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Design Optimization
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hole placement: x,y = ?

hole diameter: d = ?

one or more holes?

circular hole or any other shape?

material used?
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Structural Optimization

Structural Optimization: by Galileo Galilei - Discorsi (1638)

(a) Galileo’s original cantilever
beam’s shape

(b) Galileo’s parabolic cantilever
beam shape

Figure – Galileo’s Shape Optimization
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Structural Optimization

Categories of structural optimization
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(a) Size optimization

Fin

(b) Shape optimization

Fin

(c) Topology optimization

Figure – Different types of Structural Optimization
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Topology Optimization

Topology optimization

Definition

It is a mathematical method that optimizes material distribution inside a
predefined design domain. The resulted structure must form a continuous
body and sustain the applied loads and satisfies any boundary conditions.

Nikolaos T. Kaminakis TUC October 28, 2015 6 / 76



Design Optimization The hybrid scheme Results: Compliant Mechanisms Results: Auxetics materials Conclusions & Future Work

Topology Optimization

Topology optimization: problem definition
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(b) Resulted material distribution
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Topology Optimization

Topology optimization: Problem definition

Objective function: Compliance

􏸌􏸈􏸍 𝑐 = 􏸅𝑇􏸔 (1)

State function: Equilibrium

􏸅 = 􏹜􏸔 (2)

􏸅: external forces
􏸔: displacements
􏹜: global stiffness matrix
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Topology Optimization

Topology optimization: problem definition

1
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FF

the domain is discretized in elements

a design variable 𝑥𝑒 is assigned to each element

𝑥𝑒 =
⎧⎪
⎨⎪⎩

􏷟, white element⇒ absence of material
􏷠, black element⇒ presence of material

(3)
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Topology Optimization

Topology optimization: problem definition

1
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for each element 𝑒, stiffness 𝐸𝑒 is assigned

𝐸𝑒 =
⎧⎪
⎨⎪⎩

𝐸􏷩𝑒 , 𝑥𝑒 = 􏷠
􏷟, 𝑥𝑒 = 􏷟

(4)

𝐸𝑒 = 𝑥𝑒𝐸􏷩𝑒 (5)
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Topology Optimization

Topology optimization: problem relaxation

SIMP

Solid Isotropic Material with Penalization

convert descrite problem to continuous

𝑥𝑒 =
⎧⎪
⎨⎪⎩

􏷟
􏷠

⇒ 􏷟 ≤ 𝑥𝑒 ≤ 􏷠 (6)

𝑥𝑒 can is penalized, powered to 𝑝 ≥ 􏷢
move 𝑥𝑒 to the limits of space [􏷟, 􏷠]

𝐸𝑒 = 𝑥
𝑝
𝑒𝐸􏷩𝑒 ⇒

𝐸𝑒
𝐸􏷩𝑒

= 𝑥𝑝𝑒 (7)
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Topology Optimization

Topology optimization: problem relaxation

SIMP

Solid Isotropic Material with Penalization
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Topology Optimization

Topology optimization: problem definition

for each element 𝑒, stiffness matrix 𝐾𝑒 is defined as function of 𝐸𝑒

2d plane stress: 􏹜􏷩
𝑒 =

𝐸􏷩𝑒
􏷠 − 𝜈􏷫

⎡
⎢
⎢
⎢
⎣

􏷠 𝜈 􏷟
𝜈 􏷠 􏷟
􏷟 􏷟 􏷠 − 𝜈

􏷡

⎤
⎥
⎥
⎥
⎦

􏹜𝑒 =
⎧⎪
⎨⎪⎩

􏹜􏷩
𝑒 , 𝑥𝑒 = 􏷠

􏷟, 𝑥𝑒 = 􏷟
⇒ 􏹜𝑒 = 𝑥

𝑝
𝑒􏹜􏷩

𝑒 (8)

