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Abstract
Structural dynamic performance of a machine tool greatly affects machining precision and productivity. One effective approach
in improving the dynamic performance is by applying topology design optimization to the machine tool structure. However,
traditional topology optimization method is hard to implement and does not provide a clear stiffener layout. Furthermore, the
topology optimization of certain components does not signify the performance improvement of a holistic machine tool. This
paper suggests a new structural dynamic design optimization method for the holistic machine tool. The Adaptive GrowthMethod
which is based on the growth mechanism of natural branch systems is adopted to design the inner stiffener layout of structures,
and an optimization strategy for the holistic machine tool utilizing dynamic sensitivity analysis is studied. Both components and
contact parts are considered. The dynamic sensitivities of the components are analyzed based on modal test data, and help to
determine which components need to be optimized. Then, the headstock, column, and bed are optimized, and the weak contact
stiffness is improved. The FEA (finite element analysis) results of an optimized machine tool show that the TCP (tool center
point) harmonic displacement is decreased distinctly. To validate the effectiveness of the suggested method, an experiment of the
manufactured machine tool structure is conducted, and the experimental results had shown great improvements in the holistic
machine tool.

Keywords Machine tool structure . Dynamic performance . Topology optimization . Dynamic sensitivity analysis .Modal test

1 Introduction

The structural dynamic performance of the machine tool is a
key factor that affects the machining precision and productiv-
ity. Structural design optimization is a type of crucial approach
to improve the dynamic performance of the machine tool
structures and maximize the utilization ratio of materials
[1–4]. Because some key components of the machine tool
are box structures such as bed, column, and headstock, the
layout of inside stiffeners in these structures plays an indis-
pensable role to improve the structural performance. The most
effective design method to obtain the optimal layout of inside
stiffeners in box structures is the structural topology

optimization, which concerns to the optimal distribution of
materials for load-bearing structures [5]. Among the devel-
oped topology optimization methods, SIMP [6] (Solid
Isotropic Material with Penalization) scheme is widely used
in the machine tool structure. Drude et al. [7] applied topology
optimization to derive an optimum ribbing structure of large
forming tools. Yun et al. [8] optimized large structural com-
ponents based on a response surface model. Chen et al. [9]
employed topology and size optimization techniques to im-
prove the design of a machining center rib, considering static
and dynamic constraints. Law et al. [10] modified the column
by topology optimization and improved the dynamic perfor-
mance of the machine tool. However, these design results
given by the SIMP method are primarily patterns of material
density distribution, which are difficult to identify the real
stiffener layout, and the topological forms usually are too
complex to manufacture [11]. To overcome these limitations,
Ding and Yamazaki [12, 13] proposed a bionic topology op-
timization method based on the growth mechanism of biolog-
ical branch systems in nature, which is called Adaptive
Growth Method. This method can obtain a clear layout of
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stiffeners and is friendly to manufacture. Adaptive Growth
Method has been applied to the layout design of stiffeners in
plate/shell structures [14] and machine pedestal structures
[15–17].

However, the topology optimization of certain components
or parts does not signify the performance improvement of the
holistic machine tool. If a machine tool is broken down into its
structural parts and each part is optimized individually or
blindly, it may be limited in improving the performance of
the holistic machine tool [18, 19]. It is ideal to optimally de-
sign the holistic machine tool, but topology design optimiza-
tion of the holistic machine tool structure is hard to implement
in general due to the large numbers of design variables and
difficult definition of contact parts between components. One
effective approach is the topology design optimization of sin-
gle component which is identified as the weak part of the
holistic machine tool [20]. However, the weak component is
often identified by experiment estimation or simple analysis,
which lacks of efficient theoretical explanation. Such solution
can improve the dynamic performance of the machine tool to a
certain extent, but has limitation. For further improvement, the
design optimization strategy of the machine tool should be
reconsidered. He et al. [21] employed modal mass distribution
matrix to identify the weak components of the machine tool,
but did not offer a solution for structural optimization.

