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Abstract  In accordance with the vibration characteristics of ball screw feed systems, a
hybrid modeling method is proposed to study its dynamic behavior. Partially, the ball screw is
modeled as a continuous body, and the remaining components are considered lumped mass-
es, allowing for a realistic description of the dynamics of the feed system. The axial, torsional, 
transverse, and bending vibration models of a ball screw carriage system are established via 
the Rayleigh-Ritz series method based on the Timoshenko beam assumption. The established 
model that added the Timoshenko beam assumption obtains the coupling vibration displace-
ment between the transverse and bending vibrations of the lead screw, which is close to real
situations. Numerical simulations are conducted to investigate the changes of the natural fre-
quency and modal shapes of ball screw systems with carriage positions. Results show that the 
carriage position has significant influence on the amplitude and direction of axial and transverse 
vibrations, substantial influence on the direction of the bending vibration, and minimal influence
on the amplitude and direction of torsional vibration. These results indicate that the proposed 
hybrid model performs well to predict the vibration characteristics of the feed system. Moreover, 
the carriage position and carriage load also have a remarkable effect on the frequency re-
sponse of the feed system. These results, along with the modeling approach, provide an impor-
tant basis for the further study of in-machining monitoring and vibration controller design.  

 
1. Introduction   

The machining accuracy and efficiency of CNC machine tools largely depend on the perform-
ance of the feed system. Ball-screw feed systems are widely used in CNC machine tools due to 
its advantages. Its main functional components include a servo motor, a ball screw pair, and a 
carriage that moves with the nut along the axial direction. The dynamic characteristics of the ball 
screw system directly affect the dynamic behavior of the entire machine tool and considerably 
influence the machining quality of the tools. Therefore, with the increase in feed speed and the 
demand for high machining accuracy, the dynamic characteristics of feed systems have gradu-
ally become a trending research topic. Research results can provide theoretical bases for study-
ing the kinematic accuracy of carriage and the vibration control of transmission systems. 

In Refs. [1, 2], axial and torsional vibration models of the drive system were established on 
the basis of the theory of equal-section beams and finite elements; however, the studies did not 
consider bending vibration. In Ref. [3], the Ritz series method was adopted to represent the 
spatial dependence of the axial and torsional displacement fields of the screw shaft and com-
pare the axial coupled torsional vibrations with the pure axial and torsional vibration modes. 
However, the bending and lateral vibrations of the screw shaft were not considered, and ex-
perimental verification was lacking. In Ref. [4], the power balance formula and the energy 
method were used to establish the mass, stiffness, and damping matrix expressions, in consid-
eration of the coupling of axial and torsional vibration and bending vibration; however, the spe-
cific vibration equations were not given. In Ref. [5], the screw was simplified to the Timoshenko
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beam in consideration of the coupling effect of bending and 
axial vibration. In addition, the nonlinear vibration characteris-
tics of the ball screw system were studied by principal compo-
nent analysis. However, the model in Ref. [5] only considered 
the screw shaft but not the entire system consisting of the ball 
screw, moving parts, nuts, support bearings, and a servo motor. 
In Refs. [6-8], lumped mass models for the entire system were 
developed. The lumped mass model can estimate the low-
order axial and torsional modes of the feed system, but it can-
not describe the flexible characteristics of the lead screw accu-
rately. In Ref. [9], an axial dynamic model of a screw–
workbench system was established, and the nonlinear charac-
teristics of the axial vibration of the system were deduced and 
verified by power spectrum, phase trajectory, and correlation 
dimension. In Refs. [10, 11], a finite element model of the ball 
screw feed system was established, thus presenting the exis-
tence of the coupling terms with axial, torsional, and bending 
vibration in the system stiffness matrix. However, the model in 
Refs. [10, 11] is only suitable for specific systems. In Refs. [12-
15], the dynamic characteristic of the ball screw feed system 
was analyzed by a hybrid model, where the flexibility of the 
screw shaft was considered. Okwudire et al. [16] improved the 
screw–nut interface model for high-performance ball screw 
feed drive system. The model can capture the coupling be-
tween axial and torsional vibration; moreover, a detailed 
screw–nut interface is proposed, implying that a considerable 
number of parameters must be known. Feng and Pan [17] 
used the lumped parameter method to analyze the influence of 
preload on the dynamic performance of a screw–nut system. In 
Refs. [18-21], the natural frequency and vibration mode of the 
beam with stepped eccentric distribution mass are calculated, 
and the free vibration and harmonic response analysis of multi-
storey frame model with flexible foundation are studied on the 
basis of theory of single variable shear deformation and the 
Timoshenko beam and in consideration of the parabolic shear 
stress distribution on the beam section. Phung-Van et al. [22] 
used the Hamilton principle and higher-order shear deforma-
tion theory and derived the governing equations of the porous 
FG nanoplates. Loc et al. [23] proposed an effective formula-
tion that combines the extended isogeometric approach and 
higher-order shear deformation theory to study the free vibra-
tion of cracked functionally graded material plates. In Refs. [24, 
25], the axial vibration characteristics of flexible beams and the 
test method were introduced. 

