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Abstract 
 
The machine tool joint is a very important factor in the overall machine tool dynamic analysis, and it has great effects on the machin-

ing performance of a machine tool. As a very important operation parameter, preload greatly influences the stiffness and the damping of a 
machine tool joint. This paper presents the effect of preload on the dynamic stiffness of the spindle nose of a horizontal machining center. 
By discussing types and distribution of machine tool joints, studies on the joints of ball screws, linear guides and bolts are carried out. 
The influence of preload on the axial stiffness of a ball screw is calculated based on Hertzian contact theory and the effect of pre-
tightening moment on pressure of bolt joint is discussed, while the dynamic stiffness and the damping of a linear guide are identified by 
an optimum algorithm with the simulated and experimental results. A finite element model (FEM) of the whole machine tool structure 
considering the effects of different joints is created and verified against the test results, and then the influence of preloads on ball screws 
and linear guides is predicted. Results indicate that preloads on machine tool joints have significant effects on the dynamic stiffness of the 
spindle nose.   
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1. Introduction 

The dynamic performance of a machine tool is typically 
represented in terms of frequency response functions (FRFs) 
and stability lobe diagrams (SLDs) for chatter. They experi-
mentally determine machining efficiency and quality [1]. Re-
searches have been carried out to predict the FRF of spindle 
nose [2, 3]. Because other components also contribute much 
to the spindle nose dynamic stiffness, it is limited that we only 
study the spindle system [4-6]. Therefore it is necessary to 
create the dynamic model of the whole machine tool structure 
and predict its behavior. 

A machine tool is a complicated system composed of many 
components with many joints. Its dynamic behavior is not 
only determined by these components but also by the dynamic 
characteristics of various joints. Researches of Zhang and 
Huang et al. show that about 60% of the total dynamic stiff-
ness and about 90% of the total damping in a whole machine 
tool structure originates in the joints [7]. Therefore analysis of 
the dynamic behavior of a whole machine tool structure 
should be conducted in two ways: joints characteristics identi-

fication [8-14] and dynamic modeling of the whole machine 
tool structure. 

Considering nonlinearities of the machine tool joints [8], 
Dhupia introduced a nonlinear receptance coupling approach 
(NLRCA) and analyzed the effects of a nonlinear joint on the 
dynamic performance of a machine tool [15]. He generated 
the SLD of an arch-type reconfigurable machine tool (RMT) 
including the effects of joint nonlinearity. To model the damp-
ing of machine tool, Neugebauer et al. demonstrated a theo-
retical state-space modeling of non-proportional damped me-
chanics using a biaxial vertical lathe [16]. To predict the dy-
namic behavior of a overall machine tool at the design stage, 
Zhang et al. established a model of the whole machine tool 
structure composed of elements such as distributed mass beam, 
lumped mass and joints. Based on the dynamic fundamental 
parameters of the joints, they set up the dynamic equations of 
the whole machine tool structure with the method of recep-
tance synthesis. An example showed the model is accurate [7, 
17]. Other researchers modeled the column-spindle system by 
finite element method in the commercial software ANSYS. 
Both experimental and simulated results showed that the lin-
ear guides greatly affect the vibration behavior of the spindle 
head [18]. 

Preload on joint is a very important operation parameter of 
the machine tool. Researches indicated that preload had great 
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influences on the stiffness and the damping of machine tool 
joints [4, 5, 8, 9, 13, 17, 19]. The preload technology of the 
rolling bearing for the spindle of machine tools has been 
widely discussed in other researches [4, 5, 20, 21]. Variable 
preload control devices for a spindle rolling bearing were pro-
posed based on centrifugal and electromagnetic forces [22, 23]. 
For the whole machine tool structure with bearings, linear 
guides, ball screws and bolt joints, it is important to analyze 
the relationship between the preloads on joints and the spindle 
nose dynamic stiffness. Clarifying the relationship is helpful in 
adopting reasonable preloads. This study aims at investigating 
the influences of preloads on linear guides and ball screws on 
the dynamic stiffness of the spindle nose of a horizontal ma-
chining center. For this, this paper discusses the types and 
distribution of different machine tool joints, proposes a finite 
element model of a horizontal machining center with the inte-
gration of the modeling of linear guides, ball screws and other 
joints. Experimental measurement results are introduced to 
modify and validate this FEM. With this FEM, dynamic stiff-
ness of the spindle nose under different preloads is predicted. 
Results indicate that preloads on machine tool joints have 
significant effects on the dynamic stiffness of the spindle nose. 

 
2. Whole machine tool structure and its joints 

The whole machine tool structure of the horizontal machin-
ing center studied in this paper is mainly composed of the bed, 
the column, the headstock, the spindle and the work table as 
shown in Fig. 1. The size of the work table is 1×1 m. Travels 
in the X, Y, Z direction of the machining center are 1.7 m, 
1.35 m and 1.4 m, respectively. Since the automatic tool 
changing system is positioned on the foundation apart from 
the main structure, it is not depicted in Fig. 1. 

