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Abstract 

In a ball screw mechanism, the lead error is not only the key parameter to evaluate 
the precision, but also an important parameter to determine the load distribution. In this 
paper, a model is proposed to predict the load distribution related to the lead errors. The 
mechanical analysis of a double-nut ball screw is conducted to investigate the effect of 
the lead errors on the balls’ contact deformations and contact angles. Based on the Hertz 
contact theory, the equations to predict the preload and no-load drag torque are 
established, and the amplitude of the preload is obtained when the rotational speed is 
low. To verify the model, various experiments are conducted to measure the lead errors 
and the no-load drag torques of the ball screw by changing the screws with different 
accuracy levels. The experimental results show that the preload and no-load drag torque 
rise when the lead error increases in a double-nut ball screw. Besides, the relative errors 
between the experimental value and the theoretical value are less than 10%. This proves 
that the model can predict the preload and the no-load drag torque influenced by the 
lead error well, which is beneficial to the design of the double-nut ball screw for a 
certain preload. 
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1 Introduction 

A double-nut ball screw is a mechanism of high positioning accuracy and is wildly 
applied in the CNC machine tools [1]. However, there is always a lead error in the ball 
screw due to the errors in machining, which decreases the positioning accuracy of the 
ball screw. Meanwhile, the load distribution of the ball screw is influenced by the lead 
error. This will change the required preload and the no-load drag torque of the ball screw. 

In recent years, the research on the load distribution of ball screw takes the axial 
load, the turning torque, the contact stiffness, the radial displacement, the geometry 
errors, the nut’s deformation, and the screw’s deformation into account. Mei et al.[2] 
established a model to analyze the load distribution of the ball screw, considering the 
axial load, the geometry errors, the nut’ deformation, and the screw’ deformation. The 
results showed that the nut and screw’s deformation affected the balls’ contact loads 
differently under various load conditions. Considering the radial force, Zhen et al. [3] 
proposed a calculation model to investigate the contact force and fatigue life of the ball 
screw based on the mechanics analysis. The load distribution fluctuated because of the 
radical force. Based on Zhen’s method, Zhao et al. [4] investigated the load distribution 
of the ball screw considering the turning torque and geometric error. The results showed 



 

 

that the amplitude of the balls’ contact load kept changing from the first circle to the 
last one. Du et al. [5] studied the dynamic character of the ball screw, and the results 
showed that the contact deformation is nonlinear, which meant the contact loads of the 
balls were different. In order to analyze the load distribution of the ball screw, the 
experiments were conducted to investigate the static and dynamic character of the ball 
screw, and the experimental results showed that the load distribution of the ball screw 
kept changing [6][7].  

When the load distribution of the ball screw changes, the preload and no-load drag 
torque will change. In Zhou’s study [8], a new arm of friction force was proposed, and 
the calculation of the no-load drag torque was constructed based on the new arm of 
friction force. The calculation results agreed well with the experimental results. 
However, it was assumed that the load distribution was uniform and the contact angle 
of the balls was the same in Zhou’ model, which is not exact. Based on the systematic 
creep analysis, Xu et al. [9] calculated the friction force and analyzed the effect of the 
creep parameters on the friction torque of the ball screw. Nevertheless, the experiment 
was conducted only under 100rpm, which limited its application. Applying the method 
of Angular Velocity Vold–Kalman Filtering Order Tracking, Tsai et al. [10] investigated 
the preload loss by detecting the ball’ passing frequency and found that the ball’ passing 
frequency increased when the preload decreased. The relationship between the balls’ 
contact load and the preload was ignored. The contact loads of the balls were considered 
the same in the mentioned research about the friction torque of the ball screw, which is 
not accurate for the load distribution. 

The mentioned research above has paid much attention to the deformation and 
mechanics of the ball screw, while the effect of the dimensions especially the lead error 
on the load distribution and the contact angle of the ball screw are ignored. The effect 
of the lead error on the no-load drag torque of the ball screw, a basic performance, needs 
to be investigate as well. 

In order to calculate the no-load drag torque of a double-nut ball screw, the contact 
load of every ball needs to be obtained, and the influence of the lead error on the load 
distribution must be taken into consideration. Thus, in this paper, a more exact model 
to calculate the load distribution and the no-load drag torque is established considering 
the effect of the lead error. The variation of the preload is predicted at the same time. 
This is beneficial to estimate the performance and vibration characteristics when the 
ball screw is in operation. 

