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Abstract The usage of virtual prototype technology to
study the static and dynamic properties of machine tools
could shorten the life cycle time of machine design as
there is no need for a physical prototype. The base of this
technology is to establish the virtual model accurately and
conveniently. This study presents a hybrid analytic-
experimental method for the dynamic modeling of ma-
chine tools. In the proposed method, the structural com-
ponents of machine tools are modeled by an analytic
method (finite element method), and the machine ele-
ments are represented by models that originate from ex-
perimental data. The full dynamic model of the machine
tool structure is obtained by assembling the analytic
models of the structural components and experimental
models of the machine elements. The bolted joint is taken
as an example to illustrate the experimental model for the
machine elements and the assembly of the analytic and
experimental models. The convenience and accuracy of
the proposed hybrid analytic-experimental modeling
method are illustrated by two engineering examples.

Keywords Hybrid analytic-experimentalmodeling .Machine
tool . Structural dynamics . Bolted joint

1 Introduction

Machine tools are very complex electromechanical sys-
tems. Currently, with the rapid development in the air-
craft, automobile, aerospace, marine, and equipment
manufacturing industries, machine tools with high preci-
sion and a high cutting speed are in urgent need, and the
design cycle is becoming progressively tighter. Thus, the
traditional mode of production for machine tools (for ex-
ample the cycle of design, manufacture, experiment, and
adjustment) cannot meet such requirements. Fortunately,
the development of computer simulation technology and
virtual machine tools provides a possible solution to this
problem. The virtual machine tool is a simulation of the
entire machine tool. It involves the structure of the ma-
chine tool and a computer numerical control system.
Research into the virtual machine tool has attracted more
and more attention at research institutes [1–7]. Using the
virtual machine tool model, one can obtain the kinematics
and structural dynamics, which notably influence the per-
formance of the machine tools.

To meet all the requirements of the virtual machine tool
in the best possible way, an accurate physical prototype
must be established first. In the past decades, many stud-
ies have been performed on the issue. These studies are
generally based on one of the following three models:
finite element method (FEM) [8–15], multibody simula-
tion [16–18], and discrete mass-spring-damper models
[19–21]. In addition, Zaeh and Seidl [22] presented a
method for modeling machine tools by integrating the
finite element method with multibody simulations. The
same method was also employed by Brecher and Witt
[4]. Because of the complexity of the machine tool’s
structure, a hybrid theoretical-experimental modeling
method has been proposed in previous studies [23, 24].
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According to one of the proposed methods, the static and
dynamic performance of a machine tool can be estimated.
However, as shown in reference [13], the comparison be-
tween simulated and the measured data revealed that the
flexibility of the machine element connections cannot be
neglected. Thus, the modeling of connections in the ma-
chine tool must be taken into consideration when model-
ing an entire machine tool structure.

Generally speaking, a whole machine tool structure is
composed of many components connected by joints.
Studies have documented that more than 60 % of dynamic
stiffness originates from the joints [25], and as much as
90 % of damping of an entire machine tool structure is
contributed by the joints [26]. The characteristics of the
joints notably affect the performance of the entire ma-
chine tool structure. Thus, an accurate model of the joints
must be formulated to model the entire machine tool
structure. Studies on modeling joints in machine tools,
such as the bolted [27–29], spindle-holder taper [30–33],
ball screw [34, 35], and guideway joint [36–38], have
attracted considerable interest in the research community.
However, due to their complexity, there is no universal
model for these joints. In many cases, the proposed model
is suitable only for the specific condition. Thus, the

modeling method of joints in machine tools is still a de-
sirable research focus.

In a previous study [29], based on the stiffness influ-
ential coefficient method, a dynamic model of the bolted
joint in machine tools was proposed. Based on the dy-
namic model, the relationship between the stiffness of
the bolted joint element and the three influential factors
(preload, geometric dimension, and contact surface rough-
ness) was deduced, and a parameterized model of the
bolted joint was established [39]. In this study, taking
the modeling of a bolted joint as an example, we propose
a hybrid analytic-experimental modeling method for ma-
chine tool structural dynamics, and two applications are
shown to illustrate the proposed modeling method, which
provides a possible way to obtain a full dynamic model of
a machine tool.