Dynamic sensitivities of the components reveal the influ-
ence of structural parameters of the components on the dy-
namic performance of the machine tool, and it is possible to
determine which components need to be optimized and offer
effective guide to the design optimization strategy of the ho-
listic machine tool. Liang and Chen [22, 23] studied the influ-
ence of mechanical components on the machining perfor-
mance of a fly-cutting machine tool. Li et al. [24] analyzed
the influence of mass and stiffness of spindle with respect to
dynamic error in a cutting tool system and figured out the
optimal mass and stiffness of spindle. Zhao et al. [25] intro-
duced a new dynamic sensitivity approach based on error
propagation model, and increased the stiffness of sensitive
error component and improved the static stiffness of the ma-
chine tool. However, this dynamic sensitivity analysis mainly
concentrates on a certain part or component, which is short for
the overall consideration of the holistic machine tool structure;
thus, the dynamic performance improvement has limitation.
Furthermore, these sensitivities are usually analyzed with
FEA or theoretical model in most cases. Because the accurate
FEA model is difficult to establish and the theoretical models
are based on some hypothesis, the dynamic sensitivity analy-
sis has limited accuracy.

On the other hand, about 60% of the dynamic stiffness in a
holistic machine tool structure originates in the contact parts
[26]. Deng et al. [27] developed a joint stiffness configuration
to optimize the dynamic characteristics of the machine tool.
Hung et al. [28, 29] analyzed the effect of preload linear guide

and spindle bearings on the dynamic performance of a hori-
zontal machining center. Hence, it is possible to improve the
dynamic performance of the machine tool by increasing the
stiffness of contact parts, and the dynamic performance can be
further improved if both component structures and contact
parts are considered simultaneously.

This paper suggests a new structural dynamic design opti-
mization method of the holistic machine tool. Adaptive
Growth Method is adopted to design the inside stiffeners of
machine tool components, and a design optimization strategy
for the holistic machine tool is studied utilizing the dynamic
sensitivity analysis, and both components and contact parts
are considered. The dynamic sensitivity analysis of the com-
ponents is first done, which is based on modal test data on
account of the limited accuracy of FEAmodel. The sensitivity
analysis results are used to determine which components need
to be optimized and the component rankings for stiffness im-
provement and mass reduction. At the same time, the weak
contact parts are also identified through stiffness sensitivity
analysis. Thus, the design optimization strategy of the ma-
chine tool is worked out. In terms of the optimization strategy,
the structural topology optimization of the components is con-
ducted by utilizing Adaptive Growth Method. The stiffness of
the components is increased, and the mass is reduced. The
weak contact stiffness is improved by increasing the contact
area meanwhile. Finally, the optimal machine tool structure is
obtained, and the dynamic performance is improved dramati-
cally through FEA simulation. To further verify the perfor-
mance, the optimized machine tool structure is manufactured,
and the experiments provide strong supportive results.

This work is organized as follows. In Section 2, sensitivity
analysis is conducted which includes the dynamic sensitivity
analysis of the components and stiffness analysis of contact
parts. Component rankings for mass reduction and stiffness
improvement are determined, and the weak contact stiffness is
identified as well. Then, the dynamic design optimization
strategy of the holistic machine tool is summarized.
Section 3 describes the topology optimization process of the
components utilizing Adaptive GrowthMethod and also gives
a brief introduction of the design method. The FEA and ex-
periment verifications for the holistic machine tool are provid-
ed in Section 4. Finally, conclusions are given in Section 5.

