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Abstract: To enhance machining efficiency, tool change time has to be reduced. Thus, for an automatic tool changer attached to a 
machining center, the tool change time is to be reduced. Also the automatic tool changer is a main part of the machining center as a 
driving source. The static attributes of the automatic tool changer using the commercial code, ANSYS Workbench V12, were tried to 
interpret. And the optimum design of automatic tool changer arm was proposed by performing the multi-stage optimum design. The 
shape optimization of the automatic tool changer was proposed and the result was verified to obtain acceptable improvements. It is 
possible to obtain an optimized model in which the maximum deformation, maximum stress, and mass are reduced by 10.46%, 
12.89% and 9.26%, respectively, compared with those of the initial model. Also, the results between conventional method by the 
design of experiments and proposed method by the multi-stage optimum design method were compared. 
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1 Introduction 
 

Recently, in machine manufacturing industries, 
molds and machine parts have been changed to small 
quantity batch production system. Also, improvements in 
productivity and cutting rate are required. Whereas, it is 
true that high quality and low cost are to be targeted from 
a practical standpoint. Therefore, the machine tools for 
such aims pursue to achieve high-speed processing, 
implement automation, and reduced lead time. As a 
result, it is possible to check the states of tools and 
workpieces using proper sensors in the machine tools. In 
addition, a machining center based on an automatic tool 
changer (ATC) and an automatic pallet changer (APC) 
aims to operate an unattended operation factory for 24 h. 
The automatic tool changer stores the tools used in a 
machining center to its magazine and changes the tools 
automatically as required. The tool changed by such ATC 
is precisely equipped to a spindle [1]. 

Also, it represents an advantage that an operator of 
the machining center is able to engage in other works 
due to the less interference for the machine tools. That is 
to say, the operator can control other machine tools or 
prepare the next workpieces, which leads to reduced 
production time. 

The magazine type ATC used in this study 
represents a feature that many tools are stored in the 
magazine. In the change of tools, two arms move to 

change the equipped tool to the next tool by rotating 
them by 180° in a directly changed manner [2]. Thus, it 
is necessary to ensure the technologies for both the 
structural characteristics of arms and the design of 
lightweight simultaneously. 

In actual industrial fields, design optimization is 
very important. Therefore, various optimization methods 
are presented for the optimization of various mechanical 
parts [3]. 

SONG et al [4] presented optimization design of the 
short journal bearing by using enhanced artificial life 
optimization algorithm. ALLAIRE et al [5] combined the 
topological and shape derivations on the structural 
optimization. BAGCI and AYKUT [6] presented Taguchi 
optimization to verify the optimum surface roughness of 
the CNC milling. LAMBERTI [7] presented a design 
optimization algorithm based on simulated annealing for 
truss structures. SEKULSKI [8] presented that the 
genetic algorithm can be an efficient multi-objective 
optimization tool for simultaneous design of the topology 
and sizing of ship structures. 

SEO et al [9] presented shape optimization and its 
extension to topological design based on isogeometric 
analysis. 

In optimizing the ATC arm, the factors of the 
structural characteristics and the lightweight are contrary 
to each other [10]. It shows a trade-off that if it pursues 
to improve the lightweight in structures, the structural 
characteristics will represent a weakness, and if the 
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structural characteristics are improved, the achievement 
of the lightweight is difficult. Therefore, for satisfying 
these contrary factors and optimizing them, the 
optimization of such arm shapes in different way is 
presented by using the design of experiments [11]. 

In this study, for achieving a more improved 
optimization model than the previous study [11], a 
multi-stage optimum design was performed. The 
optimum design was presented using the commercial 
analysis programs, CATIA V5 and ANSYS Workbench, 
and the analytic validity was investigated through 
comparing the initial and conventional optimized models 
with the optimized model implemented in this study. 
 
2 Structure of ATC 
 

ATC consists of three elements, such as magazine 
part, changer part, and arm part. The magazine part is a 
device that stores many tools and changes tools using 
servo motors. The changer part is equipped with servo 
motors, which rotate arms. The arm part shows an arm 
shape and changes tools by gearing the tools in the 
spindle and magazine in a machining center by rotating 
them by 180°. 