2 Dynamic modeling method of the machine tool
structures

According to the illustrations in the literature [4], machine tool
structures are divided into structural components and machine
elements. Structural components refer to the main frame struc-
tures of the machine, such as bed, column, base, and spindle
housing. Machine elements are the connection between struc-
tural components, such as the bolted joint, guiding systems,
bearings, and ball screw drives. The dynamic modeling meth-
od of structural components and machine elements is concep-
tualized in the following sections.

2.1 Modeling structural components of the machine tool

The dynamic model of the structural components is
established using the FEM. Finite element (FE) software, such
as MSC.patran, Ansys, and Abaqus, provides the finite ele-
ments to establish the dynamic model. However, the material
parameters will influence the accuracy of the FE model.

Fig. 1 Component models: a
geometry model and b FE model
using hexahedral elements

Finite element model

Modal experiment

Experimental modal

parameters

structural components

Modal analysis

Analytical modal

parameters

Modified Material

property

Modal pairing

Sensitivity analysis

Correction calculation

Meet the control conditions

Material property

No

Yes

Fig. 2 The progress in the determination of material properties

Table 1 The determined
material parameters E (GPa) μ ρ (kg/m3)

121 0.27 7340
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In general, the structural components of machine tools are
constituted by cast iron using a casting molding method. It is
well known that the material parameters of cast iron, such as
elastic modulus and mass density, have not been determined.
Thus, it is necessary to determine accurate material parameters
when modeling a component made of cast iron. The mass
density can be obtained by dividing the mass by the volume.
However, the elastic modulus is not acquired as easily. In this
study, a method based on the modal test is used to determine
the elastic modulus of the component, which is shown in
Fig. 1.

The progress toward parameter determination is shown in
Fig. 2. First, the experimental modal parameters of the com-
ponent, such as natural frequencies and corresponding mode
shapes, are obtained whenmodal testing is executed with free-
to-free boundary conditions. Then, the FE model of this com-
ponent is established using hexahedral elements, as shown in
Fig. 1b. The elastic modulus values are in the range of 78.5 to
157 GPa, and Poisson’s ratio ranges from 0.23 to 0.29. After a
normal mode analysis, the simulated modal parameters can be
obtained. To minimize the error associated with experimental

and simulated natural frequencies, an accurate elastic modulus
is obtained, which is shown in Table 1. As shown in Table 2,
the largest error in the natural frequency under the same mode
shape in both modal test results and the FE model analysis is
less than 5 %, which illustrated the accuracy of material
parameters.

2.2 Modeling machine elements of the machine tool

The characteristics of the machine elements notably influ-
ence the performance of the machine tool, as mentioned
above. Because of the complexity, modeling machine el-
ements is a difficult task. In this study, dynamic modeling
of a bolted joint is taken as an example to illustrate the
modeling of machine elements of a machine tool.

2.2.1 General forms of bolted joint in machine tool structure

After analyzing the form of the bolted joint in many types of
machine tools, such as the MC6000 Plano machining center
driven by a linear motor, CKX5680 seven-five axis lathe-
milling CNC equipment, XHK5140 CNC machine tool, and
EQD18A-40 high-speed machining center, the general forms
of the bolted joint are extracted, as listed in Fig. 3.

2.2.2 Dynamic modeling of the bolted joint

The joint structures in Fig. 3a, c are in the form of a “linear”
connection, while in Fig. 3b, it is in the form of an “array”
connection. Inspired by the St. Venant assumption, we make
the following assumptions about the dynamic characteristics of
the bolted joint.

