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Abstract: This paper describes a case study on dynamic characteristics analysis and dynamic stiffness evaluation of a
5-axis multi-tasking machine tool of ram-head type. Structural dynamics analysis and evaluation are necessary to
machine tool design and development to secure good machine tool performance against tough and harsh machining
conditions. Such studies are more important to multi-tasking machine tool since it should be able to do different kinds
of machining task as well. In this study, natural frequencies and corresponding vibration modes of the machine tool
structure were analyzed by using both F.E.M. modal analysis and impulse hammer test. Furthermore, dynamic stiffness
of the machine tool was analyzed by using F.E.M. and was also measured by using a hydraulic exciter test. Both the
theoretical analysis and test results showed good agreement with each other. Finally, some discussion and review were
made based on the analysis results from the view point of resonant vibration and mode coupled chatter.
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1. INTRODUCTION

In recent years, simultaneous 5-axis and multi-task
machining are increasingly in demand for large scale
products, such as ship propeller, crank shaft of ship
engine, and so on. Multi-tasking machine tool (MTMT)
is very efficient and beneficial because it has various
machining functions, such as milling, drilling, turning,
grinding, as shown in Fig. 1, all together at one machine.
Therefore it can complete 5-face machining and
multi-task machining at once with just single set-up.

designed in its detail design stage using our own
multi-step design optimization method.[1,2] As shown
in Fig. 2(a), the ram is a cantilever beam, whose nose a
specific machining module (or tool) is mounted on. That
cantilever type structure with end force and mass may
often have structural vulnerability. Therefore it is
necessary to check up structural dynamics
characteristics of the prototype machine even tough it
had been optimum designed earlier.
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Fig. 1 Typical machining functions of a MTMT for
machining a crank shaft

Inherently, MTMT may experience severe vibrations
during its operations due to complicated machining
conditions and or cutting forces. This paper introduces a
case study on the development of a 5-axis MTMT,
shown in Fig.2, within the bound of structural dynamics
analysis and test. The MTMT consists of a ram head
module, bed and column as shown in Fig. 2.
Of course, the MTMT structure was optimum

(a) illustration of the full MTMT structure

(b) ram head module
Fig. 2 A 5-axis multi-tasking machine tool
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In case of insufficient structural stiffness, the machine
tool may experience severe vibrations or chatter while it
is operating. Consequently the machining accuracy will
decrease. It is already known that the machine tool
chatter, that is the most troublesome vibration arising in
machine tools, is strongly depends on dynamic
compliance of the machine tool structure, which is the
reciprocal of dynamic stiffness.[3-5]

For the purpose of checking up the dynamic
characteristics and dynamic stiffness of the MTMT
proper, we analyzed and evaluated the structural
dynamic characteristics, that is, natural frequencies and
corresponding mode shapes of the ram head module of
the 5-axis MTMT tool by using both F.E.M. and the
impulse hammer test. Furthermore, the dynamic
stiffness of the ram module was also analyzed and
measured by using both F.E.M. and the random
excitation test with a hydraulic exciter.

2. MODAL ANALYSIS

2.1 The modal analysis theory

Suppose the structure is the multi-degree of freedom
damped systems, the eigenvalue problem can be
represented as follows

modal transform coordinate.

[m] 1q} + i[h] 1q} + [k] {q} = 0 (8)

T2= {)}[k]{1} = kr
r -m{T mMOr M

(9)

2.2 F.E.M modal analysis

To analyze the vibration modes and the dynamic
stiffness of the 5-axis MTMT, we established a FEM
model consisting of 17,976 nodes and 18,832 shell
elements as shown in following Fig. 3. And the
modeling data are listed in Table.

[m] {x.} + [k] {x} + i[h] {x} = {O}

[m], [k], and [h] are mass, stiffness, structural
damping matrices of the structure, respectively.

Eq. (1) can also be expressed as

([k] + i[h] a [m]){X} = {O}

The system matrix, LB(S)], is defined as follows

[B (co)] = [k] + i[h] -_ 02 [m]

(2)

(3)

If the system matrix is zero, the eigenvalue a,2,
eigenvector {(}r , and eigenmatrix [0] can be
obtained.

Since it satisfies orthogonality for complex mode
vector like the proportional damped system, the
following equation comes out.

Fig. 3 FEM Model ofthe 5-axis MTMT

Table 1 FEM modeling data
Element type SHELL 181

No. ofnodes 17,976

No. of elements 18,832

Boudar con
Fixed all nodes at 4
bottom corners

210

0.3
7,833

2.3 Modal test (Impulse hammer test)

{05}r [m]{0}S 0 (r s)

{0}T [ml {0} = [mr] (5)

Iq)IT ([k] + i[h]){Ql= [kr ] (6)

{x} = [0]]{q} (7)

Eqs. (8) and (9) can be obtained by using Eqs. (5) and
(6) about othogonality of eigenvector and Eq. (7) for

Fig. 4 represented modal test setup using impulse
hammer. According to SISO (Single Input & Single
Output) method, an accelerometer is attached to the
fixed measuring point of ram head module and we

applied impact force to exciting points around the ram

head module with impulse hammer in measuring its
acceleration. The output signal of the measured
acceleration is conveyed to FFT analyzer. After
obtaining frequency response function about each
exciting point, the natural frequencies of the object is
measured.
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FFT Analyzer

Fig. 4 Illustration ofmodal test setup

3.4 Comparison of Modal analysis results

Measured and theoretically analyzed natural
frequencies are listed in Table 2 and corresponding
mode shapes are compared through Fig. 5 to Fig. 8.

