree of axial load conditions on BSM precision loss rate 
Rotational 

speed/ 
(r∙min−1) 

Parameter 
Axial load/N 

500 1000 1500 2000 2500 3000 3500 4000 

20 
Variation of precision loss rate 0 0.0006975 0.0006103 0.0005231 0.0004359 0.0003487 0.0002616 0.0001744

Variation rate of precision loss rate/% 0 160.0000 53.8462 30.0001 19.2308 12.9032 8.5714 5.2632

40 
Variation of precision loss rate 0 0.002005 0.001831 0.001656 0.001482 0.001308 0.001133 0.0009590

Variation rate of precision loss rate/% 0 209.0909 61.7647 34.5455 22.9730 16.4835 12.2642 9.2437

60 
Variation of precision loss rate 0 0.003923 0.003487 0.003051 0.002616 0.002180 0.001744 0.001308

Variation rate of precision loss rate/% 0 225.0000 61.5385 33.33333 21.4286 14.7059 10.2564 6.9767

100 
Variation of precision loss rate 0 0.007367 0.006800 0.005100 0.004534 0.003967 0.003400 0.002833

Variation rate of precision loss rate/% 0 216.6667 63.1579 29.0323 20.0000 14.5833 10.9091 8.1967

140 
Variation of precision loss rate 0 0.01183 0.01052 0.009203 0.007888 0.006574 0.005259 0.003944

Variation rate of precision loss rate/% 0 225.0002 61.5385 33.3333 21.4286 14.7059 10.2564 6.9767

200 
Variation of precision loss rate 0 0.01505 0.01374 0.01243 0.01112 0.009816 0.008507 0.006544

Variation rate of precision loss rate/% 0 230.0000 63.6364 35.1852 23.2877 16.6667 12.3810 8.4746
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Table 3 Influence degree of rotational speed conditions on BSM precision loss rate 

Axial 
load/N 

Parameter 
Rotational speed/(r·min−1) 

20 40 60 100 140 200 

500 
Variation of precision loss rate 0 0.0005231 0.0007847 0.001656 0.001859 0.001285 

Variation rate of precision loss rate/% 0 120.0001 81.8182 47.5000 27.3333 8.1461 

1000 
Variation of precision loss rate 0 0.001831 0.002703 0.005100 0.006324 0.004504 

Variation rate of precision loss rate/% 0 161.5385 91.1765 45.0000 29.3684 8.7843 

1500 
Variation of precision loss rate 0 0.003051 0.004359 0.008413 0.010042 0.007729 

Variation rate of precision loss rate/% 0 175.0000 90.9091 45.9524 28.5806 9.3313 

2000 
Variation of precision loss rate 0 0.004185 0.005754 0.01046 0.01415 0.01096 

Variation rate of precision loss rate/% 0 184.6154 89.1892 42.8571 31.2000 9.9238 

2500 
Variation of precision loss rate 0 0.005231 0.006888 0.01238 0.01750 0.01420 

Variation rate of precision loss rate/% 0 193.5484 86.8132 41.7647 32.1667 10.5861 

3000 
Variation of precision loss rate 0 0.006190 0.007759 0.01417 0.02011 0.01744 

Variation rate of precision loss rate/% 0 202.8571 83.9623 41.6667 32.2545 11.3369 

3500 
Variation of precision loss rate 0 0.007062 0.008370 0.01582 0.02197 0.02069 

Variation rate of precision loss rate/% 0 213.1579 80.6723 42.2093 31.7705 12.1976 

4000 
Variation of precision loss rate 0 0.007847 0.008718 0.01735 0.02308 0.02329 

Variation rate of precision loss rate/% 0 225.0000 76.9231 43.2609 30.8485 12.8351 

 
between the ball and nut. However, the contact angle 
between ball and screw increases, so that the contact 
load between ball and screw reduces. Also, the 
precision loss rate between the ball and screw 
reduces. Therefore, when the rotation speed 
increases, although the precision loss rate becomes 
larger, the variation rate (increase rate) of the total 
precision loss rate of the BSM decreases. 

At a given axial load, the variation rate of the 
precision loss rate reaches its maximum when the 
screw rotation speed changes from 20 to 40 r/min. 
When the speed is 40 r/min, as the axial load 
increases, the increase rate in the precision loss rate 
gradually becomes larger. Furthermore, at the   
4000 N axial load, the increase rate of the precision 
loss rate is the maximum. As the screw rotation 
speed increases, the variation value and variation 
rate of the BSM precision loss rate have different 
amplitudes of attenuation. Especially through the 
variation rate of the precision loss rate, it was more 
convenient to quantitatively analyze the influence 
degree of the rotation speed on the BSM precision 
loss rate. 

 
6 Conclusions 
 

1) Under the action of sliding motion, the 
precision loss value of the screw is greater than that 
of nut, because the sliding distance between the ball 
and the screw is greater than that between the ball 
and the nut. The sliding motion wear depth between 
ball and screw contributes a large proportion to the 
BSM precision loss. 

2) The precision loss value under rolling motion 
occupies a certain proportion of the precision loss 
value under sliding motion, and the precision loss 
value under rolling motion is a part of the total 
precision loss of the ball screw. The precision loss 
value due to rolling motion has a certain level of 
influence on the BSM total precision loss. 

3) As the rotation speed gradually increases, the 
increase rate of the precision loss rate gradually 
decreases. The rotation speed had a certain effect on 
the contact angle and could increase the sliding 
velocity, resulting in the increase of precision loss 
rate. 
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中文导读 
 

滑-滚混合运动行为作用下的滚珠丝杠副精度损失 
 
摘要：滑-滚混合运动行为在不同程度上会退化滚珠丝杠副的精度。基于滚珠与丝杠/螺母滚道之间的

滑-滚混合运动分析，研究了滚珠丝杠副在不同轴向负载及旋转速度工况下的精度损失。由于滑动、滚

动磨损与蠕滑、润滑紧密相关，研究了不同运行工况下蠕滑及润滑特性。此外，当探究滚珠与滚道之

间的滑动运动行为对精度损失的影响时，计算了滚珠丝杠副的精度损失并对比了其他模型。最后，在

给定运行工况下，研究了滑-滚混合运动下的精度损失，设计相关实验，对精度衰退模型进行验证。精

度损失的分析结果与试验测试具有很好的吻合性，表明该模型能够很好地预测处于稳定磨损时期内的

精度损失。 
 
关键词：滚珠丝杠副；精度损失；滑-滚混合运动；蠕滑；润滑 