For the “linear” connection form, it is assumed that the
dynamic characteristics of the joints between two adjacent
bolts are only affected by the mechanical attributes of the

Table 2 The experimental and numerical results

Mode shape Natural frequencies (Hz)

Modal test
results

FE model
analysis

Error (%)

Y-axis first-order reversing 123.5 125.7 −1.78
X-axis first-order bending 212.4 218.3 −2.77
Z-axis first-order reversing 248.7 236.5 4.90

Y-axis first-order bending 363.6 377.7 −3.87
X-axis first-order reverse

bending
380.1 383.8 −0.97

Y-axis first-order reverse
bending

435.7 449.1 −3.07

Fig. 3 General form of the bolted
joint in machine tools: a beam-
column connection, b slide block-
slider connection, and c beam-rail
connection
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two adjacent bolts and have nothing to do with the other bolts,
and for the “array” connection, the dynamic characteristics of
the joints between four adjacent bolts are only affected by the
mechanical attributes of the four adjacent bolts and have noth-
ing to do with the other bolts. The assumptions made above
have been proven in a previous study [29].

According to the above assumptions, the joint between each
two adjacent bolts is regarded as a bolted joint element in the
‘linear’ connection form, as shown in Fig. 4a. For the “array”
connection, the joint between each four adjacent bolts is
regarded as a bolted joint element, as shown in Fig. 4b. Each
element has 8 nodes, and every node has 3 translational degrees
of freedom (DOFs), so every bolted joint element has 24DOFs.
The movements of the joints are represented by relative move-
ments between nodes 1 and 5, 2 and 6, 3 and 7, and 4 and 8.
Once the exact relation between the forces on these nodes and
their displacements is determined, the dynamic model of the
bolted joint is established.

n this study, only the elasticity and damping characteristics
of the bolted joint are taken into consideration, regardless of the
mass. Suppose that the node displacement is xij, and the node
force is fij (i=1, 2,…, 7, 8; j=1, 2, 3). First of all, the stiffness
matrix of the bolted joint elements is deduced. As mentioned
above, the movements of joints are represented in the form of
relative movements between node pairs, and the relative move-
ments between these nodes are expressed as
x1 j−x5 j; x2 j−x6 j; x3 j−x7 j; x4 j−x8 j where j ¼ 1; 2; 3 :

According to the stiffness influential coefficient method,
there is

X3

n¼1

Ki j
1n x1n−x5nð Þ þ

X3

n¼1

Ki j
2n x2n−x6nð Þ

þ
X3

n¼1

Ki j
3n x3n−x7nð Þ þ

X3

n¼1

Ki j
4n x4n−x8nð Þ ¼ f i j ð1Þ

where K1n
ij is the stiffness influential coefficient; i, m= 1,

2, 3, 4 is the number of nodes; and n, j= 1, 2, 3 represents
the direction. K1n

ij is the corresponding necessary force
applied to node i in the j direction when the unit relative
displacement is only generated between node m and node
m+ 4 in the n direction. Thus, under equilibrium condi-
tions, the relationship of the node force can be expressed
as

f 1 j ¼ − f 5 j; f 2 j ¼ − f 6 j; f 3 j ¼ − f 7 j; f 4 j ¼ − f 8 j ð2Þ

with {x} = (x11, x12, x13,…, x81, x82, x83) and {f} = (f11, f12, -
f13,…, f81, f82, f83), Eq. (1) can be written as

K½ � xf g ¼ ff g ð3Þ

where [K] is a 24 × 24 symmetric matrix, and K½ � ¼
K

0
−K

0�
−K

0
K

0 �.
From the force and displacement hysteresis loop, the

structural damping coefficient, η, of the finite element
model can be derived. Thus, the dynamic equation of
the bolted joint element can be obtained as follows:

iη K½ � þ K½ �ð Þ xf g ¼ ff g ð4Þ

2.2.3 Identification of parameters of the bolted joint

The dynamic equation of a multidegree-of-freedom linear vi-
bration system that contains joints can be expressed as (in
frequency domain)

Ks½ � þ jη Ke½ � þ Ke½ � þ jω Cs½ �−ω2 Ms½ �� �
X ωð Þf g ¼ F ωð Þf g ð5Þ

a b
Fig. 4 Bolted joint elements: a
“linear” connection and b “array”
connection

Machine tool

Structural components Machine elements

Modal testing

Parameter
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Experimental model of

machine elements

Analytical model of

structural components

Full dynamic model of machine tool

Choosing

the type and

size of finite

elements

Determining

the material
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Fig. 5 Hybrid analytic-experimental modeling method of machine tools
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where [Ks], [Cs], and [Ms] are the stiffness matrix, damping
matrix, and mass matrix of the machine tools’ structural com-
ponents; [Ke] is the stiffness matrix of the bolted joint element,
and η is the damping coefficient. The dynamic stiffness matrix
of the system can be expressed as

