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Abstract
The dynamic performance of the grinding machine spindle determines its ultimate vibration resistance and the machining
accuracy. To gain better dynamic performance of the grindingmachine spindle system, the integrated evaluation and optimization
method should take both manufacturing process and machine tool into account. In this paper, a frequency domain dynamic
response approach is proposed to study the optimization. This approach considers the dynamic grinding force from the view of
spindle imbalance and frequency response function (FRF) by means of modal frequency and dynamic stiffness. The dynamic
grinding force is analyzed experimentally to verify the vibration excitation force in process. Furthermore, the optimization
process by finite element method is conducted with the intermediate dynamic parameter improvement by structural optimum
design. Applying on a high-speedmachine tool, the case studies are illustrated to demonstrate the implementation of the proposed
method; the dynamic response optimization approach results shows, to achieve the vibration response in grinding process, it is
necessary and priority to improve the dynamic stiffness of the spindle.
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1 Introduction

With recent developments inmanufacturing industries to satisfy
the accuracy and surface finish requirements, there is a growing
demand for dynamic performance of the grinding machine
tools. In modern application, the overwhelming majority of
machine tools are equipped with motorized spindles, which
contributes heavily to productivity, precision and quality of
the machined products [1, 2]. The researchers have focused
on motorized spindle units for high-speed and high-
performance cutting. Numerous works have been carried out
and to study the dynamic performance of spindle units by test-
ing, modeling, analysis, and optimization. The aim of modeling
and analysis of spindle units is to simulate the performance of

the spindle and optimize its dimensions during the design stage
in order to achieve the high dynamic performance.

In field of dynamic performance modeling and analysis of
grinding machine tool, the unfavorable phenomenon of chatter
vibration is one of the most critical errors in grinding and should
be detected and avoided in advance [3, 4]. In the process of
designing, machine tool virtual models are required to predict
the dynamic behavior and to optimize the machine tool perfor-
mance. For this purpose, the different influencing factors of
mass, stiffness, and damping properties as well as friction forces,
feed drive controls, and movements have to be considered in the
simulation [5]. Zaeh et al. developed a new method for simula-
tion of machining performance by integrating finite element and
multi-body simulation for machine tools, in which the spindle is
critical [6]. Lin et al. present an integrated model with experi-
mental validation and sensitivity analysis for studying various
thermo-mechanical-dynamic spindle behaviors at high speeds;
the results show it is useful for differentiating quantitatively
different effects on the spindle behaviors [7]. Wu et al. devel-
oped a thermodynamics coupledmodel of high-speedmotorized
spindle system, and studied the effect of parameters of the spin-
dle system on the dynamic behavior of the grindingmachine [8].
The works achieve the critical factors that influence the dynamic
performance of machine, especially for the grinding spindles.
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Furthermore, the final step is to optimize the dynamic perfor-
mance in application situation by means of process analysis,
structural dimensions re-setup, and material design. Fredin et
al. present the strategy to solve several optimization algorithms
and continuously updating bounds and constraints, togetherwith
post processing of the results. The holistic methodology can
predict and optimize a complete machine tool’s properties, ex-
ploring the potential of a full optimization study [9]. Wu et al.
proposes a modified two-level optimization approach for the
concept design of a machine tool. The principal dimensions of
all the structural parts can be determined, minimizing the weight
of the machine while maintaining sufficient stiffness [10].

Altintas and Cao presented general finite element method to
predict the static and dynamic behavior of spindle systems, and
further developed an optimization method to achieve dynamic
stiffness by tuning of the spindle modes through optimizing the
locations of bearings and the motor for motorized spindles [11].
Li et al. developed a Kriging approximationmodel coupled with
finite element method to substitute the dynamic equations for
obtaining the position-dependent natural frequencies of a ma-
chine tool, as well as relative positions between the tool and the
workpiece during the machining process, and further optimiza-
tion design the dynamic performance of the machine tool [12].
Huo et al. proposed a holistic integrated dynamic design and
modeling approach, which supports analysis and optimization
of the overall machine dynamic performance at the early design
stage; it can cover the dynamics of the machine structure, mov-
ing components, control system, and the cutting process and
provides the comprehensive analysis on the performance of
the entire machine [13].

Aiming to increase the performance of state-of-the-art
HSC- and HPC-machine tools, Neugebauer et al. optimized
the mechatronic dynamic behavior by lightweight design, and
amanipulation of the stiffness/weight ratio of themachine tool
structure [14]. Aggogeri’s study investigated the optimization
application of metal foams impregnated by phase change ma-
terials (PCM) inMTcomponent realization, by their high light
and stiffness performances, and showed a complete study and
thermal testing validation on a set of prototypes [15]. Xu et al.
designed a hybrid headstock to improve the damping capacity
by adhesively bonding a damping layer and constraining layer
to the surface of the cast headstock [16].