We can confirm that there are four types of joints of the ma-
chining center from Fig. 1 and current researches [1, 4-7, 15, 
17, 24]. They are: 

(1) Ball screw 
(2) Linear guide 
(3) Bolt joint 

(4) Bearing. 
Since the stiffness of the bearings can be obtained from 

their manufacturer, we mainly focus on the dynamic charac-
teristic identification of the ball screw, the linear guide and the 
bolt joint. 

 
3. Interface characteristic identification of machine 

tool joints 

3.1 Stiffness of the ball screw 

Ball screw is a commonly used feeding device of machine 
tool which carries the major load in the feeding direction. 
Hence predicting the dynamic behavior of the whole structure 
should focus on the axial stiffness of the ball screw [24, 25]. 

The dynamic model of the ball screw is shown in Fig. 2. 
The axial stiffness of the ball screw can be expressed as Eq. 
(1). 

 
1

1 1 1BS
shaft nut bearing

k
k k k

=
+ +

   (1) 

 
where kshaft represents the axial stiffness of the screw shaft, knut 
is the axial contact stiffness of the interface between the screw 
shaft and the nut, kbearing refers to the axial stiffness of the ball 
screw support units. 

In the FEM of the ball screw, the screw shaft and the nut are 
modeled with solid elements; the deformation effect of the 
ball screw support unit and the interface between the screw 
shaft and the nut are modeled with spring elements. The ball 
screw support unit stiffness was obtained from its manufac-
turer [26]. The contact stiffness of the interface between the 
screw shaft and the nut can be figure out as follow steps. 

 
(1) Hertzian expression for contact deformation 
For the ball screw, the contact stiffness of the interface be-

tween the screw shaft and the nut can be related to the local 
deformation at the point where rolling ball and raceway con-
tact. By using the Hertz contact theory, the deformation can be 
expressed as: 

 
2 / 3kQδ =    (2) 

 
where Q denotes the contact force and k represents the Hertz 
constant, which is determined from the material and geometry 
properties of the rolling ball and the raceway [24, 25, 27]. 

 
 
Fig. 1. Whole model of the horizontal machining center. 

 

 
 
Fig. 2. Dynamic model of the ball screw. 
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(2) Ball screw axial stiffness without preload 
Assume that the contact forces on each ball of the ball 

screw are equal when the ball screw is under load F. The load-
ing conditions of the ball screw are shown in Fig. 3. The equi-
librium condition of the ball screw is shown in Eq. (3). 

 
sin cosballF zP β λ=    (3) 

 
where Pball is the contact force of each ball, β is the contact 
angle, λ is the helix angle, z is number of the balls and 

 
0 bz i d dπ=    (4) 

 
where i is the number of circuits, d0 is the nominal diameter of 
the ball screw and db is the ball diameter. 

The deformation conditions of each ball are shown in Fig. 
3(b), and the total deformation is 

 
T S Nδ δ δ= +    (5) 

 
where δS and δN are deformation between the rolling ball and 
the raceway of nut and the screw shaft respectively. They can 
be obtained from Eqs. (2) and (3) combined. 

 
cos
sinaxial

λδ δ
β

=    (6) 

 
Thus, the axial stiffness of the ball screw without preload is 
 

axialK F δ= ∂ ∂ .    (7) 
 
(3) Ball screw axial stiffness with preload 
Generally, preload is used to enhance the carrying capacity 

of a ball screw. Research of NSK indicates the axial stiffness 
of a ball screw with preload is 2.8 times of that without pre-
load on average [26]. The loading conditions of the ball screw 
with preload are shown in Fig. 4. 

Assume the preload and the load are Fp, F, respectively, and 
the normal contact forces between the raceway and each ball 
of nut A and B are PA and PB. The equilibrium condition of 
the ball screw is given in Eq. (8). 

sin cos sin cos 0A BP z P z Fβ λ β λ− − =    (8) 
 
After preloading, the axial deformations of nut A and B are 

both δP. When load is applied, they change to δA and δB re-
spectively. Assume that the axial deformation of nut A and B 
has changed δa, δb, respectively, then the compatibility condi-
tions are 

 
a bδ δ= .   (9) 

 
Referring to Fig. 5, Eq. (9) can be written as  
 

P A B Pδ δ δ δ− = − .   (10) 

 
The axial stiffness of the ball screw with preload can be ob-

tained from Eqs. (3), (7), (8), (9), and (10) combined. 

 
Fig. 3. Loading conditions of ball screw. 

 

 
 
Fig. 4. Load conditions of the ball screw. 

 

 
Fig. 5. Deformation of the ball screw. 
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Fig. 6. The influence of preload on the axial stiffness of ball screw. 
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Basic parameters of the ball screw studied are listed in Ta-
ble 1. Fig. 6 shows the change of axial stiffness of two types 
of ball screw under different preloads. 

 
3.2 Interface dynamic characteristics identification of the 

linear guide. 

The dynamic stiffness and the damping of the linear guide 
can be identified by combining the finite element analysis and 
the experimental results. The identification process is as fol-
lows. 