Z ωð Þ½ � ¼ Ks½ � þ jη Ke½ � þ Ke½ � þ jω Cs½ �−ω2 Ms½ � ð6Þ

According to the definition of frequency response function
(FRF),

H ωð Þf g F ωð Þf g ¼ X ωð Þf g ð7Þ

Thus, we can obtain the following equation:

Z ωð Þf g H ωð Þf g ¼ I ð8Þ

When a hammer impact testing is implemented on an
N-DOF system in a manner of single input and multiple
output (SIMO), the driving point is fixed at coordinate j;

the response point is moved to a different coordinate i
(i= 1, 2, …, N), and the jth column of the FRF matrix
can be obtained. Based on Eqs. (6) and (8), there is

Ks½ � þ jη Ke½ � þ Ke½ � þ jω Cs½ �−ω2 Ms½ �� �
H1 j ωð Þ
⋮

Hi−1 j ωð Þ
Hi j ωð Þ
Hiþ1 j ωð Þ

⋮
Hn j ωð Þ

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

¼

0
⋮
0
1
0
⋮
0

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

ð9Þ

The matrices [Ks], [Cs], and [Ms] in Eq. (9) can be
obtained by FEMs. Thus, according to Eq. (9), the un-
known parameters [Ke] and η of the linear vibration
system can be identified using the nonlinear least square
method.

2.2.4 Bolted joint element stiffness matrix database

In a previous study [39], we summarized the influential
factors of bolted joint dynamic characteristics as preload
(mainly caused by the pretightened torque of bolt),

Fig. 6 Connection model of the
beam and column: a a schematic
drawing of the connection and b
plane dimension of the bolted
joint

a

b

Fig. 7 FE model of the beam-
column assembly connected by
joint elements: a all connections
and b one connection
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geometric dimension, and contact surface roughness. We
deduced the relationship between the stiffness of the
bolted joint element and the three influential factors.
Based on this relationship, the bolted joint element stiff-
ness matrix database is established. Thus, if the preload,
geometric dimension, and contact surface roughness are
determined, the stiffness matrix of the bolted joint ele-
ment can be obtained.

3 Hybrid analytic-experiment modeling method
of machine tool

As discussed in the above section, the dynamic model
of the structural components can be established by the
FEM, and the dynamic model of the machine elements
can be established by the proposed experiment-based
dynamic model. Assembling the two models accurately
is a problem that must be addressed in the dynamic
modeling of the entire machine tool. In this section, a

hybrid analytic-experimental modeling method of the
machine tool is illustrated, which is shown in Fig. 5.

In this study, the bolted joint between the beam and
column of a seven-five axis machine tool, which is
shown in Fig. 6, is used as an example to show the
proposed analytic-experimental modeling method. The
beam and two columns are connected by 16 M36 bolts,
and the distribution of the bolts is shown in Fig. 6b. By
the analytic-experimental modeling method proposed in
this paper, the column (analytic FE model), joints (ex-
perimental FE model), and beam (analytic FE model)
are assembled into the dynamic FE model, which is
shown in Fig. 7.

For every joint element in the dynamic model shown in
Fig. 7, the stiffness matrix, [Ke], and the damping coefficient,
η, are acquired by the proposed parameter identification meth-
od. The dynamic equation of the joint element is expressed as
Eq. (3). According to the FEM theory, the FE model is con-
nected as a whole structure by many nodes, and the forces are
transferred by these nodes. The assembly of the dynamic

a b

Driving point

One of response points

Fig. 8 Experimental system: a the testing setup and b a schematic drawing of the driving point and response points

Bolted joint elements

FE model of beam

FE model of column

1 2

9

7

3 4 5

6

8

10111213

16

14

15

Fig. 9 FE model of the seven-
five axis machine tool
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equations of one connection is composed of two finite ele-
ments of the structural components and a joint element, as
illustrated in Fig. 6b.