The proposed model and method can be used to improve the
design of machine tool and its spindles for targeted machining
applications. However, the previousmainly consider some single
indicators such as quality and stiffness as the optimization goal.
To further solve the dynamic performance optimization problem
of the machine tool systematically, it is necessary to investigate
the key factors that influence the dynamic performance of the
spindle system and whole machine tool. As the key component
of grinding machine tools, spindles basically fulfill two tasks:
rotate the wheel and transmit the required energy to the cutting
zone for metal removal. The wheel/workpiece dynamic

interactions introduce unfavorable consequences to the work-
piece and grindingwheel [17]; in the paper both grinding process
[18, 19] and dynamic characteristics of the spindle system [15,
20] are taken as the research object to optimize the performance
of grinding machine spindles by interaction between the
manufacturing process and the machine tool structure [21].

Taking the frequency-domain grinding force model-based
evaluation method [22], this paper proposed a frequency do-
main finite element method to determine the dynamic param-
eters’ influence on the overall performance of the grinding
spindle in process. And the method is applied to optimize
the machine structure as shown in Fig. 1: (1) the dynamic
force model is built in the frequency domain based on the
process; (2) the frequency response function is measured
which contains the dynamic performance information of the
machine spindle; (3) optimized FRFs are obtained based on
the structural dimension optimization results; (4) the response
root mean square values (RMSs) are calculated in the certain
spindle speed range; and (5) by comparing the results, the
dynamic performance optimization method is analyzed.

2 A frequency domain dynamic response
approach

A new non-dimension dynamic force model as Eq. (1–2) is
derived in the previous study [23], and it is applied in frequen-
cy domain dynamic response approach to analyze the dynam-
ic performance of the machine.

f n tð Þ ¼ Fn0 þ Fn1sinωt þ Fn2sin2ωt þ Fn3sin3ωt þ Fn4sin4ωt þ…ð Þ
ð1Þ

f t tð Þ ¼ Ft0 þ Ft1sinωt þ Ft2sin2ωt þ Ft3sin3ωt þ Ft4sin4ωt þ…ð Þ
ð2Þ

The grinding machine spindle is studied in the field of
linear system though it is not completely linear. The RMS
values are used in calculations regarding power or energy in
a signal waveform to have a sense of the dynamic perfor-
mance. Here, when the FRF and the dynamic force in a certain
frequency domain are applied, the response RMS can be com-
puted in the frequency domain, using the following formula:

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X 2
0
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� �
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where m is the number of samples in the range and Xi is the
amplitude of every sample. The speed-varying RMS values
are the parameters that evaluate the dynamic performance of
the machine tool spindle system in the finite element model.
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The force model-based dynamic performance evaluation
method in this study is an interaction of manufacturing pro-
cess dynamic force and machine tool structure, involving the
characteristics of the dynamic force and the modal frequencies
and dynamic stiffness of the grinding machines.

3 The dynamic grinding force analysis

To the most force models, the force is clearly and directly
based on depth of cut. Consequently, in this research, it as-
sumes that the dynamic forces are mainly caused by the dif-
ferences of the depth of cut from the point view of relative
vibration in kinematics. Then, the imbalance between the
spindle and wheel is the main factor to cause the relative
movement between the grinding wheel and the workpiece,
which result in the dynamic change of depth of cut.
Following this, the dynamic response is studied experimental-
ly applying the dynamic balance instrument.

The spindle and grinding wheel imbalance reflects on the
dynamic force is analyzed when the dynamic characteristics,
grinding parameters, grinding wheel, and workpiece all re-
main the same. A high-speed cylindrical grinding machine
with online dynamic balance system is applied in the test;
the grinding parameters and residual amount of the dynamic
imbalance of the spindle wheel system are showed in Table 1,
in which the dynamic imbalance is an average value by system
setting and average measurement. In the process, the vibration
and dynamic force signal are tested with Kistler three dynamic

force instrument (Type 9347C) and Kistler three direction ac-
celerometer (Type 8762A5), and the signal is acquired by
LMS SCADAS.