A finite element model of the linear guide is created in the 
first place. The linear guide consists of a rail, a block and sev-
eral rollers. The carriage and the rail is made of alloy steel, 
whose elastic modulus E = 2.06×1011 Pa, density ρ = 7850 
kg/m3 and Poisson’s ratio μ=0.3. To build the FEM, we 
meshed the carriage and the rail with brick elements. And we 
chose the spring elements to simulate the stiffness and damp-
ing of the linear guide interfaces.  

Ignoring the mass of the rollers, we used 72 spring elements 
to connect the block and the guide, which is demonstrated in 
Fig. 7. By using the finite element modal analysis with esti-
mated stiffness coefficients, the ranges of natural frequencies 
and vibration mode shapes are predicted. 

A modal test was carried out to measure the natural fre-
quencies, damping ratios and vibration mode shapes. The 
experiment was implemented with multiple inputs to obtain a 
single output. This means that an accelerometer is set on a 
special point and the actuator excites a group of points to find 
out the FRF of each input point and the output point. As 
shown in Fig. 8(a), the linear guide was fixed and the acceler-
ometer was set on the center of the upper face of the block. 
Based on the results of the finite element model analysis and 
Ref. [14], the typical mode shapes are pitching, rolling, yaw-
ing and vertical motions. To better compare the simulated and 
measured results, we located the excitation points at the points 
that had the largest amplitudes in any one of the three direc-
tions due to the finite element modal analysis results. 

Table 1. Ball screw parameters. 
 

Nominal diameter 
0d /mm 

Ball diameter 
bd /mm 

Travel 
hP /mm 

Contact angle 
β / ( )o  

Form factor 
t  

Preload 
P /kN Rows × turns 

50 7.9 20 45 0.52 2.68 1×3.8 

55 7.9 20 45 0.52 2.68 1×3.8 

 

 
 
Fig. 7. Modeling of the linear guide. 

 

 
                           (a) Configuration of vibration test                (b) Distribution of measure points 
 
Fig. 8. Configuration of vibration test. 
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In the experiments, 44 different points either on the rail or 
on the block were excited in corresponding directions to ob-
tain the FRF of each point as shown in Fig. 8(b). The acceler-
ometer sensitivity was 100 mV/g, and an impulse hammer 
with a force sensor and white plastic tip was used to excite the 
guide. Acceleration signals and impact force signals recorded 
by the digital analyzer INV3020C were used by the DASP 
data processing system to calculate the FRFs. Then by adopt-
ing the ERA method of DASP, the natural frequencies, the 
damping ratios and the vibration mode shapes could be ob-
tained. For the linear guide, the actual natural frequencies, 
damping ratios are shown in Tables 2 and 3. 

Stiffness and damping coefficients are identified by using 
the optimum algorithm. The objective function can be given 
as 

 
2

2
1

1

( )
min ( )

m
j j

l
j j

k
f k

ω ω
β
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∑    (12) 

 
where ωj(k) and ( )

j
cξ  are the jth natural frequency and 

damping ratio calculated from the FEM, as well as the func-
tions of the design variables,

j
ω and 

j
ξ  are the jth natural 

frequency and damping ratio measured by experiments, m is 
the number of fitted modes, j is the mode order, and βl is the 
scale transformation coefficient of the objective functions. 

Types and models of the linear guides set on this machine 
center are the same. We studied one of these linear guides in 
situations with high preload and low preload. The preload 
codes of linear guide with high preload and low preload are 
C0 and C1, respectively. The stiffness and the damping coef-
ficients of the linear guide with high preload (C0) obtained by 
this method are 3.59×109 N/m and 2450 N·s/m. Fig. 9 shows 
the identifying process. The experimental and calculated re-
sults of natural frequencies and damping ratios of the linear 
guide are listed in Tables 2 and 3. Comparison of the experi-
mental and calculated results shows that the FEM of the linear 

guide developed in this study can describe the dynamic char-
acteristics of the linear guide with an acceptable accuracy. The 
stiffness and the damping coefficients obtained from this re-
search are accurate enough for creating the FEM of the whole 
machine tool structure. The stiffness and the damping coeffi-
cients of the linear guide with low preload (C1) obtained by 
this method are 3.08×109 N/m and 2987 N·s/m. The stiffness 
and the damping coefficients of the linear guide with high and 
low preload reveal that the preload greatly increases the stiff-
ness of the linear guide and decreases the damping coeffi-
cients of the linear guide simultaneously. 

 
3.3 Dynamic interface characteristic of bolt joints. 

A bolt joint is a typical kind of fixed joint which exists 
widely in the whole machine tool structure. Researches indi-
cate that the dynamic characteristics of the bolt joint are de-
termined by many factors, such as material, appearance, pres-
sure, geometry shapes, etc. [7, 8, 13]. As one of the main fac-
tors, pressure is determined by the pre-tightening moment. 
The effect of pre-tightening moment is as follows: 

A typical bolt joint as shown in Fig. 10(a) consists of part A, 
part B, a bolt and a nut. T is the tightening torque of bolt joint, 
Uf and Fp are the tangential and axial forces of the nut due to 
the tightening torque. The moment equilibrium condition of 
the nut is shown in Eq. (13). 