The present study focuses on analyzing the time-varying vi-
bration characteristics of ball screw systems. First, the screw 
shaft is regarded as a continuous component for distribution 
parameter modeling, and the rest of the system (including the 
servo motor, the bearings at both ends, the carriage, and so 
on) are modeled as lumped masses. On the basis of Ti-
moshenko beam theory and in consideration of its cross sec-
tion and shearing effect, the Rayleigh-Ritz series method is 
used to construct the axial, torsional, transverse, and bending 
coupled vibration equations of the screw–carriage system. The 
influence of the carriage position and load on the vibration of 

the feed system is studied through numerical simulation, and 
the vibration response signals and vibration modes of the ball 
screw system at different carriage positions are given. 

 
2. Coupled vibration model of ball screw 

systems 
The structure of a ball screw feed system is shown in Fig. 1. 

The servo motor drives the lead screw rotating through the 
couplings, the lead screw is mounted on the frame through the 
support bearings at both ends, and the nut drives the carriage 
to move in the axial direction. 

A model of the four vibration modes of the ball screw system 
is shown in Fig. 2. The screw shaft is considered a continuous 
system because of its flexibility, whereas the other elements 
are in lumped form. mc represents the total mass of the car-
riage, and the carriage position xc is the distance from the left 
bearing support end to the center of the carriage. The screw 
shaft is a continuous body, and its distribution parameters in-
clude density ρ, diameter d, length l, moment of inertia of the 
ball screw J, moment of inertia of the cross section of the screw 
shaft around the x-axis Ix, Young's modulus E, shear modulus 
G, and lead s. The lumped parameters include the axial stiff-
ness of the bearing kb, torsional stiffness of the coupling kc, 
axial stiffness of the nut kna, moment of inertia of the motor Jm, 
moment of inertia of the coupling Jc, and radial support stiff-
ness of the nut knr. The guide rail is considered a rigid body in 
this hybrid model. 

 
2.1 Axial and torsional vibration models 

The axial and torsional vibrations of the screw are repre-
sented by the axial displacement function u (x, t) and the tor-

 
 
Fig. 1. Structure of a ball screw feed system. 
 

 
 
Fig. 2. Vibration model of a ball screw in all directions. 
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sional displacement function θ (x, t), respectively. uc (t) repre-
sents the displacement of the carriage, and θm (t) represents 
the angular displacement of the motor. 

The total kinetic energy Tat, of the coupled axial and torsional 
vibration of the screw system, including the kinetic energy of 
the lead screw, carriage, motor, and coupling, is 

 

( ) ( ) ( ) ( )( )

( ) ( )

2
2 2

22

0 0

1 1 1 1 0,
2 2 2 2

1 1, , .
2 2

at c c m m c m

l l

x

T m u t J t J t t

I x t dx A u x t dx
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ρ θ ρ

⎛ ⎞= + + + +⎜ ⎟
⎝ ⎠

+∫ ∫
 (1) 

 
The symbol (.) represents the derivative to t. The potential 

energy of the coupled axial and torsion vibration of the screw 
system, including axial and torsional strain energy Uat, is 

 

