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Based On: Single variable-based multi-material structural optimization considering interface behavior, 
Cheolwoong Kim, Hong Kyoung Seong, Il Yong Kim, Jeonghoon Yoo, Computer Method in Applied 
Mechanics and Engineering (2020), 367, 113114
https://doi.org/10.1016/j.cma.2020.113114
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Motivation of this Research

 Demands on bonding systems (Structural adhesive) for multi-material

 Technology for weight reduction of the vehicle body for environmental regulation
 Multi material based BIW, etc.

 Adhesive bonding method that can increase structural rigidity while reducing weight
 It can reduce weight and noise compared to mechanical fasteners.
 Easy to attach parts that are difficult to weld due to the structure feature.

Volvo's'XC90' chassis with various materials bonded 
together (from Volvo)

Lexus IS body with structural adhesive
(from Lexus.co.uk)

Introduction

The 8th TOP Webinar, Dec. 17th, 2020
4/25

Motivation of this Research
Introduction

 Mode of Failure

 Mode I : An opening or tensile mode

 Mode II : A sliding or in-plane shear mode

 Mode III : A tearing or anti-plane shear mode

Mode 1
Main reason 
of the failure

Mode 2 
Highest resistance

Mode 3

 Design of adhesive joints

 The bonded zone is large

 It is mainly loaded in mode 2

Adhesive Test (Mode 2)
(a) Adhesion Failure (b) Adhesion/Cohesion Failure 
(c) Cohesion Failure and (d) Substrate Failure
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Previous Researches
Introduction

 Demands

• Non-linear solver

• Non-linear material
• Non-linear B.C.

• Extended FEM

• Level set method

• Two component 
material 

Paper Topic Keyword Main Figure

Hilchenbach
and Ramn
2015

Structural and 
Multidisciplinary 
Optimization

Optimizing the ductility of the 
composite material structure by 
designing the shape and location 
of inclusions in the matrix

 Cohesive zone model

 XFEM

 Two-component material

Lawry and 
Maute 2015

Structural and 
Multidisciplinary 
Optimization

Optimization design of Multi 
material structure considering 
sliding between materials

 Sliding contact 

 Level set method

 Two-component material

Liu et al. 2016

Computer 
Methods in 
Applied 
Mechanics and 
Engineering

Design a structure to prevent 
separation of boundaries

 Cohesive zone model 

 XFEM & Level set 

method

 Two-component material
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Goal of this Study
Introduction

 Multi-material topology optimization considering adhesive material behavior
• Through Interfacial Tension Energy Density (ITED), the boundary, which is considered an adhesive, 

is designed to be placed in a non-tensile area. 

• Stiffness is also secured simultaneously by combining with conventional compliance optimization

ITED

 Main features

Single Mesh 2 or more materialsLinear Analysis
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Topology Optimization with Reaction Diffusion Equation
Multi-material TO
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- Developed to express phase transition

- Clear boundaries by adjusting coefficient.

- Combining filtering + update scheme

“Topology Optimization Using a Reaction-Diffusion Equation", 
Jae Seok Choi, Takayuki Yamada, Kazuhiro Izui, Shinji Nishiwaki, 
Jeonghoon Yoo, Computer Methods in Applied Mechanics and 
Engineering, Vol. 200, Issues 29-32, pp. 2407-2420, 2011.

 RDE is used to update the design variable(element density)

 The design complexity can be controlled through the diffusion coefficient, and it has the feature of 
convergence stability by the Laplacian term.
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Phase Section Method: Single variable-based topology optimization (1)
Multi-material TO

 In a multi-material design, m-1 variables are typically required to represent m materials.
 Phase Section Method is a method of expressing m substances with just one variable

Multi material + Multi variable
(2 mat & 1 void)

Multi material + Single variable 
(2 mat & 1 void)

Single material + Single variable
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Phase Section Method: Single variable-based topology optimization (2)
Multi-material TO

 Design variables should converge at different points between 0 and 1.

 It can be achieved by           and           . n   n 
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Density of
Material 2, C2

Density of
Material 3, C3

Material 3
(Void)

“Multi-phase topology optimization with a single variable using 
the phase field design method”, Hong Kyoung Seong, Cheol 
Woong Kim, Jeonghoon Yoo, Jaewook Lee, International Journal 
for Numerical Methods in Engineering, Vol. 119, Issue 5, pp. 
334-360, 2019. 
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Main idea - Interface Tension Energy Density (ITED)
Multi-material design

 Tension energy stored at the boundaries between materials

interface
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Interface Tension Energy Density (ITED)
Multi-material design

,

if 0 : tension

if 0 : compression
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 Minimize the Interface tension energy to avoid the delamination in the interface of the materials

,

if 0 : tension

if 0 : compression
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Helmholtz Filtering for Sensitivity
Multi-material design

 Singularity  Alleviate singularity using Helmholtz filtering
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Effect of the Helmholtz Sensitivity Filtering
Multi-material design

 Singularity  Alleviate singularity using Helmholtz filtering

Filtering r = 0.0026

No filtering
1   Mat 1 

0.5  Mat 2

0

Max 4.539
Min -8.675 

9

-9

0

Max 0.693
Min -3.381 
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Formulation
Multi-material design

 Phase section method  Composition ratio constraint
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Flowchart of the Optimization Process
Multi-material design

Converged?