 
T=Tp+Tf   (13) 

Table 2.Comparison of the predicted and experimental frequencies. 
 

 1 2 3 4 5 

Measured (Hz) 955.6 1469 1598 1969 2286 

Predicted (Hz) 1046. 1371 1726 1807 2150 

Relative error (%) 9.53 6.63 8.01 8.10 5.96 

 
Table 3. Comparison of the predicted and experimental damping ratios.
 

 1 2 3 4 5 

Measured 1.487 1.6219 2.497 2.595 3.393 

Predicted 1.399 1.5042 2.7623 2.8141 3.511 

Relative error 5.92% 7.26% 10.6% 8.44% 3.48%
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Fig. 9. The process of identifying interface characteristic of the rolling 
guide. 

 



500 L. Mi et al. / Journal of Mechanical Science and Technology 26 (2) (2012) 495~508 
 

 

where T is the tightening torque of bolt joint, Tp is the torque 
due to Uf, Tf  is the frictional torque between face A (Fig. 
10(a)) and the nut and 

 
Tf=frn=rnμnFp ,  (14) 

( )
( )

3 3
1 0

2 2
1 03n

D D
r

D D

−
=

−
.   (15) 

Tp= r1Uf   (16) 
 

where μn is the friction coefficient between face A (Fig. 10(a)) 
and the nut, rn is the equivalent frictional radius of the nut, D0 

is the pitch diameter of the thread hole, D1 is the diameter of 
the nut. 

For simplification, a square-threaded screw with a single 
thread is considered. The loading conditions of the nut are 
shown in Fig. 10(b). Thus we can conduct the equilibrium 
condition of the nut, as shown in Eq. (17). 

 
Uf cos(βb) – Fp sin(βb) – f = 0 ,   (17)  
F = μ(Uf sin(βb) + Fp cos(βb))   (18) 
 

where βb is the lead angle, f is the friction force which acts 
opposite to the motion, μ is the friction coefficient between 
bolt and nut. Then, 

 
tan( )

1 tan( )
b

f p
b

U F μ β
μ β
+

=
−

.   (19) 

Actually, the threads of most bolt joints are standard. The 
normal thread load is inclined to the axis because of the thread 
angle 2α and the lead angle βb. The βb can be neglected since it 
is very small, and only the effect of the thread angle is consid-
ered (Fig. 10(c)) [28]. The loading conditions are shown in Fig. 
10(d), the angle αs increases the frictional force by the wedg-
ing action of the threads. The friction force is obtained from 
Eq. (18), where the equation must be divided by cos(αs): 

where βb is the lead angle, f is the friction force which acts 
opposite to the motion, μ is the friction coefficient between 
bolt and nut. Then, 

 
f=μ(Uf sin(βb)+Fpcos(βb))/cos(αs).   (20) 
 
The effects of lead angle are neglected, and 
 
α=αs. (21) 
 
The tangential force of nut Uf can be obtained from Eq. (17) 

and Eq. (20) combined.  
 

tan( ) / cos( )
1 tan( ) / cos( )

b
f p

b

U F β μ α
β μ α
−

=
−

   (22) 

 
The tightening torque T can be obtained from Eqs. (13), 

(14), (16) and (22) combined. 
 

1
tan( ) / cos( )

1 tan( ) / cos( )
b

n n p p
b

T r F r F β μ αμ
β μ α
−

= +
−

  (23) 

 
                                (a) Bolt joint                         (b) Loading conditions of nut(square threads) 
 

 
           (c) Comparison of standard threads and square threads     (d) Loading conditions of nut(standard threads) 
 
Fig. 10. Effects of pre-tightening moment. 
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Canceling tan(βb)μ/cos(α)(which is small), the normal force 
of bolt joint is obtained: 

 

1(tan( ) / cos( ))p
n n b

TF
r rμ β μ α

=
+ −

. (24) 

 
From the geometry conditions of bolt, the lead angle 

βb=P/2πr1 [29]. The pressure of bolt joint is 
 

1

2 cos

b

n n

TP
P r r Aμ μ
π β

=
⎛ ⎞

+ +⎜ ⎟
⎝ ⎠

 (25)
 

 
where A is the area of bolt joint. 

For a bolt joint with many bolts, we suppose the force of 
every bolt is equal, and this is accurate enough in engineering. 
The pressure of bolt joint is obtained from Eq. (25): 

 

1

2 cos

b

n n

TP
P r r ANμ μ
π β

=
⎛ ⎞

+ +⎜ ⎟
⎝ ⎠

  (26)
 

 
where N is the number of bolts. 