􏹜 =
𝑁
􏾜
𝑒=􏷪
􏹜𝑒 =

𝑁
􏾜
𝑒=􏷪
𝑥𝑝𝑒􏹜􏷩

𝑒 , 𝑒 = 􏷠,… ,𝑁 (9)

􏷟 < 𝑥𝑚𝑖𝑛 ≤ 𝑥𝑒 ≤ 􏷠 (10)
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Topology Optimization

Topology optimization: problem definition

Volume constraint: The optimum structure 􏸵𝑚𝑎𝑡 is a fraction of design
domain 􏸵
𝑉 ∶ the volume of 􏸵𝑚𝑎𝑡

𝑉􏷩 ∶ the volume of 􏸵

𝑉
𝑉􏷩

≤ 𝜙 ⇔ 𝑉 ≤ 𝜙𝑉􏷩

𝑉 =
𝑁
􏾜
𝑒=􏷪
𝑣𝑒𝑥𝑒 ≤ 𝜙𝑉􏷩,

(11)

𝑣𝑒 is the volume of element 𝑒
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Topology Optimization

Topology optimization for Structures: Mathematical formulation

􏸌􏸈􏸍
􏸮,𝑥𝑒

𝑐(𝑥𝑒) = 􏸅𝑇􏸔,

subject to:

􏹜􏸔 = 􏸅,
𝑁
􏾜
𝑒=􏷪
𝑣𝑒𝑥𝑒 ≤ 𝜙𝑉􏷩,

􏷟 < 𝑥𝑚𝑖𝑛 ≤ 𝑥𝑒 ≤ 􏷠, 𝑒 = 􏷠,… ,𝑁,

􏹜 = 􏿵
𝑁
􏾜
𝑒=􏷪
𝑥𝑝𝑒􏹜􏷩􏿸, 𝑝 ≥ 􏷢

(12)
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Topology Optimization

Topology optimization: the algorithm

Initialization:
1)Definition of domain space
2)Constrains, loads,
3)Apply Random Material 
Distribution

Finite Element 
Analysis

Sensitivity Analysis

Optimization using
Optimiality Criteria

Update design 
Variables

Converange

Low pass filtering

Post-
Process

stop

NO

YES
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Topology Optimization

Topology optimization: numerical problems

conditions:
type and number of finite elements used
optimization algorithm and it’s tuning coefficients
initial state that topology optimization start its iterative process.

problems:
checkerboard effects
mesh dependency
multiplicity of solutions
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Topology Optimization

Topology optimization: numerical problems

checkerboard effects
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Topology Optimization

Topology optimization: numerical problems

mesh dependency

(a) Mesh 􏷢􏷟 × 􏷠􏷟, 300 elements (b) Mesh 􏷥􏷟 × 􏷡􏷟, 1200 elements

(c) Mesh 􏷠􏷡􏷟 × 􏷣􏷟, 4800 elements
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Topology Optimization

Topology optimization extensions: Structures multiple load cases
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Topology Optimization

Topology optimization extensions: Structures multiple load cases

problem expression: minimize compliance for all load cases

⎧⎪⎪⎪⎪
⎨⎪⎪⎪⎪⎩

􏸌􏸈􏸍
􏸮􏷪 ,𝑥𝑒

𝑐􏷪(𝑥𝑒) = 􏸅𝑇􏷪 􏸔􏷪,

􏸌􏸈􏸍
􏸮􏷫 ,𝑥𝑒

𝑐􏷫(𝑥𝑒) = 􏸅𝑇􏷫 􏸔􏷫,

⋮
􏸌􏸈􏸍
􏸮𝑚 ,𝑥𝑒

𝑐𝑚(𝑥𝑒) = 􏸅𝑇𝑚􏸔𝑚,

(13)

𝑚: total number of load cases
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Topology Optimization

Topology optimization extensions: Structures multiple load cases

problem formulation

􏸌􏸈􏸍
𝑚
􏾜
𝑖=􏷪
𝑤𝑖𝑐𝑖 =

𝑚
􏾜
𝑖=􏷪
𝑤𝑖􏸔𝑇𝑖 􏹜􏸔𝑖

subject to:

􏿵
𝑁
􏾜
𝑒=􏷪
𝑥𝑝𝑒􏹜􏷩􏿸􏸔𝑖 = 􏸅𝑖, 𝑖 = 􏷠, … ,𝑚

𝑁
􏾜
𝑒=􏷪
𝑣𝑒𝑥𝑒 ≤ 𝜙𝑉􏷩,

􏷟 < 𝑥𝑚𝑖𝑛 ≤ 𝑥𝑒 ≤ 􏷠, 𝑒 = 􏷠,… ,𝑁,
𝑚
􏾜
𝑖=􏷪
𝑤𝑖 = 􏷠

(14)

𝑤𝑖: weight for each load case, 𝑖 = 􏷠,… ,𝑚
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Compliant mechanisms

Topology optimization extensions: compliant mechanisms

Compliant mechanism is a structure:

single piece body - jointless

transforms input loads into motion to another point of the structure,
through body deformation

flexible enough to deliver motion

stiff enough to bear with the input loading
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Compliant mechanisms

Compliant mechanisms: advantages

no joint friction, no backlash, no lubrication

can be combined with modern actuators (piezoelectric,
electromechanical)

scalable: work in micro, meso, & macro scale

wide range of applicable materials: aluminum, titanium, steel, ABS,
composites, etc.
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Compliant mechanisms

Compliant mechanisms: Applications

Applications of compliant mechanisms:
MEMS: Micro Electro Mechanical Systems

accelerometer sensor
pressure sensor
gyroscopes

surgical tools

aerodynamics: airfoil morphing
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Compliant mechanisms

Compliant mechanisms: examples

6.2 Outlook 139

• Design of crash boxes. Finally, other topics such as the design
of crash boxes could be tackled by using the same methodol-
ogy. Nonlinear material behavior, failure criteria and contact
conditions may be integrated into the program code, in order to
exactly predict the behavior of crash boxes.

Figure 6.4: Hingeless medical gripper for minimally invasive surgery
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Compliant mechanisms

Topology optimization extensions: compliant mechanisms

􏸌􏸀􏸗
􏸮,𝑥𝑒

𝑢𝑜𝑢𝑡 = 𝟏𝑇􏸔

s.t:

􏹜􏸔 = 􏸅
𝑁
􏾜
𝑒=􏷪
𝑣𝑒𝑥𝑒 ≤ 𝜙𝑉􏷩

􏹜 = 􏿵
𝑁
􏾜
𝑒=􏷪
𝑥𝑝𝑒􏹜􏷩􏿸, 𝑝 ≥ 􏷢

􏷟 < 𝑥𝑚𝑖𝑛 ≤ 𝑥𝑒 ≤ 􏷠, 𝑒 = 􏷠,… ,𝑁
𝟏𝑇 = [􏷟, 􏷟, 􏷟, … 􏷠…􏷟, 􏷟, 􏷟]

(15)
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Compliant mechanisms

Topology optimization extensions: multifunctional compliant
mechanisms

are compliant mechanisms that deliver different different motions
according to each load case

fin,1

fin,2

uout,1

uout,2

A B

CD

X
+

Y
+

E

F

(a)
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Compliant mechanisms

Topology optimization extensions: multifunctional compliant
mechanisms

it is a multicriteria problem

⎧⎪⎪⎪⎪
⎨⎪⎪⎪⎪⎩

􏸌􏸀􏸗
􏸮􏷪 ,𝑥𝑒

𝑐􏷪(𝑥𝑒) = 𝑢𝑜𝑢𝑡,􏷪

􏸌􏸀􏸗
􏸮􏷫 ,𝑥𝑒

𝑐􏷫(𝑥𝑒) = 𝑢𝑜𝑢𝑡,􏷫,

⋮
􏸌􏸀􏸗
􏸮𝑚 ,𝑥𝑒

𝑐𝑚(𝑥𝑒) = 𝑢𝑜𝑢𝑡,𝑚

(16)

