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Abstract
Machine tools are constantly in motion during machining; however, studies have not considered the
effect of the dynamic and static characteristics of the machine caused by the movement of the structure
over time. In this study, the time-varying moving structure in the spatial coordinate arm is analyzed to
improve the spatial accuracy of the motion of a �ve-axis machine tool in the cutting area. The objective is
to design a high-speed �ve-axis moving-column machine tool and to perform structural analysis of
spatial accuracy. We studied the static and dynamic characteristics of a �ve-axis machine tool, designed
and improved its mechanical structure, and optimized its structural con�guration. With further analysis,
the entire machine structure was enhanced to improve its static and dynamic characteristics. The static
and dynamic characteristics of the machine structure were found to directly affect its processing
performance and the precision of the workpiece machined by the tool. Through this study, the design
technology for speed, accuracy, and surface roughness of the machine tool was further improved.

Introduction
A machine tool is a positive representative of national industrialization. Traditional machine tool design
and manufacturing results are inconsistent, resulting in waste materials and increased costs. Therefore,
this study uses a �ve-axis machine tool as a development objective and introduces computer-aided
engineering analysis technology. We hope to decrease the uncertainty associated with machine
development and increase the accuracy of the machine tools.

Wu et al. [1] presented the mechatronic modeling and forced vibration of a 2- degrees of freedom (DOF)
parallel manipulator in a 5-DOF hybrid machine tool that was investigated. The results showed that a
higher bandwidth and lower structural frequency lead to more interactions between the mechanical and
control subsystems. Gegg et al. [2] investigated experimental studies showing that the superposition of
axial ultrasonic vibrations in the milling operation improved the process by reducing cutting forces and
enhancing surface �nish. Whalley et al. [3] investigated the resonance conditions and the identi�cation of
adverse cutting frequencies at which dynamic ampli�cation and system time-domain performance were
determined. Zhou et al. [4] investigated and proposed a new method for modeling and predicting thermal
deformation of ball screws rather than relying on data from temperature sensors and real-time data from
computer numerical controls. Vivek et al. [5] presented particle-reinforced polymer composites with
different compositions, which were studied for machine tool structures.

The impact of the particle composition (polymer resin type and ratio) on the damping ratio and elastic
modulus was investigated by conducting an impact hammer vibration test. Nagesha et al. [6]
investigated a new method that integrates the principle of a shock absorber with a machine using a
receiver coupling method to prioritize asymmetric dynamics. Chen et al. [7] studied the essential
intelligent machine tool characteristics needed to acquire and accumulate knowledge through learning
and to propose original key supporting technologies. Bustillo et al. [8] proposed a new method for the
design of machines with ultralight structural components and the development of countermeasures
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against productivity loss caused by lightweight machines. Ding et al. [9] changed the 3D topology design
optimization problem to a 2D problem to optimize the layout of the stiffener plate in the bed. He et al. [10]
used a low carbon footprint as an important benchmark for determining the product performance.

Gu et al. [11] developed a series of compensation methods and used the measurement results of one or
more identical machined parts to compensate for �ve-axis machine errors. Li et al. [12] used the principle
of self-optimal growth of plant branches in nature to design the internal stiffener layout of large machine
tools. Cai et al. [12] investigated the existing growth algorithm and suggested possible improvements to
validate the effectiveness of the method. Luo et al. [13] studied the key machine elements and machine
design procedures of ultra-precision machine tools. Bossmanns et al. [14] presented a systematic method
to assist in the conceptual design of a high-speed machining– machine tool interface.

Based on the proposed conceptual design method, two realization concepts for high-speed end mills were
developed. Bohez [15] classi�ed possible conceptual designs and actual existing implementations based
on theoretically possible combinations of DOF. Some useful quantitative parameters, such as the
workspace utilization factor, machine tool space e�ciency, orientation space index, and orientation angle
index, were de�ned. Praniewicz et al. [16] recommended that these motion error constants can be derived
from the eccentricity values obtained in the 3-axis simultaneous test of a bench 5-axis machine tool.
Shen et al. [17] proposed a new structural dynamic design optimization method for a holistic machine
tool.

Mahdavinejad [18] presented a dynamic model of a lathe that analyzed the instability of the machining
process. This was provided by the �nite element method and the ANSYS software. The structure of the
machine and the combination of the workpiece and tool were considered, and a modal test was
performed to evaluate the model.

The machine tool constantly moves during machining, and previous studies have not considered the
in�uence of the movement of the structure on the dynamic and the static characteristics of the structure.
Geometric errors are generated, and the dynamic behavior changes with the machine weight because of
its moving structure in the spatial position. In this study, the time-varying structural performance was
analyzed in the spatial coordinate arm to improve the spatial accuracy of the motion of a �ve-axis
machine tool in the cutting area. Because of the structural deformation and spatial geometric errors
caused by the moving structure of the machine, relative deformation errors can be evaluated through the
spatial position error compensation analysis to improve the accuracy of the machine. We designed a �ve-
axis machine and, in addition to considering the stability of the machine, an improved machine
con�guration was considered. Finally, the �nite element method was used for static and dynamic
analyses, and static stiffness analysis was used to verify the improved results.

Materials And Methods
The purpose of this research was to design a �ve-axis machine tool and perform a structural optimization
analysis. The �nite element method was used to analyze and compare the performance changes and
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optimize the machine design. A �owchart of the analysis and experimental architecture is shown in Fig.
1.