The effects of pressure on the dynamic characteristics of 
bolt joint are complicated and have been widely discussed in 
other researches [7, 8, 13, 28, 29, 30]. These researches indi-
cated the pressure's nonlinear effects on the contact stiffness 
and damping. The contact stiffness of bolt joint increases with 
the increase of pressure of bolt joint, but its rate decrease with 
the increase of pressure. The damping coefficient of a bolt 
joint decreases with the increase pressure of bolt joint, but its 
rate decreases with the increase of pressure. The reason might 
be determined by contact effect of joint. 

In this paper, the dynamic characteristics of bolt joint under 
different pressure are obtained from Ref. [30]. 

 
4. Model creation and verification of the whole ma-

chine tool structure. 

4.1 Vibration tests 

The dynamic characteristics of the horizontal machining 
center mentioned in section 2 were obtained by measuring the 
direct frequency responses of accelerance of the whole struc-
ture at point A and the spindle nose. The device used for the 
vibration test consists of an accelerometer, a signal amplifier, 
an impact hammer, a digital analyzer INV3020C, DASP data 
processing system and a personal computer. The experimental 
setup is shown in Fig. 11. The accelerometer sensitivity is 
100mV/g. Taking the working conditions of the machine tool 
into consideration, we focus on the dynamic characteristics 
between 0~500 Hz. An impulse hammer with a force sensor 
and rubber tip was used to excite the machine tool.  

In the experiments, the exciting force produced by the im-
pact hammer was applied in the X, Y direction of spindle nose 

and X direction of point A (Fig. 11). The acceleration signal 
and impact force signal are recorded by the digital analyzer 
INV3020C and FRFs are obtained with the help of the DASP 
system. 

The direct frequency responses of accelerance of the whole 
structure at point A and spindle nose are measured through 
exciting tests as shown in Fig. 12. 

Comparing the two direct frequency responses of acceler-
ance of the whole structure shown in Fig. 12(b), the FRF of 
the spindle nose in the X direction is obviously different with 
the FRF in the Y direction. As observed in Fig. 12, the FRF in 
the X direction exhibits a maximum accelerance of 0.1517 
m/s2/N at frequency 239.8 Hz and the FRF in Y direction ex-
hibits a maximum accelerance of 0.177 m/s2/N at frequency 
211.9 Hz. But there are also connections between the two 
FRFs. For example, under the effect of the mode at 50 Hz 
frequency which mode shape is bending vibration of the col-

 
 
Fig. 11. Experimental setup of whole machine. 
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Fig. 12. Experimental frequency response of receptance. 
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umn along X-Y plane (Fig. 16(a)), there is a peak in X and Y 
direction FRF at 50 Hz frequency.  

 
4.2 FEM of the whole machine tool structure 

(1) FEMs of parts 
The FEMs of parts are needed to create the FEM of the 

whole structure. Because of the complexity and large volume 
of the machine tool, free meshing might lead to massive ele-
ments and long solving time. To solve this problem, we 
meshed each part of the machine tool with eight-node brick 
element with Hypermesh, which simplified the creation of the 
spring elements. Table 4 lists the element numbers of free 
meshing and hex meshing. The bed, column, headstock and 
work table are made of cast iron, whose elastic modulus E = 
1.3×1011 Pa, density ρ = 7250 kg/m3 and Poisson’s ratio μ = 
0.3. The spindle system is made of steel, whose elastic modulus 
E = 2.06×1011 Pa, density ρ = 7850 kg/m3 and Poisson’s ratio μ 
= 0.3. The FEMs of the parts are shown in Fig. 13. 

 
(2) Simulation of the joint interfaces 
The dynamic characteristics of the horizontal machining 

center are determined by dynamic characteristics of each part 
and the joint interfaces which connect all the parts together. 
For the FEM of whole machine to be realistic, the parts of 
machine tool were modeled as solid elements (Fig. 13) and the 
joint interfaces were simulated with spring elements which 
connected the parts of the machine tool. 

As shown in Fig. 14(a) a typical drive system consists of all 
the typical joints of the whole machine such as ball screw, 
bearing and linear guide [31] is proposed to indicate the simu-

lation of joint interfaces. 
Linear guide: In the finite element model of the whole ma-

chine tool structure, the finite element model of linear guide is 
shown in Fig. 7. 

Bearing: The stiffness of bearing can be related to the local 
deformation at the points where rolling ball and raceway con-
tact. To avoid the complexity in mesh generation, the mass of 
the outer ring, inner ring and rolling balls is ignored. Two 
types of four spring elements were created around the shaft to 
simulate axial and radial stiffness of the bearing, respectively 
(shown in Fig. 14(b)). 

Ball screw: The shaft and the nut of ball screw are made of 
steel, whose elastic modulus E = 2.06×1011 pa, density ρ = 
7850 kg/m3 and Poisson’s ratio μ = 0.3. For simplification, the 
mass of the rolling balls is ignored and the shaft of the ball 
screw is modeled as a cylindrical shaft [18, 32]. The shaft and 
nut are meshed with brick elements. From the explanation of 
section 3.1, the axial stiffness of the ball screw can be related 
to the local deformation at the points where rolling ball and 
raceway contact. To simplify modeling, the nuts and shaft of 
ball screw were bonded together and the spring elements con-
necting the nut and the load (work table) were created to simu-
late he axial stiffness of the ball screw. 