2 Sensitivity analysis

2.1 Dynamic sensitivity analysis of the components

Regarding eigenfrequency as the indicator of the dynamic
performance of the machine tool, the dynamic sensitivity is
defined as the change rate of eigenfrequency of the machine
tool with respect to structural parameters, which include the
mass, stiffness, or damping of the components.
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The free vibration characteristic equation is

K−ω2
rM

� �
Ψr ¼ 0 ð1Þ

whereK andM are stiffness and mass matrix, respectively.
Ψr and ωr are modal vector and eigenfrequency of r-th mode,
respectively. The derivative of Eq. 1 with respect to the struc-
tural design parameter p is
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Using stiffness element kij ofK to substitute p, where i and j
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Combining these two situations, sensitivity of eigenfrequency
with respect to stiffness element kij is

∂ωr

∂kij
¼ ΨirΨjr=ωr i≠ jð Þ

Ψ2
ir=2ωr i ¼ jð Þ

�
ð8Þ

As the same way of Eq. 8, sensitivity of eigenfrequency
with respect to mass element mij of M is derived as

∂ωr
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1

2
ωrΨ
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(
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The sensitivities of eigenfrequency of the machine tool with
respect to stiffness and mass of each element can be calculated
utilizing Eqs. 8 and 9. In the process ofmodal test, all acceleration

sensors are installed on the primary components of the machine
tool. Each acceleration sensor mounted on the surface of compo-
nent is treated as a test element of themachine tool, and themodal
test data of all test elements can be obtained by themodal test. If n
acceleration sensors are mounted on certain component of the
machine tool, such as bed and column, the sensitivities with
respect to the stiffness and mass of this component can be assem-
bled by the sensitivities of all test elements on this component by
adopting statistical principles, which are expressed as

αk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2
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q
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α2
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m2 þ⋯þ α2
mn

� �
=n

q ð10Þ

whereαk andαm represent the sensitivities with respect to the
stiffness and mass of the component, respectively, and αkn and
αmn indicate the sensitivities with respect to stiffness andmass of
n-th test element of the component, respectively. Positive sensi-
tivity with respect to stiffness means a positive correlation be-
tween eigenfrequency and stiffness, while the negative sensitiv-
ity with respect to mass indicates a negative correlation between
eigenfrequency and mass. Employing Eq. 10, the sensitivities
with respect to stiffness and mass of each component are calcu-
lated. Through the dynamic sensitivity analysis, it is convenient
to determine which components need to be optimized, and the
component rankings for stiffness improvement and mass reduc-
tion. Consequently, the optimal distributions of stiffness and
mass of the components are figured out.

Consider a vertical machining center shown in Fig. 1. The
structural components are headstock, spindle, column, bed, sad-
dle, and table. The modal test is shown in Fig. 2. In the test, 98
three-axis acceleration sensors are mounted to measure the vibra-
tion response under a random vibration environment. Typical test
elements of the machine tool are shown in Fig. 3, and all 13 test
elements of headstock are shown completely. Then, the eigen-
modes and eigenfrequencies of themachine tool are identified by

Fig. 1 Sketch map of the machine tool structure
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analyzing the frequency response functions (FRFs). The
eigenfrequencies of the lowest 6 modes are shown in Table 1.
First mode amplitude of test elements of headstock is expressed
in Eq. 11, where the row means the number of test element of
headstock, and the column represents the coordinate axis.

Utilizing Eq. 9, the sensitivity of first eigenfrequency of the
machine tool with respect to mass of each element is calculat-
ed. The typical sensitivities are shown in Fig. 4 with histo-
gram, and the number of X coordinate represents the test ele-
ment number of certain component, which is kept constant
with that in Fig. 3. Adopting Eq. 10, the sensitivity with re-
spect to mass of each component is calculated, which is the
red lines in Fig. 4. The sensitivity magnitudes with respect to
mass of headstock, column, bed, saddle, and table are 4.47 ×
10−6, 3.58 × 10−6, 7.88 × 10−7, 7.52 × 10−7, and 1.67 × 10−7

rad/(s kg), respectively. Therefore, the component ranking for
mass reduction is headstock, column, bed, saddle, and table.
Similarly, the sensitivity with respect to stiffness of each test
element is worked out as shown in Fig. 5, and the sensitivity
magnitudes with respect to stiffness of headstock, column,
bed, saddle, and table are 2.54 × 10−9, 2.03 × 10−9, 4.47 ×
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Fig. 3 Typical test elements of the machine tool