The dynamic equation of the beam element (the element
number is 1) can be written as

K1
� �

x1;1
x2;1
⋮
x8;2
x8;3

8>>>><
>>>>:

9>>>>=
>>>>;

¼ K1
a K1

b
K1

c K1
d

� � x1;1
x2;1
⋮
x8;2
x8;3

8>>>><
>>>>:

9>>>>=
>>>>;

¼

f 11;1
f 11;2
⋮
f 18;2
f 18;3

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

ð10Þ

Table 3 Material
parameters of the
components

E (GPa) μ ρ (kg/m3)

120 0.27 7500

Table 4 Experimental and FEM simulation modal shapes

Modal Experimental modal shapes FEM simulation modal shapes MAC

1 0.904

2 0.945

3 0.936

4 0.958

5 0.929

Int J Adv Manuf Technol (2017) 90:1679–1691 1685



where

K1
a ¼

k11;1 ⋯ k11;12
⋮ ⋱ ⋮
k112;1 ⋯ k112;12

2
4

3
5;K1

b

¼
k11;13 ⋯ k11;24
⋮ ⋱ ⋮

k112;13 ⋯ k112;24

2
4

3
5;K1

c

¼
k113;1 ⋯ k113;12
⋮ ⋱ ⋮
k124;1 ⋯ k124;12

2
4

3
5;K1

d ¼
k113;13 ⋯ k113;24
⋮ ⋱ ⋮

k124;13 ⋯ k124;24

2
4

3
5

The dynamic equation of the column element (the element
number is 2) can be written as

K2
� �

x9;1
x9;1
⋮
x16;2
x16;3

8>>>><
>>>>:

9>>>>=
>>>>;

¼ K2
a K2

b
K2

c K2
d

� � x9;1
x9;1
⋮
x16;2
x16;3

8>>>><
>>>>:

9>>>>=
>>>>;

¼

f 9;1
f 9;1
⋮
f 16;2
f 16;3

8>>>><
>>>>:

9>>>>=
>>>>;

ð11Þ

where

K2
a ¼

k21;1 ⋯ k21;12
⋮ ⋱ ⋮
k212;1 ⋯ k212;12

2
4

3
5;K2

b

¼
k21;13 ⋯ k21;24
⋮ ⋱ ⋮

k212;13 ⋯ k212;24

2
4

3
5;K2

c

¼
k213;1 ⋯ k213;12
⋮ ⋱ ⋮
k224;1 ⋯ k224;12

2
4

3
5;K2

d ¼
k213;13 ⋯ k213;24
⋮ ⋱ ⋮

k224;13 ⋯ k224;24

2
4

3
5

Finally, the dynamic equation of the joint element (the el-
ement number is 3) can be written as

K3
� �

x5;1
x5;1
⋮
x12;2
x12;3

8>>>><
>>>>:

9>>>>=
>>>>;

¼ Ke½ �

x5;1
x5;1
⋮
x12;2
x12;3

8>>>><
>>>>:

9>>>>=
>>>>;

¼ K3
a K3

b
K3

c K3
d

� � x5;1
x5;1
⋮
x12;2
x12;3

8>>>><
>>>>:

9>>>>=
>>>>;

¼

f 5;1
f 5;1
⋮
f 12;2
f 12;3

8>>>><
>>>>:

9>>>>=
>>>>;

ð12Þ

where

K3
a ¼

k31;1 ⋯ k31;12
⋮ ⋱ ⋮
k312;1 ⋯ k312;12

2
4

3
5;K3

b

¼
k31;13 ⋯ k31;24
⋮ ⋱ ⋮

k312;13 ⋯ k312;24

2
4

3
5;K3

c

¼
k313;1 ⋯ k313;12
⋮ ⋱ ⋮
k324;1 ⋯ k324;12

2
4

3
5;K3

d ¼
k313;13 ⋯ k313;24
⋮ ⋱ ⋮

k324;13 ⋯ k324;24

2
4

3
5

Driving point

One of response pointsFig. 10 The schematic drawing
of the driving point and response
points