 
(3) FEM of the whole machine tool structure 
The basic parameters of ball screws, bolt joints and bearings 

of the horizontal machining center are listed in Table 1, Table 
5 and Table 6. The FEM of every part was used to assemble 
the FEM of the whole machine tool structure and spring ele-
ments were created to simulate the dynamic characteristics of 
joints interfaces as Fig. 14 shown. For the model to be realistic, 
the degrees of freedom of the nodes (translations in the x, y, 
and z directions) where machine tool fixed on ground were 

Table 4. Comparison of elements numbers between free meshing and 
hex meshing. 
 

 Bed Column Spindle Headstock Work 
table 

Hex  
meshing 45371 23788 3120 7938 8300 

Free  
meshing 194042 48162 6831 13017 28014

 

 
 
Fig. 13. FEMs of the parts. 

 

 
(a) A ball-screw drive axis 

 

 
(b) Bearing 

 

 
(c) Ball serew 

 
Fig. 14. Simulation of joint interfaces. 
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constrained. By integrating these parameters and FEMs of 
each part, the FEM of the whole structure can be created as 
Fig. 15 shows. 

 
4.3 Finite element analysis of whole machine tool structure 

When the FEM was completed with acceptable accuracy, a 
modal analysis was performed to predict the natural frequen-
cies and mode shapes of the whole structure. The vibration 
modes indicate the inherent vibration behavior of the machine 
responding to the external excitation and the relative dis-
placement between different parts or modules, revealing the 
weak point of the whole structure. The fundamental vibration 
mode shapes of the whole machine tool are graphically de-

picted in Fig. 16, and the corresponding frequencies of these 
modes are list in Table 7. 

As observed in Fig. 16, the first mode is the bending vibra-

Table 5. Bolt joints parameters. 
 

Normal  Tangential 
Name Material Rough 

degree 
Pressure 
(MPa) Stiffness 

(N/m) 
Damp 

(N·s/m) 
Stiffness 
(N/m) 

Damp 
(N·s/m) 

Face B (Fig. 7) Cast iron-Steel 1.6 4.69 5.76×1011 3.59×107 9.125×1010 4.53×106 

Face C (Fig. 11) Cast iron-Steel 1.6 3.62 1.186×1011 7.135×106 3.92×1010 5.68×106 

 
Table 6. Bearings parameters. 
 

Stiffness of bearing sets 
 Outer diameter 

D/mm 
Inner diameter

d/mm 
Width 
B/mm 

Contact angle
β 

Preload 
P/N Axial 

ka/N/m 
Radial 
kr/N/m 

7022C 170 110 28 15 1770 2.03×108 1.015×109 

7024C 180 120 28 15 1960 3.33×108 1.7325×109 

40TAC90B 40 90 20 60 C9 1.015×109 — 

45TAC100B 45 100 20 60 C9 1.16×109 — 

50TAC100B 50 100 20 60 C9 1.745×109 — 

 
Table 7.Vibration frequencies associated with mode shape of whole machine (unit: Hz). 
 

Preload 

Linear guide Ball screw Linear guide Ball screw Linear guide Ball screwMode shape 

C0 100 KN C1 2.68 N C0 2.68 KN 

Bending vibration of column along X–Y plane 48.7 45.5 49.1 

Torsion vibration of column about Y-axis 127.8 124.8 130.9 

Motion vibration of spindle along Z axis 187.1 186.2 201.3 

Torsion vibration of headstock about Z-axis 333 327.8 334.3 

 

 
          (a) 49.1 Hz               (b) 130.9 Hz 

 

 
          (c) 201.3 Hz                 (d) 334.5 Hz 
 
Fig. 16. Modal shapes of machine tool obtained from FEM. 

 

 
 
Fig. 15. Modeling of the whole machine. 
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tion of the column structure along the XY plane at frequency 
49 Hz, and at frequency 130.9 Hz, the mode shape is the tor-
sion vibration of column about Y-axis. These mode shapes are 
dominated by certain parts or modules. Other mode shapes 
exhibit relative motion between different parts or modules as 
Fig. 16(d) shows, which is torsion vibration of headstock 
about Z-axis. 

The harmonic analysis is performed to calculate the FRFs 
of the whole structure. The direct frequency responses of ac-
celerance of the whole structure at point and the spindle nose 
were predicted. And in this case, they are the same. The FRFs 
of these points are shown in Fig. 17.  

Comparing the simulated and experimental results showed 
in Figs. 12 and 17, we can determine the accuracy of our 
model. Table 8 lists these results and their relative errors, from 
which we can see that the measurements agree well with the 
simulation based on the proposed model. To improve the ac-
curacy of modeling, further work should concentrate on the 
joints nonlinearity and damping characteristics. 