( ) ( ) ( )2 2 2
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1 1 1' , ' , 0,
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where the symbol (’) represents the derivative to x. The x-
direction displacement δna of the screw nut joint surface can be 
expressed as 
 

( ) ( ) ( ), ,
2na c c c

su t u x t x tδ θ
π

⎡ ⎤= − +⎢ ⎥⎣ ⎦
 (3) 

 
and the external force potential energy Wat, obtained by the 
volume force transformed by inertial force can be expressed as 
 

( ) ( ) ( ) ( )
0 0

, , , ,
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Energy dissipation Rat can be expressed as 
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 (5) 
 

with the damping loss factor η of the structure. 
On the basis of the Rayleigh–Ritz method, the displacement 

component can be selected as follows: 
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where u0, θ0 are initial positions; ( ) ( ),uN Nx x θ∈  ∈u θ  are 
basis function vectors that satisfy the displacement boundary 
condition; ( ) ( ),uN Nt t θ∈  ∈uq qθ are unrelated time func-
tions and corresponding generalized coordinates. Then, Eq. (6) 
is taken into Eqs. (1)-(5); under the assumption u0 = θ0 = 0, the 

following finite approximation is obtained:  
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The total potential energy Пat is 
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The energy dissipation Rat is 
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2.2 Bending and transverse vibration models  

The bending and transverse vibration of the screw are repre-
sented by a bending displacement function φ (x, t) and a trans-
verse displacement function ω (x, t), respectively. ωc (t) repre-
sents the vertical translation displacement of the ball screw 
system, and θc (t) represents the rotation displacement of the 
ball screw. In accordance with Timoshenko beam theory, the 
axial displacement caused by transverse vibration is ignored, and 
the total transverse deformation ωz (x, t) is defined as the dis-
placement along the z direction, including transverse deforma-
tion ω (x, t) and bending deformation ωb (x, t). 
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The total kinetic energy Thw of the bending and transverse vi-

bration of the lead screw, including the kinetic energy of the 
transverse vibration and the rotation of the lead screw, is 
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Given bending and shear deformation and the limitation of 

the radial stiffness of the nut, Eq. (10) is taken into the strain 
potential energy Uhw, which is represented as follows: 
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With the shear coefficient κ of the section, the moment of in-

ertia Iy of the cross section of the screw shaft around the y-axis, 
the torsional stiffness knt of the screw–nut interface, the radial 
stiffness kbr of the bearing, the vertical stiffness knω of the slider, 
and the rotate stiffness knφ of the slider. In Eq. (12), 

 
( ) ( ),= −nt c ct x tδ θ θ . (13)  

 
The external force potential energy Whw obtained by the vol-

ume force transformed by the inertial force is expressed as 
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The energy dissipation Rhw is 
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With the radial damping coefficient cbr of the bearings at both 

ends and the rotational damping coefficient cnω, cnφ of bearings 
around the y and z axes. 

On the basis of the Rayleigh–Ritz method, the displacement 
component can be selected as follows: 
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where ω0, φ0 are initial positions; ( ) ( ), NNx x ϕω∈  ∈ω ϕ  are 
basis function vectors that satisfy the displacement boundary 
condition; ( ) ( ), NNt t ϕω∈  ∈ω φq q are unrelated time func-
tions and corresponding generalized coordinates. By combin-

ing ( ) ( ) ( ) ( ) ( ) ( ), , , ,c m c cu t t t t t and tθ ω θ      u θq q , the generalized 
coordinates of the ball screw coupling vibration system in a 
vector is defined as  
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Then, Eq. (14) is taken into Eqs. (11)-(13); under the as-
sumption ω0 = φ0 = 0, the following finite approximation is ob-
tained: 
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The total potential energy Пhw is 
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The energy dissipation Rhw is 
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The mass matrix M of the coupling vibration can be ex-

pressed as 
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The stiffness matrix K of the coupling vibration can be ex-
pressed as 
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The damping matrix C of the coupling vibration can be ex-

pressed as 
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2.3 Modal analysis  

The equation of motion of the system can be expressed as  
 
[ ] [ ] [ ]+ + = fM q C q K q F .  (25) 
 
