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Abstract: Because of their high flexibility and durability, multilayer bellows are manufactured for use in commercial
vehicles, while single-layer bellows are manufactured for use in passenger vehicles. A study based on the finite element
method (FEM) and shape optimization for the single-layer bellows has been actively performed; however, until now, a
study based on the FEM has rarely been performed for the multilayer bellows with gaps between the layers. This paper
presents a finite-element modeling scheme for the multilayer bellows to improve simulation reliability during the
evaluation of stress and flexibility. For performing shape optimization for the multilayer bellows, DOE (design of
experiment) and the Kriging metamodel followed by the D-optimal method are used.
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Fig. 1 Shape and design variable of bellows investigated
in the present study
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Table 1 First design variable and levels

Variables Level 1 Level 2 Level 3

I (mm) 3.4 3.6 4.0

R (mm) 2.55 2.75 2.95

r (mm) 2.05 2.25 2.45

Table 2 Orthogonal array of Taguchi Lo(3°)

kv

Simulation No. I(mm) R(mm) r(mm)
1 3.4 2.55 2.05
2 34 2.75 2.25
3 3.4 2.95 2.45
4 3.6 2.55 2.25
5 3.6 2.75 2.45
6 3.6 2.95 2.05
7 4.0 2.55 2.45
8 4.0 2.75 2.05
9 4.0 2.95 2.25
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Fig. 4 FE analysis results of multi layer bellows; (a)
equivalent model (b) split model
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Fig. 5 Flexibility experiment and results
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Table 3 Difference between FEA and Kriging Table 4 Second design variable and levels

Response Kriging FEA Diff(%) Variables Level 1 Level 2 Level 3
MS[MPa] 166.8 166.8 - I (mm) 34 4.0 44
ST[N/mm] 433 43.1 0.46 R (mm) 2.55 2.85 3.15
r (mm) 2.05 2.25 2.45
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Table 5 D-Optimal design

Simulation No. I(mm) R(mm) r(mm)

1 34 2.55 2.05

2 34 2.75 2.25

3 34 2.95 245

4 3.6 2.55 2.25

5 3.6 2.75 2.45

6 3.6 2.95 2.05

7 4.0 2.55 245

8 4.0 2.75 2.05

9 4.0 2.95 2.25

10 4.0 2.95 2.26

11 4.3 3.15 2.05

12 4.3 2.55 2.05

13 3.85 3.15 245

14 34 3.15 2.25

15 4.3 2.85 2.45

16 4.3 2.829 2.25
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Fig. 9 Main effect after optimizing desirability function
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