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Abstract - This study investigates the influence of bearing 
specifications on the dynamic characteristics of a milling 
spindle through both experimental measurements and finite 
element modeling. Bearing configurations were defined by 
the number and diameter of rolling elements, contact 
geometry of the raceways, and preload conditions. 
Frequency response functions (FRFs) were experimentally 
obtained via impact tests on spindle units with varying 
bearing setups. Modal parameters—such as natural 
frequency, damping ratio, and compliance—were extracted 
from the FRFs and analyzed in relation to bearing design. A 
finite element model incorporating Hertzian contact theory 
was developed to simulate spindle dynamics and predict 
bearing stiffness. The results show that changes in bearing 
rigidity, particularly when switching from larger to smaller 
bearings, significantly affect the spindle’s dynamic response. 
The simulated FRFs exhibit good agreement with 
experimental data, with discrepancies limited to 
approximately 5%. These findings demonstrate the 
importance of bearing selection in tuning spindle 
performance and validate the proposed modeling approach 
as a tool for the design and integration of machine tool 
structures. 
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1. INTRODUCTION 

 The spindle system is one of the most critical 
components in machine tools, as its performance directly 
influences both the machining capability and precision. 
According to the research conducted by Choi and Lee [1], 
more than 50% of the structural deformation at the cutting 
point during machining originates from the spindle–
bearing system. As such, enhancing the rigidity of the 
spindle system is considered one of the most effective ways 
to improve the overall stiffness of machine tools. Several 
studies [2-6] have demonstrated that the dynamic behavior 
of a spindle–tool system is largely governed by the 
characteristics of the supporting bearings. Among various 
options, angular contact ball bearings are the most 
commonly used in spindle systems due to their low friction 
and their capacity to support both axial and radial loads. 

 The key factors influencing spindle rigidity include 
bearing size and specification, arrangement, span, and 

preload [7-11]. For instance, Kim et al. [7] reported that a 
higher bearing preload can enhance spindle accuracy, but it 
may also lead to a significant temperature rise. Therefore, 
preload levels must be carefully adjusted according to the 
specific cutting conditions. In a related study, Li and Shin 
confirmed that increases in bearing temperature can alter 
the preload, thereby affecting the vibration characteristics 
of the spindle system [12]. 

   In bearing dynamics, parameters such as ball 
diameter, number of balls, and overall bearing dimensions 
(including inner and outer ring diameters) play a critical 
role in determining bearing performance—particularly in 
terms of stiffness, vibration characteristics, and load-
carrying capacity [13]. These factors affect how the bearing 
interacts with applied loads, influencing stress distribution, 
noise and vibration generation, and overall service life. Bai 
et al.[14] demonstrated that variations in ball diameter 
significantly affect the sound radiation characteristics of 
full ceramic bearings, with the impact becoming more 
pronounced at higher rotational speeds. In a separate 
study, Deng et al. [15] identified ball diameter as the most 
sensitive structural parameter influencing the dynamic 
stability and vibration behavior of ball bearings, followed 
by groove curvature radius and raceway diameter. A recent 
investigation by Deng et al. [16] further examined the 
effects of raceway diameters and guiding clearances on 
dynamic bearing stiffness. Their findings indicate that both 
ball diameter and the number of balls, in combination with 
different raceway diameters, influence contact loads, 
contact angles, contact deformations, and offset distances, 
thereby altering bearing stiffness. They concluded that a 
balanced combination of inner and outer raceway 
diameters is essential to achieve both favorable stiffness 
magnitude and minimal stiffness fluctuation. 

 In general, bearings with smaller contact angles offer 
improved resistance to radial loads and higher radial 
stiffness. Larger balls provide increased contact area, 
reducing elastic deformation at the ball–raceway interface 
and enhancing both contact stiffness and overall bearing 
rigidity. Additionally, a higher number of balls contribute 
to increased stiffness and load-carrying capacity. Tighter 
groove curvature (i.e., smaller clearance) results in greater 
contact stiffness, and an optimized curvature ratio is 
beneficial for improving rigidity and minimizing 
deformation. 
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This study investigated the dynamic characteristics of 
a spindle–tool system using both experimental testing and 
finite element modeling (FEM). As is well established, the 
machining stability of a machine tool is strongly influenced 
by the dynamic frequency response function (FRF) of the 
spindle–tool assembly. Therefore, a thorough 
understanding of spindle dynamics is essential for 
evaluating and enhancing machining performance. To this 
end, a three-dimensional finite element model of the 
spindle unit was developed to simulate its dynamic 
behavior. The model was validated through experimental 
FRF measurements obtained via impact (tapping) tests on 
a physical spindle unit. A critical aspect of the FEM model 
development was the accurate representation of the rolling 
interface within the angular contact ball bearings. This was 
achieved by introducing a series of spring elements 
between the inner and outer raceways to simulate contact 
stiffness. The contact stiffness at the rolling interface was 
modeled as a function of bearing specifications, including 
contact geometry, ball diameter, contact angle, and preload, 
and was calculated based on Hertzian contact theory. 