𝑢𝑜𝑢𝑡,𝑖, 𝑖 = 􏷠, … ,𝑚 are the separate displacements for each load case
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Compliant mechanisms

Topology optimization extensions: multifunctional compliant
mechanisms

mathematical formulation

􏸌􏸀􏸗
𝑚
􏾜
𝑖=􏷪
𝑤𝑖𝑐𝑖 = 𝑢

(􏹅)
𝑜𝑢𝑡 =

𝑚
􏾜
𝑖=􏷪
𝑤𝑖􏷠𝑇𝑖 􏸔𝑖

subject to:

􏹜􏸔𝑖 = 􏸅𝑖, 𝑖 = 􏷠, … ,𝑚
𝑁
􏾜
𝑒=􏷪
𝑣𝑒𝑥𝑒 ≤ 𝜙𝑉􏷩,

􏷟 < 𝑥𝑚𝑖𝑛 ≤ 𝑥𝑒 ≤ 􏷠, 𝑒 = 􏷠,… ,𝑁,
𝑚
􏾜
𝑖=􏷪
𝑤𝑖 = 􏷠

(17)
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Compliant mechanisms

Compliant mechanisms: output control

maximize horizontal
displacement: 𝑢@𝑋𝑜𝑢𝑡
minimize vertical
displacement: 𝑢@𝑌𝑜𝑢𝑡

⎧⎪⎪⎪
⎨⎪⎪⎪⎩

􏸌􏸀􏸗
􏸱
􏿖𝑢@𝑋𝑜𝑢𝑡 􏿖

and
􏸌􏸈􏸍
􏸱
􏿖𝑢@𝑌𝑜𝑢𝑡 􏿖

􏸌􏸈􏸍
􏸱
􏿖𝑢@𝑌𝑜𝑢𝑡 􏿖 ⇔ 􏸌􏸀􏸗 􏿙 􏷠

𝑢@𝑌𝑜𝑢𝑡
􏿙
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Compliant mechanisms

Compliant mechanisms: output control

⎧⎪⎪⎪
⎨⎪⎪⎪⎩

􏸌􏸀􏸗
􏸱
􏿖𝑢@𝑋𝑜𝑢𝑡 􏿖

and
􏸌􏸈􏸍
􏸱
􏿖𝑢@𝑌𝑜𝑢𝑡 􏿖

⇔ 􏸌􏸀􏸗
􏸱
􏵶
𝑢@𝑋𝑜𝑢𝑡
𝑢@𝑌𝑜𝑢𝑡

􏵶 (18)
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Compliant mechanisms

Multifunctional compliant mechanisms: output control
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Compliant mechanisms