Table 1 Eigenfrequenci-
es of the lowest 6 modes
from modal test

Mode Eigenfrequency/
Hz

1 37.4

2 89.3

3 98.3

4 134.0

5 160.8

6 175.5

Fig. 2 Modal test onsite of the machine tool
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10−10, 4.27 × 10−10, and 9.14 × 10−11 rad m/(s N), respective-
ly, which are the red lines in Fig. 5 as well. It is clear that the
component ranking for stiffness improvement is headstock,
column, bed, saddle, and table. In addition, the sensitivity
magnitudes for saddle and table are much less than those for
other components, which implies changing the stiffness or
mass of saddle and table has restricted the effect on the dy-
namic performance of the machine tool; thus, saddle and table
are not considered to optimize in this paper.

ϕ1 ¼

3:7� 10−4 2:2� 10−4 6:0� 10−5

4:2� 10−4 2:3� 10−4 8:0� 10−5

3:7� 10−4 2:2� 10−4 6:0� 10−5

4:2� 10−4 2:2� 10−4 7:0� 10−5

3:5� 10−4 2:8� 10−4 6:0� 10−5

4:4� 10−4 2:8� 10−4 8:0� 10−5

3:4� 10−4 2:6� 10−4 6:0� 10−5

4:4� 10−4 2:6� 10−4 7:0� 10−5

4:0� 10−4 9:0� 10−5 9:0� 10−5

3:4� 10−4 1:4� 10−4 6:0� 10−5

4:1� 10−4 9:0� 10−5 8:0� 10−5

3:4� 10−4 1:1� 10−4 6:0� 10−5

4:6� 10−4 2:7� 10−4 8:0� 10−5

0
BBBBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCCCA

ð11Þ

Synthesizing the above calculation and analysis, the op-
timization scheme for the components is figured out. The
component rankings for the stiffness improvement and
mass reduction are as follows: headstock, column, and
bed. The extent for the mass reduction and stiffness im-
provement of headstock is largest, which means the opti-
mization of headstock should be carried out with priority.
The following are column and bed.

2.2 Stiffness sensitivity analysis of contact parts

The FEA model of the machine tool is built to study the stiff-
ness of contact parts and evaluate the dynamic performance of
the machine tool. On the basis of the structure characteristics of
the machine tool, the primary eight contact parts are shown in
Fig. 6. K1 to K8 represent the contact stiffness, and X, Y, and Z
represent the axis directions. Comparison of mode shapes be-
tween experimental and FEA models is shown in Fig. 7, and
Table 2 exhibits the eigenfrequency comparison. It is apparent
that the modal shapes of FEA and the experiment of the ma-
chine tool are kept consistent in general, and the eigenfrequency
errors of the FEAmodel are 5.0%, 0.1%, 1.4%, and 1.5% of the

Fig. 5 Sensitivity of first
eigenfrequency with respect to
stiffness

Fig. 4 Sensitivity of first
eigenfrequency with respect to
mass
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lowest 4 modes, respectively. The results indicate that the FEA
model of the machine tool is believable.

In order to study the impact of contact parts on the dy-
namic performance of the machine tool and identify the
weak contact stiffness, the sensitivity of the first
eigenfrequency of the machine tool with respect to contact
stiffness is analyzed as shown in Fig. 8. It is obvious that K2

(contact stiffness of column and bed), K4 (contact stiffness
of column and headstock), and K5 (contact stiffness of bed
and ground) have a greater influence on the first
eigenfrequency. However, it is difficult to increase K5 under
the condition of limited change of the mass of the holistic
machine tool.

Therefore, it is feasible to improve the dynamic perfor-
mance of the machine tool by increasing K2 and K4.

Specifically, K2 can be improved by increasing the contact
rate and bolt pre-tightening force of column and bed. As for
K4, the contact area of headstock and column should be
increased.