The results of this study provide a useful reference for 
tuning spindle dynamics through appropriate selection of 
bearing specifications. The proposed modeling approach 
can be further extended for the integrated design and 
analysis of complete machine tool systems, including the 
spindle assembly and machine frame structure. 

2. EXPERIMENTAL APPROACH 

2.1 Assemble of the Spindle  

The high-speed spindle used in this study is shown in 
Fig-1(a). The front and rear bearing pairs were designed 
with different specifications such ball number, ball 
diameter and contact angle, but with the same basic 
dimensions. The specifications of the bearings are listed in 
Table-1. The bearing pairs were mounted in DT 
arrangement and preloaded by using the spacers with 
different clearance, which is determined by the difference 
of axial length between the outer and inner spacers, 
irrespective to the clearance in radial direction.  

  

 

 

Fig-1: (a) High speed spindle for test, (b) Schematic of the 
tapping test of spindle. 

Table-1: Main specifications of bearing. 

Item Details 

Bearing code 7014-L 7014-S 

Inner diameters (mm) 70 70 

Outer diameters (mm) 110 110 

Ball numbers 21 29 

Ball diameter (mm) 11.906 7.938 

Contact angle (Degree) 16 15 

Static load rating (KN) 42.3 19.28 

Dynamic load rating (KN) 35.3 21.67 

Preload (N) 550 325 

Contact stiffness (N/um) 591 537 

 

2.2 Experimental Configuration  

Fig-1(b) illustrates the experimental configuration of 
the spindle unit without tool holder. The spindle was 
suspended by two wire ropes for test. The accelerometers 
were mounted on the spindle nose and spindle housing, 
respectively to measure the vibration signals excited by 
the impact hammer at the opposite side of spindle nose or 
spindle tail. The dynamic responses were then extracted 
from the recorded FFT spectrum. The modal parameters 
such as damping ratio and dynamic stiffness associated 
with the dominant vibration modes were extracted from 
the measured FRFs. 

3. FINITE ELEMENT APPROACH  

3.1 Contact stiffness of ball bearing  

   The rolling interfaces between rolling balls and raceways 
of the bearing are considered as the primary sites affecting 
the dynamic characteristics of spindle tool. Therefore, it is 
necessary to correctly modeling the rolling interface at the 
bearings in spindle unit by finite element method. Fig-2 
shows the contact status of a typical angular contact ball 
bearing. The contact force between the rolling ball and the 
raceway can be related to the local deformation of contact 
point by the Hertzian expression [21] as follows: 
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where Q denotes the contact force and  is the elastic 
deformation at the contact point. Kh represents the Hertz 
constant, which is determined by the contact geometry of 
the ball groove or raceway and the material properties of 
the contacting components. Details are available in the 
literature [22]. The normal stiffness at a specific preload 
can then be obtained as 
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Fig-2: Typical angular contact ball bearing.  

 

3.2 Finite element model of spindle unit 

        A solid model of the spindle bearing system was 
shown in Fig-3, including the rotating shaft and the 
spindle housing. The finite element model was meshed 
with hexahedron elements. To reduce the complexity in 
model creation and mesh generation of the motion 
components, such as the ball bearing, the contact 
configuration between rolling ball and the raceway was 
modeled as surface contact model using a series of spring 
element between the inner and outer rings by neglecting 
the effect of rolling balls. For finite element analysis, all the 
metal components have the following material properties 
of carbon steel: elastic modulus E = 208GPa, Poisson’s 
ratio  = 0.3, and density  = 7850Kg/m3. 

For subsequent analysis, the finite element model was 
validated by comparing the results of the harmonic 
analysis with the experimental measurements. In the finite 
element model of the tested spindle, the overall contact 
stiffness of each bearing was calculated as 591N/m 
according to the equation (2). The stiffness of each bearing 
is distributed on the spring elements circumferentially 
surrounding the spindle shaft created in the finite element 
model.  

 

  

 

Fig-3: Solid model and meshed model of the spindle with 
453881 nodes and 108229 elements. 

4. RESULTS AND DISCUSSIONS 

4.1 Frequency Response Functions 

The measured vibration responses of the spindle units 
with different bearings pairs are illustrated in Fig-4 for 
comparison, which are expressed in terms of the 
compliance varying with frequency. The curve H11 and 
H22 represent the direct frequency response measured at 
spindle nose (point 1) and tail (point 2) excited at opposite 
side of point 1 and point 2 respectively, by impact hammer. 
For spindle with L-sized bearing it shows three 
fundamental modes at about 1443, 2937 and 4376 Hz. For 
spindles with small balls, the natural frequencies are 
found to shift slightly to a higher or lower value. It can be 
found from Fig-4 that the response H11 and H22 have the 
same resonant mode at frequency of 1443 Hz, but with 
different amplitude, which can be regarded as the bending 
vibration mainly associated with of spindle nose and 
spindle tail.  