Multifunctional compliant mechanisms: output control

(a) 1st load case (b) 2nd load case

⎧⎪⎪
⎨⎪⎪⎩

􏸌􏸀􏸗
􏸱
􏿖𝑢@𝑋􏷪,𝑜𝑢𝑡􏿖

􏸌􏸈􏸍
􏸱
􏿖𝑢@𝑌􏷪,𝑜𝑢𝑡􏿖

&

⎧⎪⎪
⎨⎪⎪⎩

􏸌􏸀􏸗
􏸱
􏿖𝑢@𝑌􏷫,𝑜𝑢𝑡􏿖

􏸌􏸈􏸍
􏸱
􏿖𝑢@𝑋􏷫,𝑜𝑢𝑡􏿖

(19)
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Compliant mechanisms

Multifunctional compliant mechanisms: output control

(a) 1st load case (b) 2nd load case

􏿼􏸌􏸀􏸗􏸱 􏵶
𝑢@𝑋􏷪,𝑜𝑢𝑡
𝑢@𝑌􏷪,𝑜𝑢𝑡

􏵶 & 􏸌􏸀􏸗
􏸱
􏵶
𝑢@𝑌􏷫,𝑜𝑢𝑡
𝑢@𝑋􏷫,𝑜𝑢𝑡

􏵶 (20)
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Compliant mechanisms

Multifunctional compliant mechanisms: output control

(a) 1st load case (b) 2nd load case

􏸌􏸀􏸗
􏸱 􏿼􏸌􏸈􏸍􏿼 􏵶

𝑢@𝑋􏷪,𝑜𝑢𝑡
𝑢@𝑌􏷪,𝑜𝑢𝑡

􏵶 , 􏵶
𝑢@𝑌􏷫,𝑜𝑢𝑡
𝑢@𝑋􏷫,𝑜𝑢𝑡

􏵶 􏿿􏿿 (21)

Nikolaos T. Kaminakis TUC October 28, 2015 36 / 76



Design Optimization The hybrid scheme Results: Compliant Mechanisms Results: Auxetics materials Conclusions & Future Work

Nonconvex problem-Local Minima

Structural optimization problems are nonconvex problems

Topology optimization used for structural optmization problems, depends
on the starting point of the procedure

the appearance of local minima is more often in topology optimization
problems for compliant mechanisms

global optimization is required
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Compliant mechanisms: Appearance of local minima

(a) (b) (c) (d)

(e) (f) (g) (h)
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The hybrid scheme

Direct use of global optimization is not possible due to

large number of design variables

highly nonconvex problem

Direct use of genetic or evolutionary algorithm might be a good idea but:

tunned up carefully to cope with large # of design variables

operators like mutation or crossover does not guarantee that the design
variable vector represent a structure (no presence of islands of material
inside the structure)

therefore, tailored operators are required in order the structure to have
an inversible stiffness matrix
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The hybrid scheme

A hybrid scheme is used combining the best features of:
evolutionary algorithms

Differential Evolution
Particles Swarm Optimization

local iterative algorithms
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The hybrid scheme-Evolutionary Algorithms

Evolutionary Algorithms features:

population-based optimization algorithms
use biological mechanisms:

reproduction
mutation
recombination/crossover
selection

every member of the population is a candidate solution
every member has a value determined by a fitness function

􏸌􏸀􏸗 𝑐 = 𝟏𝑇􏸔
􏸌􏸀􏸗 􏵶

𝑢@𝑋𝑜𝑢𝑡
𝑢@𝑌𝑜𝑢𝑡

􏵶, using output control

evolution of the population is based on a repeated application of the
above operators
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Differential Evolution

Differential Evolution

Introduced by Price & Storn (1995)

belong to the family of evolutionary algorithms

Easy to implement, easy parallelization

Stochastic, population based optimization algorithm

works with both real, integer & discrete variables

every member of the population is a candidate solution
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Differential Evolution

Differential Evolution

every member has a spot (a value) on the search-space of solutions

based on the evolution of the population in a number of generations

each individual is moving to a new spot on the search space, based on
the relative distance from other individuals

if the new spot is better that the old, it is accepted, otherwise rejected

the process is repeated, hoping to find (it is not guaranteed) the best
solution in a number of generations
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Particles Swarm Optimization

Particles Swarm Optimization

Introduced by Kennedy & Eberhart (1995)

simulates the social behaviour of birds, mammals & fish when search for
food, in order to find the best solution of a optimization problem

has all the nice features from DE (easy implementation, parallelization
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Particles Swarm Optimization

Particles Swarm Optimization

each candidate solution is a particle that searches for the optimum

the swarm of canditate solutions travels on the source space in time
increments (like generations)

each particle is moving, hence has a velocity and a position (a value)

each particle knows it’s previous position and it’s best position (personal
best)

the new position of the each particle is effected by its personal best
position as well as by the best known positions of the other particles

the other particles best positions are updates as the swarms moves in
time

it is expected that the swarm will move eventually to the best spot (food)
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Particles Swarm Optimization

The hybrid scheme

Initialization:
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Particles Swarm Optimization

The hybrid scheme

Evolution & Evaluation
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Particles Swarm Optimization

The hybrid scheme: the flow chart

Initialization

DE/PSO
Evolution Strategy

Evaluation using
Local Iterative 

Algorithm

Termination
criteria?