Through the dynamic sensitivity analysis of components
and contact parts, the dynamic design optimization strategy
of the holistic machine tool is worked out, which is expressed
as follows:

(1). Reduce the mass and increase the stiffness of headstock,
column, and bed, respectively. The sensitivitymagnitudes
of headstock are largest, which means optimizing head-
stock with priority. The following are column and bed.

(2). Increase the contact stiffness of headstock and column,
column and bed.

Fig. 6 Contact part definition of
the machine tool
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Fig. 7 Modal shapes of FEA and experimental models in the lowest 5 modes
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3 Structural topology optimization

3.1 Adaptive Growth Method

Based on the dynamic design optimization strategy, the topology
optimization of the components including headstock, column,
and bed is conducted by utilizing Adaptive Growth Method,
which is a high-efficient effective topology optimizationmethod.

Naturally evolved biological structures exhibit the optimal
characteristics of light-weight and high stiffness. Branching
systems like plant’s root system adapt to their growing envi-
ronment so that their overall performance in a specific envi-
ronment is optimized [11]. Based on the growthmechanism of
biological branch systems in nature, an optimization method
namely Adaptive Growth Method for optimal internal stiffen-
er distribution in three-dimensional box structures is sug-
gested. Under certain boundary conditions, a strain energy
field inside a box structure can be compared with the growing
environment of a branch network in nature. Adopting the sim-
ilar principle of growth of a root system, the adaptive growing
process of stiffeners in a box structure is depicted in Fig. 9.
First, under certain boundary conditions as shown in Fig. 9(a),
the seeding lines based on the applied loading and boundary
constraints are selected, which is shown in Fig. 9(b). Then, the

stiffeners connected with the seeding lines can either grow or
degenerate by obeying sensitivity-based iterative rules to
achieve an overall strain energy minimum, which are shown
in Fig. 9(c), (d). When the stiffeners grow to certain state, they
will be “branching,” and the adjacent stiffeners can participate
in the next growth or branching. Finally, the optimal stiffener
layout is obtained as presented in Fig. 9(e). The bottom view
of the stiffener layout is shown in Fig. 9(f).

The optimization mathematical model of Adaptive Growth
Method is described as

find A ¼ A1;A2;⋯Ah⋯;Atð ÞT
min F Að Þ ¼ U
s:t: g Αð Þ ¼ v−ηv0≤0
0 < Amin≤Ah≤Amax

ð12Þ

where Ah is the cross-sectional area of h-th stiffener, which
is regarded as the design variable. Amax and Amin are the upper
and lower limits of Ah, respectively; t is the total number of
stiffeners; objective function U is the overall strain energy; v
and v0 are the actual and initial volume, respectively; η is the
volume fraction which should be larger than or equal to 1.

To solve the mathematical optimization model in Eq. 12, the
optimality criterion method and KKT conditions are applied
[16]. And the update formula of design variables Ah is
expressed as

Acþ1
h ¼

Amin if Ac
h≤Amin

α
−Sh
χAh

Ac
h

� �
þ 1−αð ÞAc

h if Amin < Ac
h < Amax

Amax if Ac
h≥Amax

8>><
>>:

ð13Þ

where α is the step factor, and χ is the Lagrange multiplier,
and Sh is the design sensitivity of the i-th stiffener Ah with
respect to the objective function, Sh = ∂F/∂Ah. Equation 13 is

Table 2 Eigenfrequency comparison of experimental and FEA models

Mode Experiment/
Hz

FEA/
Hz

Error/
%

1 37.4 39.3 5.0

2 89.3 89.4 0.1

3 98.3 99.7 1.4

4 134.0 132.0 1.5

5 160.8 147.8 8.1

6 175.5 167.5 4.6

Fig. 8 The sensitivity of the first eigenfrequency with respect to contact stiffness
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used as the iterative formula to perform the topology optimi-
zation process for the stiffener layout design in a box structure.