The 1 st and the 2nd mode are the 1 st bending modes in
the Y and Z directions respectively.

The 3rd and the 4th mode are the 2nd bending modes of
Z and Y directions respectively

1st 59.51 53.75
2nd 83.16 87.81
3rd 92.64 96.88
4th 107.06 116.9
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(a) FEM (b) experiment
Fig. 6 The 2nd mode
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Fig. 7 The 3rd mode
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Fig. 8 The 4th mode

The 5-axis MTMT, in this paper, has a operating
speed of less than 3,000 rpm or 50 Hz, while the 1St
natural frequency of ram head module appears over 50
Hz. That is the lowest natural frequency is higher than
IX frequency of the maximum operating speed.

4. DYNAMIC STIFFNESS
MEASUREMENT

4.1 Theory of dynamic stiffness measurement

In case of forced vibration under harmonic force, the
equation follows as Eq. (10).

([k] + i[h] 2 [m]){X} = {F} (10)

Where, {F} is excitation force matrix.
Using a system matrix, the displacement matrix of Eq.

(10) can be expressed as

{X} = [B(w))]- {F} (11)

or

{X} = [H(w)] {F} (12)

where [H(wo)] is the transfer function, which is the
inverse matrix of the system matrix.

[H(w)] = [B(w)]-1 =-adj[B(w)]
det[B(co)]

(13)
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If det[B(w)] is zero, it becomes characteristic
equation. Using orthogonality of Eqs. (5) and (6), the
frequency response function can be written as

[H(w)] = [0]! 2
[T2. 21r 0

mr (COr ) -CO + i77, CO,'

obtained from the measured force and acceleration
signals following the definition.

(14)

When arranging Eq. (14), the frequency response
function can be shown as

N(rN

NA

hij () (02 2
r= ir -) + i77r Gir

(15)

where, N is the rank of matrix, mr is r-th modal

mass, c0r is the r-th natural frequency, and Ur is the
loss factor of the r-th mode.

r (0 and r )j are respectively the ingredients of

of the r-th mode vector and A is the modal constant

or residue.
Transfer function is given by reciprocal of stiffness

which is called to compliance, G(c) .
Because it is impossible to measure force against

displacement to obtain the dynamic stiffness of the
machine tool in frequency domain, in general, it can be
obtained by measuring displacement against force using
the concept of compliance.

Compliance can appear as Gij according to the
direction of exciting force and the measuring direction
of displacement. The i and j subscript mean the
direction of exciting force and the measuring direction
of displacement respectively. Since the machine tool
generally has the cutting force in x, y, and z direction,
the displacement can be generated in three directions.

Thus compliance matrix can express by correlation
between force and displacement as follows

yXJ
GXYGYYGXy * Fy

GXQXzG,G F9

Fig. 9 Dynamic stiffness measurement setup

4.3 Comparison of analytical and measured results

Table 3 represents the comparison of the measured
and measured structural compliance.

Table -3 Comnarison of comnliances,

In x-axis 0.199 0.194 4.36 19.5

In y-axis 1.92 2.17 32.8 44.2

In z-axis 4.11 1.58 38.9 44.9

iso-axial 4.55 2.69 48.5 46.2

In Fig. 7, structural compliance response functions
obtained from hydraulic exciter test and FEM analysis
are compared in graphic.

(16)

Where, Fi is the excitation force in the i-directon.

4.2 Measurement setup

Figure 9 shows the measurement setup for structural
dynamic stiffness of the MTMT. Exciting force was
applied to the ram head end through a hydraulic exciter
and the resulting acceleration level was measured on
ram head nose in each X-, Y-, and Z directions
respectively.

Compliance or the dynamic stiffness can be

(a) x-axial compliance
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(d) iso-axial compliance
Fig. 7 Comparison of the measured and computed

compliances of the MTMT

5. CONCLUSION

The findings and results from this case study on the
development of a 5-axis MTMT are as followings:

1) Measured and calculated natural frequencies of the
MTMT showed good agreement with each other and the
maximum error between them was less that 10 00.

Furthermore, the lowest natural frequency appeared
higher than the IX Hz of the maximum operating speed.
Therefore there seems to be rare possibility of resonant
bending vibration or modal chatter vibration within
operating seed range.

2) Measured static stiffness in the iso-axial direction
was 220 [N/[tm], while computed one was 334 [N/pm].
This indicates that the static stiffness of the developed
large scale MTMT has relatively higher stiffness than
ordinary machine tools, whose value are about 80 - 100
[N/pm].

Moreover, the dynamic stiffness in the same direction

was measured as 21 [NrIm], and computed as 22
[N/rim], which is also great than ordinary machine tools.
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