Table 5 Modal results comparison

Modal shape Experimental
result (Hz)

FE result
(Hz)

Errors (%)

Z-axis first-order reversing 23.8 28.4 19.3

Z-axis first-order bending 44.8 47.2 5.4

Z-axis second-order bending 72.4 75.8 4.7

X-axis second-order bending 81.4 80.1 1.6

Respiratory expansion of column 122.4 121.2 0.8
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The three elements are connected by nodes 5 through
12. Here, node 5 is used as an example to illustrate
how to establish the force balance equation. Node 5 is
a connected node of element 1 and element 3. In the
dynamic equations of element 1, the equations that are
relevant to the force acting on node 5 can be written as

k113;1x1;1 þ k113;2x1;2 þ⋯þ k113;23x8;2 þ k113;24x8;3 ¼ f 15;1
k114;1x1;1 þ k114;2x1;2 þ⋯þ k114;23x8;2 þ k114;24x8;3 ¼ f 15;2
k115;1x1;1 þ k115;2x1;2 þ⋯þ k115;23x8;2 þ k115;24x8;3 ¼ f 15;3

8><
>: ð13Þ

In the dynamic equations of element 3, the equations
which are relevant to the force acting on node 5 can be
written as

k313;1x1;1 þ k313;2x1;2 þ⋯þ k313;23x8;2 þ k313;24x8;3 ¼ f 35;1
k314;1x1;1 þ k314;2x1;2 þ⋯þ k314;23x8;2 þ k314;24x8;3 ¼ f 35;2
k315;1x1;1 þ k315;2x1;2 þ⋯þ k315;23x8;2 þ k315;24x8;3 ¼ f 35;3

8<
: ð14Þ

The resultant force acting on the internal node in a FE
model is zero, while the surface node is the external force.
The force vectors on the right part of Eqs. (13) and (14) are
(f5,1
1 , f5,2

1 , f5,3
1 ) and (f5,1

3 , f5,2
3 , f5,3

3 ), respectively. In the model
shown in Fig. 6b, the 5th node is an internal node, the resultant
force of which is zero. Thus, we can assemble Eqs. (13) and
(14) to obtain Eq. (15).

k113;1x1;1 þ⋯þ k113;12x4;3 þ k113;13 þ k31;1
� 	

x5;1 þ⋯

þ k113;24 þ k31;12
� 	

x8;3 þ k31;13x9;1 þ⋯þ k31;24x12;3 ¼ f 15;1 þ f 35;1
ð15aÞ

k114;1x1;1 þ⋯þ k114;12x4;3 þ k114;13 þ k32;1
� 	

x5;1 þ⋯

þ k114;24 þ k32;12
� 	

x8;3 þ k32;13x9;1 þ⋯þ k32;24x12;3 ¼ f 15;2 þ f 35;2
ð15bÞ

k115;1x1;1 þ⋯þ k115;12x4;3 þ k115;13 þ k33;1
� 	

x5;1 þ⋯

þ k115;24 þ k33;12
� 	

x8;3 þ k33;13x9;1 þ⋯þ k33;24x12;3 ¼ f 15;3 þ f 35;3
ð15cÞ

The force balance equations relevant to the other connected
nodes can be obtained in the same way. Thus, the dynamic
equation of one connection can be written as

K1
a K1

b
K1

c K1
d þK3

a K3
b

K3
c K3

d þK2
a K2

b
K2

c K2
d

2
664

3
775 Xf g ¼ Ff g ð16Þ

where

Xf g ¼ x1;1; x1;2; x1;3;…; x16;1; x16;2; x16;3
� �

and

Ff g ¼ f 11;1; f
1
1;2; f

1
1;3;⋯; f 14;1; f

1
4;2; f

1
4;3

�
f 15;1 þ f 35;1; f

1
5;2 þ f 35;2; f

1
5;3 þ f 35;3;⋯; f 18;1 þ f 38;1; f

1
8;2 þ f 38;2; f

1
8;3

þ f 38;3; f
3
9;1 þ f 29;1; f

3
9;2 þ f 29;2; f

3
9;3 þ f 29;3⋯; f 312;1 þ f 212;1; f

3
12;2

þ f 212;2; f
3
12;3 þ f 212;3; f 213;1; f

2
13;2; f

2
13;3;⋯; f 216;1; f

2
16;2; f

2
16;3

	

In the same way, connection by connection, the dynamic
equations of all the connections can be established.