3.2 Structural topology optimization of components

The structural topology optimization process of headstock,
column, and bed utilizing Adaptive Growth Method is shown
in Fig. 10. The objective is the overall strain energy. Boundary
conditions and design domains of the three components are
shown in Fig. 10(a). As for headstock, four sliding blocks of
headstock are constrained, and spindle gravity F1 is loaded at
the front of headstock. The boundary conditions of column are
that the bottom of column is constrained, and the gravity of
headstock and spindle is loaded at the middle of slide way of
column. Considering the working volume of headstock in Z-
axis direction, F2:F3 = 1:2. As for bed, positions of four sizing
blocks are constrained, and the gravities of other components
are loaded onto the top surface of bed, and F4:F5 = 3:8. The
topology iterative process and iterative curves are illustrated in
Fig. 10(b), (c), respectively, where N represents the iteration
steps. During iteration, structural volumes of headstock, col-
umn, and bed increase as the iterative steps increase, and fi-
nally converge at N = 65, 134, and 176, respectively. As for
column, the topology optimization process of the front and
left/right sides is separated; hence, the column structure is
symmetric on both sides (left and right sides). It is evident that
the stiffener layout of the components is changed.

Employing the topology optimization results, CADmodels
of the optimal headstock, column, and bed are built, which are
shown in Fig. 10(d). Besides, manufacturing constraints are

taken into account, such as dimension constraints of stiffeners,
draft direction of stiffeners, and guarantee of mounting posi-
tions. Compared with the model of original headstock, the
biggest difference is that the optimal headstock has an X-
type stiffener inside. With regard to column, the stiffener lay-
out of optimal column is changed, and the top half structure is
modified, too. The layout of inside stiffeners of optimal bed is
changed in the meantime. After optimization, the masses of
optimal headstock, column, and bed are decreased by 5.3%,
3.6%, and 0.9%, respectively. In addition, the size of sliding
blocks and guides of optimal headstock are increased to im-
prove the contact stiffness of headstock and column.

Then, the structural performance of headstock, column,
and bed is evaluated by FEA simulation. The displacement
nephogram comparisons of the original and optimal models
are shown in Fig. 10(e). The stiffness and eigenfrequency
comparisons are listed in Table 3, and the modal shapes are
also described. The maximum displacement and first
eigenfrequency of optimal headstock are decreased by
33.4% and 29.8%, respectively. Obviously, the static and
dynamic performance of headstock is signally improved.
The maximum displacement and first eigenfrequency of op-
timal column are decreased by 14.3% and 12.3%, respec-
tively, which indicates that the performance of column is
improved effectively. As for bed, the maximum displace-
ment and first eigenfrequency are decreased by 5.4% and
5.9%, respectively, and the performance of bed is improved
slightly.

After the structural topology optimization of headstock,
column, and bed, the distributions of mass and stiffness of

Fig. 9 Design process of Adaptive Growth Method
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process of the components
utilizing Adaptive Growth
Method
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the components are optimized, and the weak contact stiffness
is improved as well.

4 FEA and experimental verifications

4.1 FEA verification

The holistic machine tool structure with optimized compo-
nents is shown in Fig. 11, and the dynamic performance is

first evaluated by FEA simulation. Harmonic force [10 10
30]T N is loaded at TCP, and harmonic displacement response
of TCP in the frequency range from 0 to 400 Hz is analyzed.
Figure 12 shows the TCP harmonic displacement comparison
between the original and optimal machine tools, and Table 4
lists the corresponding data. The eigenfrequencies of the op-
timal machine tool are increased by 6.8%, 3.0%, and 3.8% of
the lowest three modes, respectively, and obviously, the TCP
harmonic displacement of the optimal machine tool is distinct-
ly decreased. The FEA results indicate that the dynamic per-
formance of the optimal machine tool is improved
dramatically.