FEM Analysis

Design variable updated
by the Phase Section 

Method

Sensitivity Analysis 

No

Yes

Initialization & Mesh

Helmholtz filtering for the 
normalized sensitivity

Stop
&

Post processing

Updating the Lagrange 
multipliers and the penalty 

parameters

 

 

1 1 2 2

_

,  ( )

( ) 0   and  ( ) 0
exp( 0.5)D D

req m req m

J J J

G dx V dx C C


   

  
 

 

    
 

minimize u

subject to

� �
2 2 J J J

r
  

   
        

1 2
1 2

dJ dJ dJ

d d d
 

  
 

 2 ( ) ( ) 1q
dt

       


          



  
 

2 1 1 2 1

1

2 1 1 2 1

1

0 0 0 0 0
ˆ , max(1,1.01 )

ˆ ,  max(20,  1.01 )

t t t t t
t

t t t t t
m m m m t m m

G

G

     

     

   

   

The 8th TOP Webinar, Dec. 17th, 2020
18/25

OUTLINE

1. Introduction

2. Multi-material Topology Optimization using a Single Variable

3. Multi-material Design considering Interfacial Behavior

4. Numerical Examples

5. Conclusion

Numerical Examples



The 8th TOP Webinar, Dec. 17th, 2020
19/25

Numerical Examples

 With the ITED method, boundary separation can be avoided even if the stiffness is reduced

 Three-phase material Perfect bonding Bonding Behavior

 
Perfect bonding
(Without the ITED)

Bonding Behavior
(With the ITED)

Compliance
(J)

3.42 e-8 6.33 e-8

ITED
(J)

4.24 e-8 1.18 e-8

Vol 0.273 0.272

Mat.1 0.198 0.198

Mat.2 0.198 0.198

1.85 times ↑

3.59 times ↓

Cantilever Beam: Comparison with perfect bonding results
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Numerical Examples

 Design variable  Convergence graph
1  Mat 1 

0

Material 1

Material 2

Void

Cantilever Beam: Design variable & convergence graph
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Numerical Examples

Half MBB: Comparison with perfect bonding results

 With the ITED method, boundary separation can be avoided even if the stiffness is reduced

 Three-phase material

 
Perfect bonding
(Without the ITED)

Bonding Behavior
(With the ITED)

Compliance
(J)

9.90 E-8 1.53 E-7

ITED
(J)

1.26 E-7 7.51 E-8

Vol 0.2765 0.275

Mat.1 0.198 0.198

Mat.2 0.198 0.198

1.91 times ↑

1.67 times ↓

Perfect bonding Bonding Behavior
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Numerical Examples

Four & Five Phase Material 

Perfect bonding

Bonding Behavior 4 material phases 5 material phases

 
Perfect bonding
Without the ITED

Bonding behavior
With the ITED

Perfect bonding
Without the ITED

Bonding behavior
With the ITED

Complianc
e

[J]
3.662 e-8 5.797 e-8 3.829 e-8 5.104 e-8

ITED
[J]

7.413 e-8 1.229 e-8 6.771 e-8 1.347 e-8

Vol. 0.2758 0.2745 0.2776 0.2764

Mat.1 0.1485 0.1485 0.1188 0.1188

Mat.2 0.1485 0.1485 0.1188 0.1188

Mat.3 0.1485 0.1485 0.1188 0.1189

Mat.4 - - 0.1188 0.1189

Four Phases Five Phases
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Numerical Examples

Post Processing: Using two steps of the Heaviside projection

 After completing the initial concept design, gray area where it is not material are removed using Heaviside 
projection.
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Conclusion
Conclusion

• ITED defined as the product of tensile stress and tensile strain is proposed.

• By combining ITED and Compliance, it simultaneously achieves boundary separation prevention and high 
rigidity design.

• By Applying Helmholtz filtering to the sensitivity, the singularity problem arising from ITED can be 
alleviated.

• Various numerical examples demonstrate the effectiveness of the method proposed in this study.

interface
2

1

2 tens tensJ t d


  Perfect bonding
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