5. The influences of preloads on the dynamic charac-
teristics of the whole machine tool structure. 

5.1 The influences of preloads on the vibration modes 

Modal analysis was performed with linear guide and ball 
screw under different preloads, and vibration frequencies of 
machine tool are summarized in Table 7. From comparisons 
of the results, the natural frequencies all rise due to the in-
crease of the preloads, and the ranges vary from mode to 
mode. Since the mode shapes exhibit relative motion between 
different parts or modules, the effect of preload is more re-
markable than those dominated by certain parts or modules. 
Considering the large volume of machine tool, the effect of 
preload is weak while the increase of natural frequency in 
Table 7 is less than 15 Hz. 

 
5.2 The influences of preloads on the dynamic stiffness of 

spindle nose 

The responding to the external excitation of machine tool is 
determined by the mode at the frequency of exciting force. 
The complication of preload effect on modes of the whole 
machine tool determines its complicated effects on dynamic 
stiffness of the spindle nose. Dynamic stiffness is usually used 
as a performance index for evaluating the mechanical charac-
teristics of a machine tool structure; therefore, it is important 
to discuss the effect of preload on it. Harmonic response 
analysis, which is a technique used to determine the steady-
state response of a linear structure to loads that vary sinusoi-
dally with time, is performed to calculate the FRFs of the 
whole structure under unit force based on the FEM of the 
whole machine tool structure. The reciprocal of FRFs are dy-
namic stiffness of spindle nose. 

Linear guide: With the linear guides in X, Y, Z directions 
under high (C0) and low (C1) preloads, the dynamic stiffness 
of the spindle nose in X, Y and Z directions is predicted and 
presented in Fig. 18. From Fig. 18, we can make these conclu-
sions: 

High preloads enhance the dynamic stiffness of the spindle 
nose. As we can see in Fig. 18(a), the minimum dynamic 
stiffness is 1.02×107 N/m at frequency 65.14 Hz under low 
preloads, while that is 1.18×107 N/m at frequency 67.28 Hz 
under high preloads. Since the machine center is much larger 
and heavier than the prototype of a vertical column – spindle, 
the influence of the linear guides is not as great as it is indi-
cated by research [18]. 

The effects of preload of linear guide on the dynamic stiff-
ness of spindle nose are complicated, in the following areas. 

Table 8. Comparison between the predicted and experimental natural frequencies of the whole machine. (unit: Hz). 
 

Orders 1 2 3 4 5 6 7 8 9 10 

Measured results 49.68 74.2 123.9 139.6 190.4 213.5 239.8 265.5 349.4 384.2 

Predicted results 49.1 67.2 132.6 153 199.1 211.9 236.3 272.3 318.7 362.9 

Relative error (%) 1.16 9.43 7.02 9.59 0.57 0.75 1.5 2.56 8.79 5.54 

 

0 100 200 300 400
1E-4

1E-3

0.01

356.1

310.7

270.5

234.4

199.1

154.4

130.5

66.2

A
cc

el
er

an
ce

 (m
/s

2 /N
)

Frequency (Hz)

 Predicted

(a) Point A 
 

(b) Spindle nose 
 
Fig. 17. Predicted frequency response of receptance. 
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(1) As the reason for difference of the dominate mode 
shapes at different frequencies, changes of preloads only in-
fluence the dynamic stiffness in several particular bands other 
than the whole one. For example, the dynamic stiffness almost 
remains the same from 0 Hz to 50 Hz in Fig. 18(b). The rea-
son for this is that vibration mode in this band is bending vi-
bration of column along X–Y plane. On the other hand, the 
effects of preload are significant at the bands from 200 Hz to 
300 Hz and 350 Hz to 450 Hz. Under the support of high pre-
load linear guide, the dynamic stiffness increases in Y direc-
tion in the band 350 Hz~450 Hz. Being in diametri-
cal opposition, the dynamic stiffness of the spindle nose de-

creases with the rise of the preload of the linear guide from C1 
to C0. This appears to go against the thinking about the effect 
of linear guide preload. The reason for this may be that the 
low preload linear guide has become a dynamic absorber of 
the machine tool. The “dynamic absorber effect” results in 
local increases of dynamic stiffness, and the same phenome-
non is found in other joints in different directions of this ma-
chine tool and Refs. [2, 18]. Future researches will focus on 
the reasons for this effect. 

(2) The effects of preload of linear guide on the dynamic 
stiffness of spindle nose in different directions are different at 
the same frequency. For example, when the preload of the 

 
(a) X direction 

 

 
(b) Y direction 

 

 
(c) Z direction 

 
Fig. 19. The influence of ball screw preload. 

 

(a) X direction 
 

(b) Y direction 
 

(c) Z direction 
 
Fig. 18. The influence of linear guide preload. 
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linear guide increases, the dynamic stiffness increases re-
markably in the Z direction while remaining almost un-
changed in X and Y directions at frequency 200 Hz. The rea-
son for this is that the dominant mode shape at frequency 
200 Hz is the motion vibration of headstock along the Z axis 
as Fig. 16(c) shows. The stiffness of the spindle in the Z direc-
tion and the stiffness of spring elements which is used to 
simulate the linear guide connecting the column and head-
stock are a connection in series. The increase of preload re-
sults in the increase of natural frequency and dynamic stiff-
ness in the Z direction. 