2 Theoretical analysis 

2.1 The load distribution considering lead error 

In terms of the double-nut ball screw shown in Fig. 1, a preload exists between the 
two nuts due to the spacer. When the dimensions of the nut, the screw, and the spacer 
are determined, the value of the preload is definite. However, there is always a lead 
error on the screw during the machining process, which will lead to a fluctuation in the 
realistic preload.  



 

 

 
Fig. 1 The structure of a double-nut ball screw 

The difference between the actual travel and specified travel (short as 𝐸𝑇) of a 
double-nut ball screw of the ball screw is shown in Fig. 2. There is an approximate 
linear correlation between 𝐸𝑇 and the specified travel. Thus, it is assumed that the lead 
error is the slope of the fitted line in Fig. 2. Most of the time, the lead error is negative 
in order to overcome an expected elongation caused by the temperature rising or the 
load [11]. Thus, the value of lead error is considered as a negative number in this paper. 

 
Fig. 2 The difference between the actual travel and specified travel of a double-nut ball screw 

As shown in Fig. 3, when a lead error 𝛿 exists on the screw, the screw raceway’s 
center will occur a certain displacement in the axial direction. The mechanics analysis 
of the double-nut ball screw shows that the plane in the middle of the screw is a fixed 
plane when the ball screw withstands no axial load except for the preload. Thus, the 
lead error 𝛿 is calculated from the fixed plane to the both sides. In this paper, there is 
a 20 mm gap between nut A and nut B. So the 𝐿𝑠 = 1.5𝑃ℎ, and the axial displacement 
of the ith ball can be described as Eq. (1). 
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In terms of the double-nut ball screw, it is not able to measure the friction torque 
of a single nut, and there is little difference between the friction torque of the two nuts. 
Thus, it is considered that the friction forces of the two balls are the same. 



 

 

 
Fig. 3 The displacement analysis of the screw under a preload 

In terms of the ith ball, the deformation and displacement are shown in Fig. 4. ∆𝐿𝑖′  
is the projection of the ith ball’s axial displacement in the normal section. Thus, the 
contact angle 𝛼𝑖 and the displacement ∆𝐿𝑖′  can be described as [3] 
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Thus, the contact deformation and contact force of the ith ball can be expressed as  
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The total preload of a double-nut ball screw with the lead errors can be described 

as 
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According to Zhou’s model [8], the correlation between the preload and the 
friction torque of the ith ball and the total friction torque of nut A can be described as 
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The load distribution and deformation of the two nuts are the same, so the no-load 
drag friction torque of the double-nut ball screw can be described as 
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  g g g g g g           (12) 𝐿 is a parameter determined by the interference of the spacer to provide an initial 
preload. 𝐿 can be calculated when the preload is given. In this paper, 𝐿 is obtained by 
the detected friction torque. Thus, the no-load drag friction torque of the double-nut ball 
screw can be captured when the lead error 𝛿 is detected. 

 
Fig. 4 The deformation and displacement of the ith ball 

2.2 An exact analysis on the preload fluctuation  

For the ball screw mechanism, there is a certain distance between the adjacent 
balls. When the ball screw is operated at a low speed, the position of every ball will 
change, as shown in Fig. 5. 𝜃𝑎𝑣𝑒 is the angle between the adjacent balls. When the first 
ball rotates by a specific turning angle 𝜃, and 𝜃 is smaller than 𝜃𝑎𝑣𝑒, the position of 
every ball will be changed, which will affect the load distribution of the balls because 
of 𝐸𝑝. When 𝜃 is equal to 𝜃𝑎𝑣𝑒, the whole ball chain will be the same as that when 𝜃 is zero. Thus, a cycle exists in the operation of the balls’ movement. 

 

Fig. 5 the movement of the balls in the raceway 

When 𝜃  is from zero to 𝜃𝑎𝑣𝑒 , the axial displacement of the ith ball can be 
described as Eq. (13). 

http://dict.youdao.com/w/magnitude%20of%20interference/#keyfrom=E2Ctranslation
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Thus, the preload can be obtained by Eq. (9), and the preload fluctuation can be 
obtained when 𝜃 is from zero to 𝜃𝑎𝑣𝑒. 