Ff represents the generalized force matrix. In Ritz series 

modeling, the use of the basis function, which is similar to the 
actual vibration mode of the system, is an important means to 
improve the convergence rate and accuracy of the system 
modal. In this study, the basic function vectors u(x) and θ(x) 
required for the axial and torsional modes of the system are 
defined in accordance with the mode shapes obtained by simu-
lation, and the method is defined as the Ritz series method 
based on the hybrid basis functions. u(x) and θ(x) must meet 
two conditions: 

a) The vector is linearly independent, and the vector ele-
ments are continuous functions. 

b) The physical boundary conditions of a ball screw drive 
system are met. 

The basis function shown in Eq. (26) is defined and formed 
into a two-dimensional axial mode basis function vector u(x). 

 
( ) [ ]

( )
[ ]

[ ]

1

2

1, 0,

, 0,

1, ,

=                    ∈

⎧             ∈⎪= ⎨
⎪              ∈⎩

c
c

c

u x for x l

x for x x
xu x

for x x l

  (26) 

 
The maximum deformation of the torsional vibration mode 

exists at both ends of the lead screw, and the deformation at 
the worktable position is relatively small; thus, the cosine func-
tion shown in Eq. (27) can be used to form the Nθ dimensional 
torsional vibration mode basis function vector θ(x). 

 

( ) ( )cos 1 , 1,2,...,i

xx i i N
l θθ π⎛ ⎞= −          =⎜ ⎟

⎝ ⎠
 (27) 

 
The maximum deformation of the transverse and bending vi-

bration mode exists in the middle of the lead screw, and the 
deformation at the both ends is relatively small; thus, the sine 
function shown in Eq. (28) can be used to form the Nω/φ dimen-
sional transverse and bending vibration mode basis function 
vectors ω(x) and φ(x) . 

 

( ) ( ) ( )sin 1 , 1,2,...,i i

xx x i i N
l ω ϕω ϕ π⎛ ⎞= = −        =⎜ ⎟

⎝ ⎠
 (28) 

 
By solving the characteristic equation of undamped systems, 
 

2 0iω⎡ ⎤− =⎣ ⎦ iK M υ   (29) 
 

where the resonance frequencies ωi as eigenvalues and the 
modal shapes as eigenvectors υi. The eigenvector of the i or-
der is  
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,

, , ,u

T

NN N N ϕθ ω

⎡ ⎤= ⎣ ⎦
∈ ∈ ∈ ∈

c m c ci u θ ω θ u θ ω φ

u θ ω φ

υ υ  υ  υ  υ  υ  υ  υ  υ

υ υ υ υ
.  (30) 

 
The axial, torsional, transverse, and bending vibration com-

ponents of the i order modal function are as follows: 
 

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

,

,

T T

T T

x x x x

x x x x

=    =

=   =
i i

i i

u u θ θ

ω ω φ φ

Ψ u υ Ψ θ υ

Ψ ω υ Ψ φ υ
.  (31)  

 
Next, numerical simulation analysis is conducted. The results 

are compared with the experimental data to verify the correct-
ness of the theoretical analysis. Fig. 3 shows the flowchart of 
the entire research process. 

 
3. Experimental verification  

The test rig of the ball screw feed system is shown in Fig. 4. 
Fig. 5 shows the structure and size of the ball screw used in 
the test rig. The detailed parameters are shown in Table 1. To 
verify the influence on the vibration at different positions of the 
carriage, the vibration frequencies and modes at three different 
positions were tested. The screw length l is defined as the 
distance between the fixed bearing support at both ends; thus, 
the point x = 0 is at the motor end, and another point x = l is at 
the end, which is far away from the motor. The three positions 
of the carriage are 0.25 l, 0.5 l, and 0.8 l, respectively. 

As shown in Fig. 4, a hammer was used for excitation, and 
the vibration response signals were collected by a three-axis 
accelerometer and laser sensor. Axial vibration is obtained by 
exerting an excitation to the carriage along the direction of 
motion and measuring it using the laser sensor mounted at the 
end of the lead screw. Transverse vibration is obtained by mo-
tion excitation at different carriage speeds and measured by 
the acceleration sensors mounted on the carriage. Bending 
vibration is obtained by excitation at different positions on the 
carriage and measured by picking up the signals of the meas-

 
 
Fig. 3. Flowchart of the entire research process. 