Accordingly, the dynamic force is exited extra vibration
response on the rotation vibration. Then, by analyzing the
vibration response of the excitation force separately, the vibra-
tion of spindle system caused by dynamic force can be obtain-
ed. Figure 2 showed the radial dynamic force and vibration
RMS value under different imbalance condition and fast
Fourier transformation (FFT) of dynamic force. The imbal-
ance levels in the diagram represent the unbalanced residual
amount in Table 1. It is found that the dynamic balance of
spindle determines the strength of vibration response. The
larger the imbalance is, the greater the dynamic excitation
force is, and the greater the RMS value of final vibration
response is. Therefore, it is effective to apply the frequency-
domain force model-based evaluation method to optimize the
dynamic performance of the machine tools.

4 Optimization study

The frequency domain dynamic response approach to opti-
mize the dynamic performance of grinding machine spindles
is based on intermediate parameter (rather than structural di-
mension parameter). The influence of key factors (modal fre-
quency and dynamic stiffness) is analyzed in the paper, and its
comprehensive analysis is applied to the dynamic perfor-
mance optimization analysis of grinding machine spindle.

Fig. 1 Dynamic response
optimization process
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4.1 Simplified frequency domain dynamic force
models

It can also be obtained from the empirical study of the dynam-
ic force of grinding [23]; the grinding force amplitude can be
converted and simplified for computer calculation proposal.
Then the dynamic force model is calculated as follows.

f tð Þ ¼ kω sinωt þ 1=2sin2ωt þ 1=3sin3ωt þ 1=4sin4ωt þ…ð Þ ð4Þ

Here, ‘k’ is the balance factor to compare the simulation
force with the experiment; taking ‘k’ as 1, the differences
before and after optimization can be compared in the results.
Though the force model is simplified, it can reflect the dynam-
ic characteristics of grinding force at different rotating speed

Fig. 2 Dynamic force and vibration response RMS of different imbalance condition

Table 1 Experimental parameters of dynamic grinding force analysis

Vw (m/s) 0.05 0.05 0.1

ap (μm) 3 5 6

RPM (r/min) 2866 4300 5732

Vs (m/s) 60 90 120

Imbalance(μm) 0.10 0.15 0.20 0.15 0.20 0.25 0.20 0.25 0.30
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from the view of general analysis of the machine tools. In this
paper, to avoid high frequency modes’ influence, the first ten
Fourier coefficients of the force have been applied in calculat-
ing of RMS values. And the 0–500 Hz range of the dynamic
force is applied in the optimization process.

4.2 Optimization parameters analysis

The interpretation for an RMS in this study is to find the
response when a grinding dynamic force is applied on the
machine. The force is based on the characteristics in grinding,
and the FRF contains the dynamic performance information of
the machine. In the dynamic force and FRF analysis in Fig. 3,
the dynamic stiffness of the structure are the dominant factors
influencing the machining dynamic characteristics of the
grinding machines, while the modal frequency deciding the
wave of the vibration level [22]. In the paper, both the dynam-
ic stiffness and modal frequency are studied for the optimiza-
tion process.

The FRFs amplitude shows that the dynamic flexibility and
can also reflect the corresponding dynamic. What is more, the
FRF contains information regarding the system frequency; it
reflect the mode and modal frequency in the analyzed loca-
tion. Therefore, by FRFs calculation can be applied to opti-
mize the dynamic performance of grinding machine spindles.

4.3 Modal frequency optimization and FRF
improvement

As studied in the previous section, the modal frequency will
determine the strength of the vibration by the frequency re-
sponse function. The harmonic frequency of the dynamic
forces would lead to the difference in the frequency and dis-
tribution of the final vibration. To investigate the result the
modal frequency acting on the dynamic response RMS, the
method of modal frequency optimization is conducted on the
grinding machine spindle system (Fig. 4). This paper conduct-
ed optimization by setting the first-order modal frequency as
object. It is found that to increase diameter of the rear bearing
can effectively improve the first modal frequency. The results
of the first eight modal frequencies are listed in Table 2.

The modal frequency is usually changed by structural mod-
ification, and the amplitude of its frequency response function
will also be changed. In order to separately quantify the effect
of modal frequency enhancement on dynamic performance,
especially the vibration response RMS, the percentage of
modal frequency increase is converted to the original FRF
and the amplitude is normalized. The frequency response
function is directly modified by finite element analysis results.
Taking the radial frequency response function of one point
near the grindingwheel as an example, the frequency response

Fig. 3 FRF and FFT of dynamic
force in the same frequency
domain

Fig. 4 Rotor FEM model of the
spindle
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function is shifted to the high frequency as a whole due to the
improvement of modal frequency as shown in Fig. 5. At the
same time, the theoretical analysis shows that the higher the
modal frequency of the excitation mode is, the higher the
speed of the machine can reach.