Figure 1 illustrates the entire structure of the ATC 
modelled by using the CATIA V5 R17. 

 

 
Fig. 1 Structure of magazine type ATC 

 
The structural analysis of the initial model of the 

arm was performed. Regarding the reference of the 
performed finite element analysis, the finite element 
analysis of the initial model was carried out using the 
commercial analysis program, Ansys Workbench V12. 
The analysis was performed by minimizing the 
additional part employed in the arm. In the analysis 
method, a hex dominant method was applied in which a 
finite element analysis had totally 51 794 nodes and    
13 496 elements. Figure 2 shows the initial finite element 
model of the arm. 

 

 
Fig. 2 Initial finite element model of arm 

 
For the boundary conditions in the analysis, the hole 

at the center of the ATC arm was supported, and the 
gravitational acceleration was applied to the entire body. 
In the load conditions, a load of 147 N was applied to the 
clamps at both ends for considering the maximum weight 
of the tools. 

The results of the structural analysis are presented 
in Fig. 3. The maximum deformation of the initial model 
at the clamps is 5.748 7 μm and occurs at both ends. Also, 
the maximum stress is generated at the edge of the 
section, which pushes the rear finger of the ATC arm, 
and is presented by 4.176 2 MPa. 
 

 
Fig. 3 Structural analysis of arm: (a) Deformation distribution; 

(b) Stress distribution 

 
3 Multi-stage optimization of arm 
 

The static compliance, fx(=D/F), can be presented 
by an inverse number of the static stiffness. In particular, 
in some machine structures like machine tools and 
industrial robots that require high accuracy and 
machining efficiency, it becomes the most important 
static characteristic as well as the structure weight where 
these factors are to be comprehensively and 
simultaneously evaluated. As mentioned above, the 
optimization of the static issue is determined as the static 
characteristic of these two objective functions and the 
minimization issue of the weight [12]. 
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Thus, in this study, the optimization is performed as 
a multi-stage manner for satisfying each objective 
function. The first stage is configured as a stage that 
improves the static characteristics. By defining design 
factors that minimize the deformation, an optimum 
model can be induced. The second stage is determined as 
a stage for implementing its lightweight. Based on the 
optimum model presented in the first stage, the shape 
optimization is performed by aiming a reduction in its 
weight by 10%. 
 
3.1 First stage of optimum design of arm 

In the first stage of the optimum design, the 
optimum design aims to minimize the deformation of the 
arm. 

Figure 4 illustrates the design variables of the arm. 
 

 
Fig. 4 Factors of ATC arm 

 
The general formalization for the dimension and the 

optimum shape design can be presented by defining 
objective functions and limitation condition functions 
[13−15]. For implementing the optimum design for the 
ATC arm, the formalization is determined as follows: 
 
Find X 
Minimize deformation (X) 
Subject to σ ≤ σa 
δ ≤ δa 
ΦL ≤ A, B, C ≤ ΦU (Φ=A, B, C) 
X=[A, B, C] 
 
where X represents one of the design variables, and σ and 
δ show the stress and deformation, respectively. Also, σa 
and δa show the allowance values for the stress and 
deformation, respectively. The terms of A, B, and C are 
the design variables. The design variables are configured 
by ±30 mm in order not to present the influences of the 
collision and interference in structures on the design. 

In the optimum design, the optimum solution can 
minimize the deformation of the arm using the CATIA 
V5 Product engineering optimizer. Table 1 gives the 
results of the optimization. 

Figure 5 illustrates the results of the structural 
analysis of the optimal designed arm. The boundary 
conditions in the analysis are configured as the same as 
the existing initial model. 