 

Table 1. Parameter values used in the model. 
 

Name Value Unit Physical significance 

ρ 7.85×103 kg/m3 Density of the ball screw shaft 

d 0.036 m Diameter of the ball screw shaft

l 1.310 m Length of the ball screw shaft 
s 0.01 m Lead of the ball screw shaft 

G 8*1010 N/m2 Shear modulus 

E 2.05*1011 N/m2 Young's modulus 

Ix 1.65×10-8 m4 
Moment of inertia of the cross 

section of the screw shaft around 
the x-axis 

Iy 8.24×10-8 m4 
Moment of inertia of the cross 

section of the screw shaft around 
the y-axis 

J 0.048 kg.m2 Moment of inertia of the ball screw

Jm 30×10-4 kg.m2 Moment of inertia of the motor

Jc 2.003*10-4 kg.m2 Moment of inertia of the coupling
kna 9×107 N/m Axial stiffness of the nut 

knr 5.6×107 N/m Radial support stiffness of the nut

kb 8.5×108 N/m Axial stiffness of the bearing 
kc 4.2×103 N.m/rad Torsional stiffness of the coupling

η  1×10-4 s Factor of damping coefficient 
proportional to the stiffness 

A 1.018×10-3 m2 Cross-section area of the ball 
screw shaft 

mc 345 kg Weight of the table 

 
 

 
 
Fig. 4. Test rig of the ball screw feed. 

 
 

 
Fig. 5. Structure and size of the ball screw used in the test rig. 
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uring points distributed on the lead screw. The experimental 
anti-aliasing filter frequency is set to 400 Hz, the response 
sampling frequency is 1500 Hz, the sampling frequency of the 
pulse is 6000 Hz, and the time-varying multiple is 4. Fig. 6 
shows the frequency response curve in x, y, z directions. as 
measured by the three-way acceleration sensor at x = 0.5 l. 
The abscissa is the frequency, and the ordinate represents the 
logarithmic amplitude in dB form. Table 2 shows the results of 
the first five natural frequencies obtained by simulation and 
measurement at different carriage positions.  

During the machining of the workpieces, the position of the 
carriage constantly changes, resulting in changes in the vibra-
tion characteristics of the system. Fig. 7 shows the axial and 
torsional mode shapes of the ball screw at different carriage 
positions. The first-order modes of the screw shaft are pre-
sented in Fig. 7(a). The first-order vibration of the ball screw is 
mainly the axial vibration of the lead screw and greatly affected 
by the carriage position. The axial mode displacement of the 
lead screw increases from the left support bearing end to the 
carriage, and almost no deformation occurs from the carriage 
to the right support bearing end; this result is similar to the 
spring-mass system. However, as the carriage moves away 
from the motor, the torsional deformation of the lead screw 

rises slightly, resulting in the slight increase in the torsional 
vibration amplitude of the carriage. Fig. 7(b) represents the 
second-order mode of the ball screw. The second-order vibra-
tion is mainly the torsional vibration of the lead screw. With the 
changing direction and small axial vibration, the torsion angle 
increases at both ends of the support bearings. Fig. 7(c) repre-
sents the third-order vibration of the ball screw system. The 
third-order vibration is represented by the coupled axial and 
torsional vibration of the lead screw. Fig. 7(d) represents the 
fourth-order vibration of the ball screw system. The fourth-order 
vibration is represented by slight axial vibration; however, tor-
sional vibration plays the major role. Fig. 7(e) represents the 
fifth-order vibration mode of the ball screw system. The fifth-
order vibration is represented by the strong coupled axial and 
torsional vibration of the lead screw. 