4.4 Dynamic stiffness optimization and FRF
improvement

As discussed previously, the greater the amplitude of the force,
the greater the amplitude of the frequency response function,
the higher the vibration energy. The amplitude of the frequen-
cy response function is negatively correlated with the dynamic
stiffness, that is to say, the dynamic stiffness greatly deter-
mines the amplitude of vibration under excitation force.

Especially, the frequency response function near the modal
frequency has a prominent impact on the dynamic perfor-
mance, which determines the vibration response RMS.

With the same spindle, the optimization process is finished
by applying the dynamic stiffness as optimization object, the
spindle structure as optimization parameters. It can be seen
from Fig. 6 that when spindle span and spindle extended
length become shorter, and the spindle diameter decreases,
the dynamic stiffness characteristics of the tool location can
increase by more than 20% after optimization design.

According to the relationship between the acceleration re-
sponse function and the dynamic stiffness, the amplitude of
the radial frequency response function will decrease when the
dynamic stiffness of the spindle increase. Similarly, in order to
study the influence of dynamic stiffness separately, the opti-
mization effect of measured frequency response function am-
plitude is normalized without considering the influence of
frequency. The frequency response function of the accelera-
tion can be improved by 20% as shown in Fig. 7.

5 Results and analysis

Based on the improvement of modal frequency and dynamic
stiffness, the study aims to improve the anti-vibration ability
of the grinding spindle system. To further analyze the influ-
ence of the modal frequency and dynamic stiffness on vibra-
tion response energy by dynamic grinding force in the pro-
cess, this paper applied the optimized frequency response
functions on the frequency domain dynamic response

Fig. 5 FRFs before and after the
modal frequency optimization
and normalization

Table 2 Modal frequency of the spindle before and after the
optimization process

Order Modal frequency
before optimization
(Hz)

Modal frequency
after optimization
(Hz)

Improvement
rate (%)

1 113.7 125.9 10.7

2 290.4 298.8 2.9

3 399.7 409.7 2.5

4 489.4 500.4 2.3

5 603.2 623.8 3.4

6 711.8 721.8 1.4

7 822.7 860.4 4.6

8 979.1 1000.5 2.2

2742 Int J Adv Manuf Technol (2018) 98:2737–2745



evaluation approach to calculate the vibration response RMS.
In Fig. 8, the responses RMSs are calculated in the certain
spindle speed range and same frequency range.

It is indicated in the figure, as the modal frequency opti-
mized FRF overall moves to the high frequency, the vibration
RMS also presents a high speed trend. And the vibration en-
ergy at the same speed is optimized because of the increase of
modal frequency. The corresponding rotational speed of the
peak vibration energy is also greatly improved. But at the
same time, it is also found that the amplitude of the RMS
did not decrease so much, only showed a translation
phenomenon.

When applying the dynamic stiffness approach, the dynam-
ic performance of the high-speed precision machine tool

spindle has been greatly improved. The vibration response
RMS amplitude and the overall level of vibration decreases
obviously, the dynamic rotation speed for the same vibration
level also increase obviously than the modal frequency-based
method. Furthermore, it can be found that the dynamic stiff-
ness improvement near its modal frequencies is the main rea-
son, as the frequency response function of peak amplitude is
effectively reduced. So in the engineering application, it is
valuable to implement the critical structure dynamic stiffness
optimization.

Through the above analysis and comparison, it can be
found that dynamic stiffness is an important way to optimize
the dynamic performance of spindle system. The dynamic
stiffness optimization method is effective from the perspective

a Before optimization b After optimization 

Fig. 6 Spindle structure dimension before and after the dynamic stiffness optimization

Fig. 7 FRFs before and after the
dynamic stiffness optimization
and normalization
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of overall vibration capability, which makes up for the short-
age of modal frequency method that would not improve the
vibration average level.

6 Conclusions

In this paper, a frequency domain dynamic response approach
to optimize the dynamic performance of grinding machine
spindles is proposed. This approach considers the dynamic
grinding force and frequency response function in the vibra-
tion response calculation. Applying the method, the optimiza-
tion processes are conducted based on intermediate dynamic
parameter (modal frequency and dynamic stiffness), and pro-
cess vibration response RMS are studied and analyzed. The
case study results show that the imbalance of spindle system is
the factor that influences dynamic grinding force in the pro-
cess; the dynamic stiffness of the structure are the main factors
determining the machining dynamic characteristics of the
grinding machines in the process, while the modal frequency
decides the wave of the vibration level. Therefore, in the
grinding spindle dynamic performance optimization process,
the dominant optimization objective is the dynamic stiffness.
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