Table 1 Results of optimization for reducing deformation 

Factor Initial model Optimal designed model

A/mm 25 3.396 

B/mm 70 73.68 6 

C/mm 27 32.68 6 

Maximum 
deformation/μm 5.748 7 4.668 3 

Maximum stress/MPa 4.176 2 3.607 2 

 

 
Fig. 5 Structural analysis of optimized arm for reducing 

deformation: (a) Deformation distribution; (b) Stress 

distribution 

 
3.2 Second stage of optimum design of arm 

Achieving the lightweight of the arm is an 
important factor for reducing the cost of workpieces. 
Also, it is possible to improve the economy by 
introducing a lightweight structure [16]. Therefore, the 
optimum design for implementing the lightweight of the 
arm is performed in the second stage. The target in 
reducing the mass is 10% of the arm based on the model 
proposed in the first stage of the optimum design. For 
reducing the mass of the arm, the shape optimization is 
carried out using the ANSYS Workbench shape 
optimization function. The formalization for the 
optimum design can be presented as follows: 
 
Find Z 
Minimize mass (Z) 
Subject to σ ≤ σa 
δ ≤ δa 
ΦL≤Φr≤ΦU 
Z=[Φr]  
where Z is one of the design variables, σ and δ show the 
stress and deformation, respectively, and σa and δa are the 
allowance values for the stress and deformation, 
respectively. Also, the design variable, Φr, is configured 
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to find all sections in which the mass reduction is 
possible except for the sections, which have some 
limitations in the design. 

Figure 6 illustrates the results of the optimum 
solution that minimizes the deformation of the arm. As 
shown in Fig. 6, the section presented by ‘Remove’ 
represents a mass reducible section by removing it. 
Based on the results, the reducible sections are removed 
to a maximum level. Figure 7 shows the proposed 
optimum shape for lightweight of the arm based on the 
results of the shape optimization. 
 

 
Fig. 6 Result of shape optimization using ANSYS 

 

 
Fig. 7 Redesign of arm 

 
The structural analysis is performed using the 

proposed optimum design. Also, the boundary conditions 
in the analysis are applied as the same as the existing 
initial model. 

Figure 8 shows the results of the structural analysis, 
which is carried out through applying the optimum 
shape. 
 

 
Fig. 8 Structural analysis of optimized arm for lightweight:   

(a) Deformation distribution; (b) Stress distribution 

The maximum deformation of the model, which 
applies the optimal design, is reduced from 5.748 7 μm 
presented in the initial model to 5.147 5 μm by as much 
as 10.46% and generated at the end of the clamp as the 
same as the initial model. Also, the maximum stress is 
reduced from 4.176 2 MPa presented in the initial model 
to 3.637 9 MPa by as much as 12.89%. In addition, the 
mass is reduced from 7.871 2 kg presented in the initial 
model to 7.142 5 kg by as much as 9.26%. 

Table 2 presents the results of the comparison of the 
optimum design [11] using the design of experiments 
performed with the multi-stage optimum design 
implemented in this study. 

 
Table 2 Comparison of results 

Property
Initial
model

(A) 

Conventional 
method 

(B) 

Proposed 
optimization 

method 
(C) 

Ratio 
of A
to C/

% 

Ratio 
of B
to C/

% 
Maximum 

deformation/
μm 

5.748 7 5.219 7 5.147 5 10.46 1.38

Maximum 
stress/MPa

4.176 2 4.163 3.637 9 12.89 12.61

Mass/kg 7.871 2 7.568 3 7.142 5 9.26 5.63

 
In the comparison of the results obtained in this 

study with the results of the design of experiments, the 
maximum deformation, maximum stress, and mass are 
reduced by 1.38%, 12.61%, and 5.63%, respectively. 
Thus, it can be seen that the multi-stage design using the 
CATIA and ANSYS performed in this study makes 
possible to draw more improved optimum design than 
the existing study. 
 
4 Conclusions 
 

1) By performing the multi-stage optimum design, it 
is possible to obtain an optimized model in which the 
maximum deformation, maximum stress, and mass are 
reduced by 10.46%, 12.89%, and 9.26%, respectively, 
compared with those of the initial model. 

2) In the comparison of the optimum design 
between the multi-stage optimum design and the 
previously performed design of experiments, the 
maximum deformation, maximum stress, and mass are 
reduced by 1.38%, 12.61% and 5.63%, respectively. 

3) By comparing the results between conventional 
method by the design of experiments and proposed 
method by the multi-stage optimum design, it is verified 
whether the optimum design is carried out properly. 

4) Based on verification of using commercial 
programs of CATIA and ANSYS for multi-stage 
optimum design, it is expected that it can be applied to 
the optimum design of machine tool structures. 
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