3

2 sin cos
pre i i

F K
    g g g                        (14) 

3 The experiment verification 

In order to verify the model, the lead errors and the no-load drag torque are 
measured in this paper. The lead errors are measured by the ball screw lead errors 
measuring instrument shown in Fig. 6. The measuring instrument consists of a servo 
motor, a worktable, a gas floating platform, a laser interferometer, and a circular grating. 
The servo motor provides a rotational speed for the screw. The worktable is supported 
by the precise gas floating platform support to travel along the axial direction smoothly. 
The axial position of the screw is measured by the laser interferometer, while the 
rotation angle of the screw is measured by the circular grating. When the axial position 
and the rotation angle is obtained, the lead error of the screw can be calculated.  

 
Fig. 6 The structure of the ball screw lead errors measuring instrument 

The friction torque of the ball screw is measured by the ball screw friction torque 
measuring instrument shown in Fig. 7. The measuring instrument consists of a servo 
motor, a worktable, a pair of rolling linear guides, and a force sensor. The servo motor 
provides a rotational speed for the ball screw. The worktable is supported by the rolling 
linear guides to travel along the axial direction. The force sensor is connected to the 
worktable and can capture the friction force of the ball screw. Afterward, the friction 
torque of the ball screw is computed by the software. 



 

 

 
Fig. 7 The structure of the ball screw no-load drag torque measuring instrument 

In this experiment, many ball screws of the same type are measured. The 
parameters of the ball screws are shown in Tab. 1. A series of screws of different 
precision levels are measured without nut to obtain the lead errors. Then, every screw 
is fitted with the same spacer, the balls, and the nuts with a lead error -0.041μm. The 
friction torque of the ball screw is measured and saved according to the ISO standards 
[12]. When the no-load drag torque of the ball screw is measured, the screw will be 
replaced by another screw, while the nut, balls, and the spacer are not replaced. 

Tab. 1 The parameters of the tested ball screws 

Parameters Value Unit 
Radius of the ball 𝑟𝑏 2.9765 mm 

Nominal radius of ball screw 𝑟𝑚 20 mm 

Radius of the nut raceway 𝑟𝑛 3.304 mm 

Radius of the nut raceway 𝑟𝑠 3.304 mm 

Thickness of the spacer 8 mm 

Helix angle 𝛽 4.55 degree 

Contact angle 𝛼0 45 degree 

Nominal lead 𝑃ℎ 10 mm 

Environment temperature 20 Celsius 

Ball’ number 63  

Friction coefficient 𝜇 0.0045  

4 Results and discussion  

The contact load distribution of the balls under different lead errors is calculated 
by Eq. (8), as shown in Fig. 8. When the lead error is zero, the contact load distribution 
of the balls is relatively uniform. When the lead error increases, the contact load of 
increases from the first ball to the last one. It demonstrates that the lead error influences 
the load distribution of the ball screw obviously, and the further the ball is from the 
spacer, the bigger the contact load is. The reason is that the lead error is close to the 
balls’ contact deformation and increases with the distance to the spacer. The 
deformations of the nut and screw are much smaller than the contact deformations [2]. 



 

 

The bigger the lead error is, the higher the increasing rate of the contact load is. So, it 
is the same as the contact angle of the balls. According to Fig. 9, the contact angle of 
the balls rises when the lead error increases. When the ball is far away from the spacer, 
the contact angle becomes bigger. There is a linear relationship between the contact 
angle and the distance to the spacer. According to Eq. (1), the gap between the two nuts 
increases the axial displacement of the screw raceway’s center, which will lead to an 
increase in the contact load. Thus, it is necessary to make the gap between the two nuts 
smaller.   

 
Fig. 8 The contact load of the balls under different lead errors 

 
Fig. 9 The contact angle of the balls under different lead errors 



 

 

According to Fig. 10, the balls’ contact loads increase when the lead errors increase, 
and the increasing rate of the balls’ contact loads are Approximately proportional to the 
lead error. 

 
Fig. 10 The relationship between the ball’s contact load and the lead error 

The axial displacement 𝐿 is calculated in Fig. 11 by the proposed model when 
the friction torque is measured. In this paper, the initial value of 𝐿 is determined when 
the lead error is 0.177μm because the smaller lead error is, the closer the value of 𝐿 is 
to the theoretical value. The value of 𝐿 decreases when the lead error increases. This 
is because the deformation of the ball screw increases when the applied force on the 
ball screw increases.  