4 Modeling method application

To show the behavior of the modeling method proposed
in this study, two examples are presented. In the first
example, the dynamic model of a seven-five axis machine
tool is shown. In the second, the dynamic model of an
assembly of the bed and base in a gear hobbing machine
is shown. In the two examples, the simulated results ob-
tained from the FE dynamic model are compared with the
experimental results.

4.1 The frame of the seven-five axis machine tool

4.1.1 Experimental modal analysis

For the frame of the seven-five axis machine tool, the beam is
connected to each column by 16 M36 bolts, and the distribu-
tion of bolts is shown in Fig. 6. An impact modal testing is

FE model of bed Bolted joint elements FE model of base

1
2

9

73 4 5 6
8

Fig. 11 FE model of the bed and base assembly
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Table 6 Experimental and FEM simulation modal shapes

1 0.956

2 0.965

3 0.968

4 0.972

5 0.943
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executed on the machine tool. As shown in Fig. 8, the exper-
imental system is described as follows:

(i) The two columns of the machine tools are fixed to the
ground. The pretightened torque of the bolts that connect
the beam to the columns is 500 Nm. The roughness of the
contact surfaces is Ra =3.2 μm.

(ii) The driving point and response points are shown in
Fig. 8b. There are 396 response points in total. The
LMS SCADAS mobile acquisition is used as the
testing system. An impact hammer (made in
Beijing Vibration and Noise Institute) is used to
excite the machine tools at the fixed driving point
in the Z-direction. The responses are measured by
several low mass, wide bandwidth, three-axis accel-
erometers (PCB356A16) at all response points. To
obtain a column of the FRF matrix, the point FRF
at the driving point also needs to be tested.

(iii) The acquisition bandwidth and frequency resolution are
256 and 0.5 Hz, respectively. To reduce the effects of
measurement noise and random errors, the force and
acceleration signals are obtained by repeated acquisi-
tion, and the average values are therefore calculated to
estimate the FRFs.

The modal parameters of the machine tools are obtain-
ed by using the modal analysis module of the LMS
Test.lab. The TDOF method is chosen due to the small
damping. The first five-order modal results (modal fre-
quencies and mode shapes) are shown in Table 4.

4.1.2 Numerical model using the proposed method

The numerical model of the machine tools is established
using the FEM according to the hybrid analytic-
experimental modeling method proposed in this study.
The FE model is shown in Fig. 9. The beam and col-
umns (structural components) are modeled by 19,856
hexahedral elements and 658 pentahedral elements in
the FE software-MSC.patran, and the material parameters
of the components are shown in Table 3. The bolted joint

(machine elements) between the beam and columns is
modeled by the bolted joint elements. According to the
dynamic modeling of the bolted joint mentioned in
Section 2.2, each of the bolted joint interfaces is divided
into 16 bolted joint elements. The stiffness matrices of the
bolted joint elements are obtained from the bolted joint ele-
ment stiffness matrix database according to the size, rough-
ness of the contact surface, and the pretightened force of the
bolts of every bolted joint, and the stiffness matrices are
inserted into the finite element model through direct matrix
input at the grid points (DMIG) in MSC.patran.

Executing a normal model analysis, the modal results
of the machine tools, such as the natural frequencies and
corresponding mode shapes, are obtained. Comparisons
between the FE simulation results and the experimental
modal results are shown in Tables 4 and 5. Except for
the first-order mode shape, the errors found in the natural
frequencies between FE simulation results and the exper-
imental modal results are less than 6 %, which indicates
that the proposed hybrid method in this study is effec-
tive. It should be mentioned that the boundary condition
of the columns is treated as fixed condition in the nu-
merical model, which is the main factor that leads to the
higher error of the first-order mode.