Fig. 8 shows the first three modes of the transverse and 
bending vibration of the ball screw system. The first-order 
modes of the screw shaft are presented in Fig. 8(a). The bend-
ing vibration of the ball screw is independent of the position of 
the carriage; however, transverse vibration is mainly affected 

 
(a) First order 

 

 
(b) Second order 

 

 
(c) Third order 

 

 
(d) Fourth order 

 

 
(e) Fifith order 

 
Fig. 7. Axial and torsional mode shapes at different carriage positions (plots 
in the left column are the axial components, and those on the right are the 
torsional components, ‐‐○: x = 0.25 l; ―·―□: x = 0.5 l; — ◇: x = 0.8 l). 

 

Table 2. Comparison of the first five natural frequencies between simulation 
and measurement. 
 

Natural frequency (simulated) (Hz) 
Order 

xc = 0.25l xc = 0.5l xc = 0.8l xc = 1l 

1 33.8 31.0 29.8 29.2 
2 195.0 185.8 190.2 192.7 

3 293.5 313.3 337.5 350.9 

4 466.8 459.6 462.9 470.5 
5 1151.6 1139.7 1147.2 1170.0 

Natural frequency (measured) (Hz) 
Order 

xc = 0.25l xc = 0.5l xc = 0.8l xc = 1l 

1 35 32 31 30 

2 197 188 191 192 

3 294 315 335 348 
4 470 463 466 472 

5 1150 1142 1145 1168 

 

 
 
Fig. 6. Three-direction frequency response at carriage. 
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by carriage position, the transverse mode displacement of the 
lead screw increases and decreases from the left support bear-
ing end to the carriage, and almost no deformation occurs at 
the carriage; then, it increases and decreases to the right sup-
port bearing end. In addition, no transverse and bending vibra-
tion deformation occur at both ends of the support bearings, as 
shown in the picture. Fig. 8(b) represents the second-order 
vibration mode of the ball screw. The second-order vibration is 
represented by the coupled bending and transverse vibration of 

the lead screw. As the carriage moves away from the motor, 
the bending vibration amplitude of the carriage varies slightly, 
and the transverse vibration changes severely from the left end 
of the support bearing to about the center of the screw shaft. 
However, the bending vibration amplitude of the carriage varies 
greatly, and the transverse vibration changes slightly from 
about the center of the screw shaft to the right end of the sup-
port bearing. Fig. 8(c) represents the third-order vibration mode 
of the ball screw shaft. The third-order vibration is represented 
by the intense coupled bending and transverse vibration of the 
lead screw with the large vibration amplitude; the trend of the 
third-order vibration mode is similar to that of the second-order 
vibration. In addition, no transverse and bending vibration de-
formation occur at both ends of the support bearings, as shown 
in the picture. 

Fig. 9 shows the first, third, and fifth order of the frequency 
changes of axial and torsional vibrations at different carriage 
positions and loads of the ball screw system. The load of the 
carriage is increased from 300 kg to 500 kg, and the carriage 
moves from the spot where is 0.25 l from left support bearing to 
0.8 l of the screw shaft. The figure shows that the first-order 
axial vibration frequency increases with the position of the car-
riage close to the motor and decreases with the increase in the 
carriage load, with a maximum frequency variation range of 
approximately 10 %. The third-order vibration is the coupled 
axial and torsional vibration. The frequency is largely affected 
by the carriage position and slightly affected by the load of the 
carriage, and the maximum frequency range is approximately 
50 %. The fifth-order vibration is mainly affected by the carriage 
load and hardly affected by the position of the carriage; more-
over, in the middle of the screw shaft where stiffness is weak-
est, the frequencies decrease fast with the carriage load in-
crease. 

 
4. Conclusions 

1) A novel model for ball screw feed systems was developed 
via the hybrid modeling method by considering the screw as a 
continuous body and the other parts as lumped mass bodies. 
On the basis of the Timoshenko beam assumption, the axial, 
torsional, transverse, and bending vibrations of the ball screw 
system are considered, and the Rayleigh-Ritz series method is 
used to establish the theoretical vibration model of the feed 
system; moreover, the frequency response characteristics and 
vibration mode shape of the ball screw are obtained. Results of 
the numerical simulation analysis and experiment show that 
the hybrid model can be used to study the dynamic character-
istics of ball screw systems, especially the high-order modes, 
which can accurately characterize the flexible feature and cou-
pling behavior of the lead screw.  