 

 

Fig-4: Frequency response functions measured at the 
spindle nose and housing. 
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Fig-5 Compares the frequency response functions 
measured spindle with different bearings. The modal 
parameters extracted from frequency response functions 
are listed in Table-2. It is clearly demonstrated in Fig-5 
that the natural frequency and vibration amplitude were 
affected to change for bearing pairs from large to small 
sizes. According to the finite element modeling, the 
vibrations modes were mainly caused by the bending 
deformation of the spindle shaft, as shown in Fig-6, which 
was greatly determined by the rigidity of the bearings. 

 

 

 

 

 

 

 

 

 

 

Fig-5: Comparisons of frequency response functions 
measured spindle with different bearings. 

4.2 Vibration modal behavior  

        The fundamental vibration modes of the spindle unit 
were assessed from modal analysis, as depicted in Fig-6. It 
is found that the first mode is associated with the bending 
vibrations of the spindle tail and the second mode is the 

bending vibration of the spindle nose at higher frequency 
around 1447 Hz and the second mode is the vibration of 
the spindle nose at higher frequency around 2906 Hz. In 
addition, the second bending vibration induces a 
maximum displacement at the spindle nose, which is likely 
to affect the machining accuracy. The natural frequencies 
corresponding to the first two vibration modes are 1447 
and 2906Hz, respectively, agreeing well with the 
experimental measurements (1444 and 2938 Hz). 

4.3 Predicted Frequency Response Functions 

        The harmonic analysis was performed to assess the 
dynamic response of the spindle with large-sized bearing 
under unit force at the tool holder. The frequency 
response functions predicted at spindle nose and housing 
were also illustrated in Fig-7 for the comparison with the 
measurement, which clearly verifies that the spindle 
model behaves a dynamic behavior comparable to those 
measured in physical spindle. 

Again, the spindle unit was found to become more 
compliant when the first and second bending modes were 
excited. For spindle with larger bearing, the predicted 
dynamic compliance at second mode was 18.61 m/kN at 
frequency of 2906 Hz, while the measured value was 17.79 
m/kN at 2938 Hz. It is noticed that the differences 
between the predicted results and experimental 
measurements are approximately around 5%. This 
addresses that the proposed analysis model of the spindle 
can appropriately predict the dynamic behavior of the 
spindle tool system. 

Fig-6: Fundamental vibration modal shapes of spindle. 

 

 

Table-2: Modal parameters of spindle unit. 

Bearing type 

Modal parameters  

Frequency  
(Hz) 

Compliance 
(um/kN) 

Damping 
 (%) 

Vibration Mode (I) 

S-sized 1461 5.65 0.94 

L-sized 1444 8.57 0.75 

Vibration Mode  (II) 

S-sized 2954  20.76  1.25 

L-sized 2938  17.79  1.68 

 

(a)First bending vibration mode 

 

(b)Second bending vibration mode 
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Fig-7: Comparisons of the frequency response functions 
predicted by FEM model and measured by tapping test. 

Basically, the influence of the bearing rigidity also can 
be accurately analyzed with the modeling of the rolling 
interface into the solid finite element model. Essential, 
bearing rigidity can be affected by the design details of 
different specification such as ball diameter, contact 
geometry and preload set in the spindle. As shown in 
Table 1, the bearing with large balls has different loading 
capacity and the rigidity as compared with one with small 
balls. This actually make the bearing having different 
rigidity, it follows that the spindle behaves different 
dynamic behaviors as shown in Fig-5.  

5. CONCLUSIONS 

This study has investigated the influence of bearing 
specifications on the dynamic characteristics of a milling 
spindle through a combination of experimental 
measurements and finite element modeling. The bearing 
specifications were defined by the number and diameter 
of rolling elements, the contact geometry of the raceways, 
and the preload amount. Experimentally, frequency 
response functions (FRFs) were obtained by performing 
impact tests on spindle units equipped with different 
bearing configurations. Modal parameters—including 
natural frequency, damping ratio, and compliance—were 
extracted from the measured FRFs and analyzed in 
relation to the corresponding bearing specifications.  

A finite element model of the spindle was also 
developed to predict its dynamic behavior. The results 
demonstrate that changes in bearing rigidity, particularly 
when replacing large-sized bearings with smaller ones, 
significantly affect the spindle’s modal parameters. 
Moreover, the predicted FRFs showed good agreement 

with the experimental results, with discrepancies within 
approximately 5%. The accuracy of the model depends on 
the representation of the rolling interface, where bearing 
contact stiffness is estimated using Hertzian contact 
theory. Overall, the findings highlight the importance of 
bearing design in determining spindle dynamics. The 
proposed modeling approach serves as a useful tool for 
optimizing spindle performance and can be extended to 
support the integrated development of machine tools, 
including both the spindle assembly and the supporting 
structural components. 
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