4.2 The assembly of the bed and base of the gear hobbing
machine

4.2.1 Experimental modal analysis

The second example consists of an assembly of the bed
and base in a moving column gear hobbing machine. The
assembly is an important structural component, which acts
as the mounting base for the rolling guides and working
table. The bed and the base are connected by eight M36
bolts. The experimental system is similar to that shown in
Fig. 8; the differences from the above shown experiment
are the following:

(i) The assembly is placed on several wooden blocks to sim-
ulate the free-to-free boundary conditions. The
pretightened torque of the connected bolts is 500 Nm.
The roughness of the contact surfaces is Ra =3.2 μm.

(ii) The LMS SCADAS mobile acquisition is used as the test-
ing system. The driving point and response points are
shown in Fig. 10, and there are 212 response points in total.
The impact hammer excites the assembly at the fixed driv-
ing point in the Z-direction. Twenty-three axis accelerome-
ters are used to acquire the FRF data. The SIMOmethod is
performed in the experiment to obtain all the FRFs.

(iii) The acquisition bandwidth and frequency resolution are
520 and 0.5 Hz, respectively.

Table 7 Comparison of modal results

Modal shape Experimental
result (Hz)

FE result
(Hz)

Errors (%)

X-axis first-order bending 103.9 99.2 4.5

Y-axis first-order reversing 130.5 127.9 2

Bed X-axis first-order bending,
base Y-axis first-order bending

152.3 143.5 5.7

Z-axis first-order bending 172.6 163.7 5.2

Y-axis second-order reversing 200.5 199.2 0.7
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The modal parameters of the assembly are obtained using
the LMS Test.lab vibration analysis system. The first five-
order modal results (modal frequencies and mode shapes)
are shown in Table 5.

4.2.2 Numerical model using the proposed method

The FE model of the assembly is shown in Fig. 11. The bed
and base (structural components) are modeled by 28,233
hexahedral elements and 3176 pentahedral elements in the
FE software-MSC.patran, and the material parameters of the
components are shown in Table 3. The bolted joint (machine
elements) between the bed and base is modeled by nine bolted
joint elements. The stiffness matrices of the bolted joint ele-
ments are obtained using the same method as in Section 4.1
and are inserted into the finite element model through DMIG
in MSC.patran.

Executing normal model analysis, the modal results of the
assembly, such as the natural frequencies and corresponding
mode shapes, are obtained. Comparisons between the FE sim-
ulation results and the experimental modal results are shown
in Tables 6 and 7. It is easy to see that the errors between FE
simulation results and the experimental modal results of the
natural frequencies are less than 6 %, which indicates that the
proposed hybrid method in this study is effective.

5 Conclusion

Structural dynamics notably affect the performance of ma-
chine tools. Due to the many complex joints, establishing a
full machine tool dynamic model is a difficult task. In this
paper, a hybrid analytic-experimental dynamic modeling
method for modeling of the entire machine tool structure is
proposed. The whole machine tool is assembled by the nu-
merical model of structural components and the experimental
model of machine elements. The bolted joint is taken as an
example for illustrating the dynamic modeling of machine
elements. Two cases are presented to illustrate the behavior
of the proposed modeling method. The comparison between
experimental natural frequencies and the simulated ones in the
two presented cases indicates that the proposed hybrid
analytic-experimental dynamic modeling method is effective.

Like machine tool structure modeling, the method pro-
posed in this paper can be used for the modeling of other
mechanical systems, such as a diesel engine and gear reducer.
For example, the dynamic model of the gear reducer box,
which is composed of an upper box and lower box, can be
obtained using the proposed modeling method. The upper and
lower boxes can be modeled using the FEM, and the joint
between the two boxes can be modeled using the bolted joint
element presented in this paper; therefore, the full dynamic
model can be obtained by assembling the two dynamic

models. Thus, the method provides a possible way for the full
structural dynamic model of mechanical systems such as ma-
chine tools. However, except for the bolted joint, the universal
dynamic model of other joints will be discussed in the future
because of their complexity.
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