2) Carriage position has a considerable influence on ampli-
tude and direction of the axial and transverse vibration and a 
great influence only on the direction of the bending vibration; 
however, it has minimal influence on the amplitude and direc-
tion of the torsional vibration. 

 
(a) First order 

 

 
(b) Second order 

 

 
(c) Third order 

 
Fig. 8. Bending and transverse mode shapes at different carriage positions 
(left pictures depict the bending component, and right pictures depict the 
transverse component, - - ○: x = 0.25 l; ―·―□: x = 0.5 l; — ◇: x = 0.8 l). 

 

 
(a) First order                  (b) Second order 

 

 
(c) Third order 

 
Fig. 9. Frequencies of axial and torsional vibrations at different carriage 
positions and loads. 
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3) Carriage position and carriage load also have a great ef-
fect on the frequency response of the feed system. The first-
order axial vibration frequency increases as the position of the 
carriage closes in to the motor and decreases as the carriage 
load increases. The third-order vibration frequency is largely 
affected by the carriage position and slightly affected by the 
carriage load. The fifth-order vibration is mainly affected by the 
carriage load and hardly affected by the position of the car-
riage; moreover, in the middle of screw shaft where stiffness is 
weakest, the frequencies decrease fast with the increase in 
carriage load. 
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Nomenclature----------------------------------------------------------------------------------- 

E : Young's modulus    
G : Shear modulus 
κ : Shear coefficient of the section 
s : Lead of the ball screw shaft  
J  : Moment of inertia of the ball screw 
Jm  : Moment of inertia of the motor  
Jc  : Moment of inertia of the coupling  
η    : Damping loss factor 
A : Cross-section area of the ball screw shaft 
ρ  : Density of the ball screw shaft 
Ix  : Moment of inertia of the cross section of the screw shaft 

around the x-axis 
Iy  : Moment of inertia of the cross section of the screw shaft 

around the y-axis 
d  : Diameter of the ball screw shaft 
l  : Length of the ball screw shaft 
mc  : Weight of the table 
kna  : Axial stiffness of the nut 
knr  : Radial support stiffness of the nut 
kb : Axial stiffness of the bearing 
kc  : Torsional stiffness of the coupling 
cb  : Damping coefficients of the bearing 
cn  : Damping coefficients of the screw–nut interface 
cc  : Damping coefficients of the coupling 

 
References 
[1] C. E. Okwudire and Y. Altintas, Effective simulation of ball 

screw drives modeled using finite element methods, ASME 
Conference Proceedings, 48753 (2008) 11-20. 

[2] K. K. Varanasi and S. A. Nayfeh, The dynamics of lead-crew 
drives: low order modeling and experiments, Journal of Dy-
namic Systems, Measurement and Control, 126 (2004) 388-
396. 

[3] A. Diego et al., Modelling and vibration mode analysis of a ball 

screw drive, International Journal of Advance Manufacture 
Technology, 58 (2012) 257-265. 

[4] L. Dong, W. Tang and L. Liu, Hybrid modeling and. time-
varying analysis of vibration for a ball screw drive, Journal of 
Vibration and Shock, 32 (2013)196-202. 

[5] Y. Yang, W. Zhang and H. Zhao, Dynamic characteristics of 
ball screw system, Journal of Vibration, Measurement and Di-
agnosis, 33 (2013) 664-727. 

[6] J. S. Chen, Y. K. Huang and C. C. Cheng, Mechanical model 
and contouring analysis of high speed ball screw drive systems 
with compliance effect, The International Journal of Advanced 
Manufacturing Technology, 24 (2004) 241-250. 

[7] M. S. Kim and S. C. Chung, Integrated design methodology of. 
ball-screw driven servo mechanisms with discrete controllers, 
Part I: modelling and performance analysis, Mechatronic, 16 
(2006) 491-502. 

[8] S. Fret, A. Dadalau and A. Verl, Expedient modeling of ball 
screw feed drives, Production Engineering, 6 (2012) 20-211. 

[9] L. Wang et al., Nonlinear dynamic characteristics of NC table, 
China Mechanical Engineer, 20 (2009) 1513-1519. 