Ball screws: The dynamic stiffness of the spindle nose is 
depicted in Fig. 19 when the ball screws in X, Y, Z directions 
are under respective preloads of 100 N and 2.68 KN. Conclu-
sions on the effects of preloads on ball screws are similar to 
that on the effects of preloads on linear guides, but there are 
also some specialties. 

(1) In general, bands affected by ball screws are relatively 
narrower than that affected by linear guides. In the band from 
120 Hz to 200 Hz and 250 Hz to 300 Hz in Fig. 19(b), how-
ever, the effect is great. This demonstrates that the motion 
vibration of spindle along Y axis is restricted by the axial 
stiffness of ball screws. As a result, the vibration frequencies 
at these bands are increased and the dynamic stiffness of the 
spindle nose is changed. 

(2) The preloads on ball screws have bare effects on the dy-
namic stiffness in the Z direction of the spindle nose, which 
originates from the fact that the feeding movement in the Z 
direction is achieved by the work table other than by the spin-
dle (Fig. 1). Therefore, the dynamic stiffness of the spindle 
nose in the Z direction is essentially affected by the stiffness 
of the spindle itself, rather than the ball screw. 

 
6. Conclusions 

This paper analyzes the effects of preloads on the dynamic 
stiffness of the spindle nose. With the analysis and results, we 
can draw the following conclusions:  

(1) The influence of preloads on the axial stiffness of the 
ball screw is calculated base on the Hertz contact theory. 

(2) The dynamic stiffness and the damping of linear guide 
are identified with the help of an optimum algorithm. Com-
parisons between the finite element analysis and the experi-
mental results indicate that the model can reflect the dynamic 
characteristics of the linear guide accurately. 

(3) The FEM of the whole machine tool structure consider-
ing the effects of joints is created and verified against the ex-
perimental results. This model can accurately simulate and 
predict the dynamic behavior of the machining center. 

(4) Effects of various preloads on both linear guides and 
ball screws on the whole structure are studied. It turns out that 
preloads on the joints of the machining center have significant 
effects on the dynamic stiffness of the spindle nose. Preloads 
on different joints contribute quite differently to the dynamic 
stiffness in distinct bands of frequencies. At the same time, 

though increasing preloads can enhance the natural frequen-
cies, it can also decrease the dynamic stiffness at some fre-
quencies and thus deteriorate the dynamic performance of the 
machining center due to "dynamic absorber effect." Therefore, 
the preloads should be chosen reasonably during the design 
and manufacturing stage based on the customers' needs rather 
than simply increasing them. 
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Nomenclature------------------------------------------------------------------------ 

kBS  : Axial stiffness of the ball screw  
kshaft  : Axial stiffness of the screw shaft 
knut  : Axial contact stiffness of the interface between the 

screw shaft and the nut 
kbearing : Axial stiffness of ball screw support unit 
δ  : Deformation at the contact point 
Q  : Contact force 
k : Hertz constant, which is determined the material and 

geometry properties of rolling ball and raceway 
Pball  : Contact force on each ball of the ball screw 
β : Contact angle of the ball screw 
λ : Helix angle of the ball screw 
z  : Number of balls 
do : Nominal diameter of the ball screw 
db : Ball diameter 
i  : Number of circuits 
δT : Total deformation of each ball 
δS, δN : Deformation between ball and the raceway of nut 

and screw shaft 
δaxial   : Axial deformation of each ball 
K  : Axial stiffness of the ball screw without preload 
F  : Load on the ball screw 
Fp  : Preload on the ball screw 
PA, PB  : Normal contact forces between raceway and each 

ball of nut A and B 
δP   : Axial deformation of nut A and B after preloading 
δA , δB  : Axial deformation of nut A and B after loading 
δa , δb  : Changes of deformation of nut A and B after loading 
Ph  : Lead of the ball screw 
t  : Form factor of the ball screw 
E  : Elastic modulus 
ρ : Material density 
ωj(k) : jth natural frequency calculated 
ζj(c) : jth damping ratio calculated 

j
ω   : jth natural frequency measured 

j
ξ   : jth damping ratio measured 
m  : Number of fitted modes 
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j  : Mode order 
βl : Scale transformation coefficient of the objective 

functions 
PB  : Pressure of bolt joints 
T : Tightening torque of bolt joint 
Uf , Fp : Tangential and axial force of nut due to tightening 

torque T 
Tp : The torque due to Uf 

Tf   : Frictional torque between face A and nut 
μn  : Friction coefficient between face A and nut 
rn  : The equivalent frictional radius of the nut 
D0  : Pitch diameter of thread hole 
D1 : Diameter of nut 
βb : Lead angle of bolt 
f : Friction force which is acting opposite to the motion 

of nut 
μ : Friction coefficient between bolt and nut 
N  : Number of bolts 
Pb : Pressure of bolt joint 
A  : Area of bolt joint 
P : Pitch of bolt 
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