 
Fig. 11 The calculated L under different lead errors 

The experimental results and the theoretical results of the no-load drag torque 



 

 

based on the proposed model are shown in Tab. 2. The theoretical values of the preload 
are calculated as well. 

Tab. 2 The experimental results and the theoretical results of the preload 
and no-load drag torque 

screw 𝛿 𝐹𝑝𝑟𝑒′  𝐹𝑝𝑟𝑒 𝑀𝑡𝑒𝑠𝑡 𝑀𝐵𝑆 Relative 
error of M  μm N N Nm Nm 

1 0.177 1966 2038 0.55 0.566 2.91% 

2 0.228 2033 2126 0.57 0.589 3.33% 

3 0.257 2076 2177 0.58 0.603 3.97% 

4 0.298 2140 2250 0.60 0.623 3.83% 

5 0.350 2222 2344 0.62 0.648 4.52% 

6 0.378 2268 2395 0.63 0.662 5.08% 

7 0.392 2278 2421 0.64 0.669 4.53% 

8 0.424 2321 2480 0.65 0.686 5.54% 

9 0.477 2399 2580 0.67 0.713 6.42% 

10 0.505 2446 2633 0.68 0.727 6.91% 

11 0.543 2495 2706 0.70 0.747 6.71% 

12 0.572 2531 2762 0.71 0.763 7.46% 

13 0.611 2552 2838 0.72 0.783 8.75% 

14 0.642 2605 2899 0.73 0.800 9.59% 

As Fig. 12 and Fig. 13 show, the experimental friction torque is smaller than the 
theoretical friction torque due to the effect of the deformations of the ball screw. There 
is an appropriate linear correction between the friction torque and the lead error. When 
the lead error increases, the difference between the experimental and the theoretical 
results. In terms of the preload, the theoretical and experimental values rise when the 
lead error increases. Meanwhile, the difference between theoretical and experimental 
values increases when the lead error gets higher. 

 
Fig. 12 The relationship between the friction torque and the lead error 



 

 

 
Fig. 13 The relationship between the preload and the lead error 

As Fig. 14 shows, the preload of a double-nut ball screw keeps changing when the 
turning angle 𝜃 rise. When 𝜃 is smaller than the 𝜃𝑎𝑣𝑒, the preload keep increasing. 
This is because the displacement of the screw increases with the turning angle. When 𝜃 is equal to 𝜃𝑎𝑣𝑒, the preload declines suddenly as the first ball reaches the position 
of the second ball, and the last ball reaches the position of the first ball. Thus, the load 
condition will be the same as 𝜃 = 0 . When the turning angle keeps increasing, the 
magnitude of the preload starts to circulate. 

 
Fig. 14 The correlation between the preload and the turning angle 𝜃 

According to Fig. 15 and Fig. 16, the preload increasing rate is positive to the lead 
error. The larger the lead error is, the bigger the increasing rate of the preload is. This 
is because the lead error increases the deformation of the contact ball. The amplitude 
of the preload with the lead error. The changing range of the preload is smaller than 



 

 

21N when the lead error is within 0.642μm. There is an appropriate linear relationship 
between the vibration of the preload and the lead errors. 

 
Fig. 15 The relationship between the preload and the turning angle 

 
Fig. 16 The vibration of the preload under different lead errors 

5 Conclusion 

In this paper, a new model is proposed to predict the load distribution of the ball 
screw, considering the lead errors of the screw. The preload and no-load drag torque of 
the ball screw are calculated by this model, and the calculation results show that the 
preload and no-load drag torque change with the lead error. The contact load of the balls 



 

 

is related to the balls’ position to the fixed plane. Meanwhile, the value of the preload 
fluctuates when the ball screw rotates at a low speed. In order to prove the accuracy of 
the model, the lead error and the no-load drag torque are measured in this paper. The 
main results are listed as follows 

(1) For a double-nut ball screw without the axial load, the balls’ contact load and 
contact angle increase with the lead error. Besides, the contact load and contact 
angle and increase when the ball is away from the spacer, when the lead error is 
a negative number.  

(2) The preload of a double-nut ball screw keeps fluctuating when the ball screw 
rotates. The changing amplitude of the preload increases with the lead error rising. 
The changing range of the preload is within 21N when the lead error is within 
0.642μm in this paper. 