[10]  M. F. Zaeh, T. Oertli and J. Milberg, Finite element modelling 
of ball screw feed drive systems, CIRP Annals-Manufacturing 
Technology, 53 (2004) 289-292. 

[11]  R. Qian et al., Modeling and dynamic research based on Ritz 
series for ball screw drive system, Journal of System Simula-
tion, 29 (2017) 2268-2275. 

[12]  H. Benjamin, S. Oliver and N. Rudiger, Distributed parameter 
modeling of flexible ball screw drives using ritz series discreti-
zation, IEEE/ASME Transactions on Mechatronics, 20 (2015) 
1226-1235. 

[13]  Z. Lei et al., Hybrid dynamic modeling and analysis of a ball-
screw-drive spindle system, Journal of Mechanical Science 
and Technology, 31 (2017) 4611-4618. 

[14]  C. Pislaru, D. G. Ford and G. Holroyd, Hybrid modelling and 
simulation of a computer numerical control machine tool feed 
drive, Proc. Inst. Mech. Eng. I: J. Syst. Control, Eng., 218 
(2004) 111-120. 

[15]  C. E. Okwudire and Y. Altintas, Hybrid modeling of ball screw 
drives with coupled axial, torsional, and lateral dynamics, J. 
Mech. Des., 131 (2009) 071002. 

[16]  C. E. Okwudire, Improved screw-nut interface model for. high-
performance ball screw drives, J. Mech. Des., 133 (2011) 
1009-1019.  

[17]  G. H. Feng and Y. L. Pan, Investigation of ball screw preload. 
variation based on dynamic modeling of a preload adjustable 
feed-drive system and spectrum analysis of ball-nuts sensed 
vibration signals, Int. J. Mach, Tools Manuf., 52 (2012) 85-96. 

[18]  B. Bozyigit, Y. Yesilce and M. A. Wahab, Free vibration and 
harmonic response of cracked frames using a single variable 
shear deformation theory, Structural Engineering and Mechan-
ics, 74 (2020) 33-54. 

[19]  B. Bozyigit,Y. Yesilce and M. A. Wahab, Transfer matrix for-
mulations and single variable shear deformation theory for 
crack detection in beam-like structures, Structural Engineering 
and Mechanics, 73 (2020) 109-121. 



 Journal of Mechanical Science and Technology 35 (2) 2021  DOI 10.1007/s12206-021-0104-4 
 
 

 
470 

[20]  G, R. Gillich et al., Free vibration of a perfectly clamped-free 
beam with stepwise eccentric distributed masses, Shock and 
Vibration (2016) 2086274. 

[21]  B. Baran, Y. Yusuf and M. A. Wahab, Single variable shear 
deformation theory for free vibration and harmonic response of 
frames on flexible foundation, Engineering Structures, 208 
(2020) 110268. 

[22]  P. Phung-Van, C. H. Thai and H. Nguyen-Xuan, An iso-
geometric approach of static and free vibration analyses for po-
rous FG nanoplates, European Journal of Mechanics / A Solids, 
78 (2019) 103851. 

[23]  V. Loc et al., Vibration analysis of cracked FGM plates using 
higher-order shear deformation theory and extended iso-
geometric approach, International Journal of Mechanical Sci-
ences, 96-97 (2015) 65-78. 

[24]  I. Park and J. Park. Effective vibration test planning method  
 

for equipment with high slenderness ratio, Journal of Mechani-
cal Science and Technology, 33 (12) (2019) 5779-5786. 

[25]  J. Hong, J. Kim and J. Chung, Stick-slip vibration of a moving 
oscillator on and axially flexible beam, Journal of Mechanical 
Science and Technology, 34 (2) (2020) 541-553, http://doi. 
org/10.1007/s12206-020-0102-y. 

 
Qin Wu is a doctor of the School of 
Mechanical and Electrical Engineering, 
Lanzhou University of Technology, Lan-
zhou, China. She received her Ph.D. in 
Mechanical Engineering from Lanzhou 
University of Technology. Her research 
interests include mechanical vibration of 
CNC machine tools, nonlinear vibration 

and parameters identification. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