In this study, a high-order �ve-axis machine tool was designed, as shown in Fig. 2, and the machine
structure was optimized and analyzed. The main structural material is gray cast iron, S40C medium
carbon steel, and tungsten carbide; a �nite element model was then established, and the boundary
interface parameters for �nite element analysis were set to explore the structural characteristics, as
shown in Fig. 3.

The machine comprises numerous parts. The contact between the slider and slide rail was simulated with
a spring. The rigidity of the spring was set to 1,960 N/µm, and the gravitational acceleration was 9.8
m/s2. The number of nodes was 1,101,810, and the number of elements was 713,791. The model is
shown in Fig. 4, and the material properties are listed in Table 1.

Table 1 Material properties

Gray cast iron

Density (kg/m3) 7,200

Young's modulus (pa) 1.24e+11

Poisson's ratio 0.3

S40c medium carbon steel

Density (kg/ m3) 7850

Young's modulus (pa) 2e+11

Poisson's ratio 0.28

Tungsten carbide

Density (kg/ m3) 15,000

   

Young's modulus (pa) 5.5e+11

Poisson's ratio 0.28

Results
During machining, the simulation machine was subjected to a force of 1,000 N, which was applied to the
tool tip point in the X-direction. The analysis results show that the major deformations of the main shaft
and screw are relatively large, with the maximum deformation being 33.2 µm. The results of the static
stiffness analysis are shown in Fig. 5. Concurrently, we also carried out static rigidity experiments. The
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results of the experiment and comparison of the analysis results are shown in Figs. 6 and 7, respectively.
The static stiffness analysis result was 30.0 N/µm, and the test result was 26.5 N/µm. The difference
between the test and analysis results is 11.6%. Owing to the interface nonlinearity, the result was within
the error range.

A �nite element analysis machine was used to analyze the dynamic machine characteristics, and the
analysis frequency setting range was 1–1,000 Hz. From the modal analysis results, it can be seen that
the frequencies are 97.5, 110.4, 115.6, and 129.6 Hz, as listed in Table 2. The error of each modal
analysis and experiment was within 8.1%.
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Discussion
4.1 Effect of moving structure on dynamic structure performance in different locations

This study determined the frequency changes at three different locations. Position A is the leftmost point
of X, the foremost point of Y, and the uppermost point of Z on the �ve-axis machine, and the frequencies
are 43.9, 60.4, 89.3, and 105.4 Hz, as shown in Fig. 8. Position B is the center of X, the center of Y, and the
center of Z, and the intermediate mode frequencies are 45.6, 70.5, 82.5, and 103.4 Hz, as shown in Fig. 9.
Position C is the rightmost point of X, the hindmost point of Y, the lowest point of Z, and the mode
frequencies are 60.2, 95.9, 98.4, and 129.6 Hz, as shown in Fig. 10. The machine’s modal frequency
changes at different positions are shown in Fig. 11.

4.2 Effect of moving structure on static structure accuracy

In the X-, Y-, and Z-axis moving distance ranges, we observe the X, Y, and Z axes separately, as shown in
Figs. 12–14. The amount of relative deformation between the tool and the work platform, along with the
deformation, changes at different processing points; we can see that the most signi�cant difference is in
the Y-axis. Because the machine has a single-axis oscillating mechanism, the magnitude of the relative
deformation of the Y-axis is 8.9 µm.

Because the machine’s center of gravity does not deviate signi�cantly when the rotating shaft moves, the
amount of space deformation remains relatively unchanged at different angles. Therefore, when the
machine is cutting, the accuracy of the machine constantly changes. From the results, it can be seen that
the rotary table is −30, 30, 45, 60, and 90 °, and the variability is not signi�cantly different. The amount of
change is within 1 µm, as shown in Fig. 15.

Conclusion
Currently, because of rapid industrial development and improved machine accuracy and e�ciency, the
con�guration requirements for the structural design of �ve-axis machines and the design and analysis of
structural parts are extremely important. To achieve overall machining accuracy, this research used �nite
element analysis to analyze the entire machine structure, including static and dynamic analysis, for
improving the machine design method.

In this study, the simulation machine was operated under actual processing conditions. In addition, a
static analysis was performed when a force of 1,000 N was applied to the blade tip in the X-axis direction.
The maximum deformation obtained was 33.2 µm. The difference between the test and analysis results
was within 11.6 %. Owing to the nonlinearity of the interface, the result was within the error range. The
error of each modal analysis and experiment was within 8.1%.

In the X-, Y-, and Z-axis moving distance ranges, we can observe that the amount of relative deformation
between the tool and the work platform changes at different points. Furthermore, we discuss a
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comparison of the dynamic machine structure trends when machine components are in different
positions. As the machine tool is constantly in motion during machining, geometric errors are generated,
and the dynamic behavior changes with machine weight owing to its moving structure in the spatial
position.
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Figures

Figure 1

Analysis and experimental architecture �owchart
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Figure 2

Designed machine model

Figure 3

Spring damper boundary conditions
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Figure 4

Finite element model of the horizontal machine tool

Figure 5

Static rigidity analysis of the horizontal machine tool

Figure 6

Static stiffness experiment
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Figure 7

Static stiffness simulation and experiment comparison

Figure 8

Five-axis machine tool in position A
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Figure 9

Five-axis machine tool in position B

Figure 10

Five-axis machine tool in position C

Figure 11
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Modal frequency changes of the machine in different positions

Figure 12

X-axis relative change trend graph

Figure 13

Y-axis relative change trend graph

Figure 14
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Z-axis relative change trend graph

Figure 15

Relationship between B-axis rotation angle and deformation