(3) The distance between the two nuts influences the load distribution of the double-
nut ball screw. The smaller the distance between the two nuts is, the smaller the 
total contact load will be when the geometry of the nut raceway is not changed. 

(4) There is an appropriate linear relationship between the no-load drag torque and 
the lead errors, and relative error between the experimental values and the 
theoretical values calculated by this model is within 10%.  
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Nomenclature 𝐹𝑖 The axial projection of the ith 
ball’s contact load 

𝑀𝑖 The friction torque of the ith 
ball 



 

 

𝑀𝑡𝑒𝑠𝑡 The measured no-load drag 
torque 

𝑀𝑝𝑟𝑒 The friction torque caused by 
the preload on every nut 𝑀𝐵𝑆 The calculated friction torque 

based on this model 
∆𝐿𝑖′  The axial projection of ∆𝐿𝑖 

under the turning angle 𝜃 𝐹𝑝𝑟𝑒 The preload of the ball screw 𝑂𝑛 The center of the nut raceway  𝐾 The stiffness coefficient of the 
ball screw 

𝜇 The friction coefficient of the 
ball screw 𝑂𝑠 The center of the screw 

raceway before deformation 
𝑂𝑠′ The center of the nut raceway 

after deformation 𝑂𝑏 The center of the ball before 
deformation 

𝑂𝑏′  The center of the ball after 
deformation 𝑟𝑠 The radius of the screw 

raceway 
𝑟𝑛 The radius of the nut raceway 𝑑𝑏 The diameter of the balls 𝑟𝑏 The radius of the balls 𝐸 The distance between the 

centers of the screw and nut 
raceway 

𝐸𝑇 The difference between the 
specified travel and the actual 
travel 𝐿𝑠 The axial displacement of the 

nuts caused by the spacer 
𝐿 The axial displacement of the 

nuts caused by the spacer 𝛼0 The initial contact angle 𝛽 The helix angle of the ball 
screw ∆𝐿𝑖 The axial displacement of the 

ith ball 
∆𝐿𝑖′  The axial projection of ∆𝐿𝑖 𝜃 The turning angle of the balls 𝑄𝑖 The contact load of the ith ball 𝐹𝑝𝑟𝑒𝜃  The calculated preload under 

the turning angle 𝜃 

𝐹𝑝𝑟𝑒′  The calculated preload based 
on 𝑀𝑡𝑒𝑠𝑡 

n The total number of the balls 
in a circle 

𝑟𝑚 The nominal radius of ball 
screw 𝜃𝑎𝑣𝑒 The angle between the 

adjacent balls 
𝑝ℎ The lead of the ball screw 𝛿 The lead error of the screw 𝑂𝑏′  The center of the nut raceway 

after deformation 𝑂𝑛𝑂𝑠 The distance between the 
center of the nut and screw 
raceway 

𝑂𝑛𝑂𝑠′ The distance between the 
center of the nut and screw 
raceway after deformation 𝛼𝑖 The contact angle of the ith 

ball 
𝛿𝑖 The contact deformation of 

the ith ball 𝑄𝐴𝑛 The contact load between the 
ball and the nut raceway in 
nut A 

𝑄𝐴𝑠 The contact load between the 
ball and the screw raceway in 
nut A 𝑄𝐵𝑛 The contact load between the 

ball and the nut raceway in 
nut B 

𝑄𝐵𝑠 The contact load between the 
ball and the screw raceway in 
nut B 
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Figures

Figure 1

The structure of a double-nut ball screw



Figure 2

The difference between the actual travel and speci�ed travel of a double-nut ball screw



Figure 3

The displacement analysis of the screw under a preload



Figure 4

The deformation and displacement of the ith ball



Figure 5

the movement of the balls in the raceway



Figure 6

The structure of the ball screw lead errors measuring instrument



Figure 7

The structure of the ball screw no-load drag torque measuring instrument



Figure 8

The contact load of the balls under different lead errors



Figure 9

The contact angle of the balls under different lead errors



Figure 10

The relationship between the ball’s contact load and the lead error



Figure 11

The calculated L under different lead errors



Figure 12

The relationship between the friction torque and the lead error



Figure 13

The relationship between the preload and the lead error



Figure 14

The correlation between the preload and the turning angle θ



Figure 15

The relationship between the preload and the turning angle



Figure 16

The vibration of the preload under different lead errors