4.2 Experimental verification

For further verification, the optimal machine tool is
manufactured. The structural performance of the optimized
components is first tested. Due to the fact that the constraint
boundary conditions of the components in static and modal
tests are difficult to accomplish, the freemodal tests are carried
out. Onsite free modal tests of the optimal headstock, column,
and bed are shown in Fig. 13(a–c). In the tests, the compo-
nents are hanged by soft ropes and tested by hammering meth-
od. The FRFs in Z-axis direction are obtained, which are
expressed in Fig. 15. Solid and dotted lines represent the orig-
inal and optimal components, respectively, and the
eigenfrequencies of the lowest three modes are marked in
the figures. The detailed eigenfrequency comparisons of the
three components are listed in Table 5. As seen in the figure
and table, the eigenfrequencies of the optimal headstock are
increased by 16.8%, 10.8%, and 9.4% in the lowest 3 modes,
respectively. Similarity, the eigenfrequencies of the optimal
column are increased by 6.7%, 20.7%, and 24.0% respectively
in the lowest 3 modes; the eigenfrequencies of the optimal bed
are increased by 10.7%, 6.0%, and 23.2% respectively in the

Table 3 Performance comparison of the original and optimal components

Component Performance Original model Optimal model Change (%)

Headstock Max displacement 3.59 μm 2.39 μm − 33.4

Mode 1 506.1 Hz, rotation around Z-axis 656.7 Hz, rotation around X-axis + 29.8

Mode 2 514.5 Hz, rotation around X-axis 667.1 Hz, rotation around Z-axis + 29.7

Mode 3 952.3 Hz, torsion 1179.2 Hz, torsion + 23.8

Column Max displacement 4.9 μm 4.2 μm − 14.3

Mode 1 118.9 Hz, rotation around X-axis 133.8 Hz, rotation around X-axis + 12.3

Mode 2 157.8 Hz, rotation around Y-axis 178.5 Hz, rotation around Y-axis + 13.1

Mode 3 346.5 Hz, torsion 381.6 Hz, torsion + 10.1

Bed Max displacement 2.54 μm 2.35 μm − 7.5

Mode 1 339.9 Hz, movement along Z-axis 359.8 Hz, movement along Z-axis + 5.9

Mode 2 360.8 Hz, movement along Z-axis 373.6 Hz, movement along Z-axis + 3.7

Mode 3 373.5 Hz, movement along Y-axis 408.0 Hz, movement along Y-axis + 9.4

Fig. 11 The optimal machine tool structure
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lowest 3 modes. Moreover, the FRF amplitudes of the three
components are decreased visibly, especially in the headstock.

It should be noted that the ball screw model of the optimal
machine tool structure for headstock and column is changed to
increase the contact stiffness as shown in Fig. 14. The ball
screw model of the original machine tool is SVR 30R, and
the widths of slide block and guide are 60 and 28 mm, respec-
tively; the ball screw model of the optimal machine tool is

SVR 35R, and the widths of slide block and guide are 70
and 34 mm, respectively. The change of ball screw model
increases the contact area and guarantees the contact stiffness
improvement.

Modal test onsite of the optimal holistic machine tool is
shown in Fig. 13(d). FRF comparison between the original
and optimal machine tools in Z-axis direction is shown in
Fig. 16, and the eigenfrequency comparison is listed in

Fig. 12 TCP harmonic response
displacement comparison of the
original and optimal machine
tools

Table 4 TCP harmonic response comparison of the original and optimal machine tools

Mode f1 (frequency and TCP displacement) f2 f3 f4 f5 f6 f7 f8 f9 f10

Original model Frequency 39 Hz 44 Hz 100 Hz 104 Hz 132 Hz 148 Hz 167 Hz 207 Hz 215 Hz 260 Hz

Displacement 14.49 μm 26.8 μm 6.2 μm 18.4 μm 11.1 μm 9.3 μm 5.9 μm 5.2 μm 20.2 μm 24.2 μm

Optimal model Frequency 43 Hz 47 Hz 103 Hz 108 Hz 132 Hz 157 Hz 166 Hz 214 Hz 224 Hz 269 Hz

Displacement 16.76 μm 13.3 μm 5.9 μm 13.4 μm 3.8 μm 8.0 μm 6.1 μm 6.0 μm 14.7 μm 17.7 μm

Change Frequency + 10.3% + 6.8% + 3.0% + 3.8% + 0.0% + 6.1% − 0.6% + 3.4% + 4.2% + 3.5%

Displacement + 15.7% − 50.5% − 5.5% − 27.3% − 65.7% − 13.2% + 3.8% + 14.0% − 27.4% − 26.7%

Fig. 13 Modal tests onsite of the optimized machine tool. (a) Bed, (b) column, (c) headstock, and (d) the holistic machine tool
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Fig. 14 Ball screw model of the
original and optimal machine tool
structures for headstock and
column. (a) Original machine tool
and (b) optimal machine tool

Fig. 15 FRF comparisons of the
original and optimal components
in Z-axis direction. (a) Headstock,
(b) column, and (c) bed
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Table 5. As seen in the table and figure, the eigenfrequencies
of the optimal machine tool are increased by 22.5%, 14.6%,
and 57.2% in the lowest 3 modes, respectively, and the FRF
amplitude is decreased significantly. Although the dynamic
performances obtained by FEA results and experiments have
a few deviations because of simulation and test errors and
different boundary conditions between the simulation and ex-
periment, there is no doubt that the dynamic performance of
the optimal machine tool is greatly improved. What needs to
be emphasized is that the manufactured optimal machine tool
provides strong supportive results.

5 Conclusions

This paper suggests a new dynamic design optimization
method by adopting the structural topology design optimiza-
tion technique and dynamic sensitivity analysis, and both
components and contact parts are considered. The dynamic
sensitivity analysis of the components based on modal test
data helps to determine the weak stiffness and redundant

mass; stiffness sensitivity analysis of contact parts with
FEAmodel can identify the weak contact stiffness effectively,
and then, the optimization strategy of the holistic machine
tool is worked out. For the given vertical machining center,
column, headstock, and bed are deemed to the optimization
objects. The component rankings for the stiffness improve-
ment and mass reduction are as follows: headstock, column,
and bed, and the headstock is optimized with priority.
Adaptive Growth Method is then applied to design the lay-
outs of the internal stiffeners of these sensitive components,
and the design results are different from the original struc-
tures. The stiffness of these components is improved, and the
mass is reduced. The weak contact stiffness of headstock and
column is increased by changing the ball screw model
meanwhile.

After FEM verification, the optimal machine tool is
manufactured, and the onsite experiments greatly enhance
the effectiveness and feasibility of the suggested design opti-
mization method. The proposed designmethod can benefit the
product-upgrading design of the machine tool and helps to
improve the dynamic performance effectively.

Table 5 Eigenfrequency
comparisons of the original and
optimal machine tools in modal
tests (Hz)

Mode 1 2 3 4 5 6

Original headstock 928.3 1238.0 1450.1

Optimal headstock 1083.8 1371.9 1586.7

Change + 16.8% + 10.8% + 9.4%

Original column 455.8 462.5 516.3 563.5 594.9 655.3

Optimal column 482.2 558.3 639.9 664.0 692.5 703.9

Change + 5.8% + 20.7% + 23.9% + 17.8% + 16.4% + 7.4%

Original bed 303.2 477 543.4 612.8 676.7 682.6

Optimal bed 335.7 505.5 609.4 669.6 745.3 768.9

Change + 10.7% + 6.0% + 12.1% + 9.3% + 10.1% + 12.6%

Original machine tool 37.4 89.3 98.3 134.0 160.8 175.5

Optimal machine tool 45.8 102.3 154.5 173.9 181.6 198.6

Change + 22.5% + 14.6% + 57.2% + 29.8% + 12.9% + 13.2%

Fig. 16 FRF comparison of the
original and optimal machine
tools in Z-axis direction
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