Termination

No

Yes

Create Random 
Material distributions

Evaluation using
Local Iterative 

Algorithm

+ =
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Compliant Mechanisms-One load Case

Compliant mechanisms: 1 Load case-w/out output control - DE

Topology Optimization
parameters

Parameter Value

Discritization 50x50
Design Variables 2500
Degrees of Freedom 5202
Local search iterations 100
SIMP penalty: 𝑝 3
Filter radius: 𝑟 2
Volume Limit 30%
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X
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Y
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Compliant Mechanisms-One load Case

Compliant mechanisms: 1 Load case-w/out output control - DE

DE parameters

Parameter Value

Population size 32
Generations 100
Crossover 𝐶𝑟 0.9
Mutation 𝛽 1.5
Design Variables 2500

Table – Differential Evolution configuration pa-
rameters
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X
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Compliant Mechanisms-One load Case

Compliant mechanisms: 1 Load case-w/out output control-DE
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Compliant Mechanisms-One load Case

Compliant mechanisms: 1 Load case-w/out output control-DE

Evolution: steps 1 to 8:

(a) step 1 (b) step 2 (c) step 3 (d) step 4

(e) step 5 (f) step 6 (g) step 7 (h) step 8
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Compliant Mechanisms-One load Case

Compliant mechanisms: 1 Load case-w/out output control-DE

Evolution: Steps 9 to 15

(a) step 9 (b) step 10 (c) step 11 (d) step 12

(e) step 13 (f) step 14 (g) step 15
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Compliant Mechanisms-One load Case

Compliant mechanisms: 1 Load case-with output control - PSO

Topology Optimization
parameters

Parameter Value

Discritization 30x30
Design variables 900
DOFS 1922
Local search iterations 60
SIMP penalty, 𝑝 3
Filter Radius, 𝑟 1.5
Volume fraction 30%
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Compliant Mechanisms-One load Case

Compliant mechanisms: 1 Load case-with output control - PSO

PSO configuration parameters

Parameter Value

Swarm size 20
# PSO local searches 50
Acceleration 𝑐􏷪 = 𝑐􏷫 2
Inertia 𝑤𝑚𝑎𝑥 & 𝑤𝑚𝑖𝑛 0.9, 0.1
Design variables 900
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Compliant Mechanisms-One load Case

Compliant mechanisms: 1 Load case-with output control-PSO
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Compliant Mechanisms-One load Case

Compliant mechanisms: 2 Loads case-with output control

Topology Optimization
parameters

Parameter Value

Discritization 50x50
Design variables 2500
DOFS 5202
Local search iterations 80
SIMP penalty, 𝑝 3
Filter Radius, 𝑟 2
Volume fraction 30%
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Compliant Mechanisms-One load Case

Compliant mechanisms: 2 Loads case-with output control - PSO

PSO configuration parameters

Parameter Value

Swarm size 20
# PSO local searches 50
Acceleration 𝑐􏷪 = 𝑐􏷫 2
Inertia 𝑤𝑚𝑎𝑥 & 𝑤𝑚𝑖𝑛 0.9, 0.1
Design variables 2500
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Compliant Mechanisms-One load Case

Compliant mechanisms: 2 Loads case-with output control-PSO
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Compliant Mechanisms-One load Case

Computational Data

the MATLAB programming enviroment was used

specialized computational procedures based on MATLAB sparsity
features was used for: the assembly of the stiffness matrix as well as for
the solving

Parallelization through MATLAB was used taking advantage the
PARFOR command

MATLAB vectorization features was used for faster implementation of
DE & PSO codes

For a typical problem with two load cases and PSO

50x50 mesh

swarm size: 20

# of PSO iteration: 50

8 parallel cores used

time: 6.8 hours
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Auxetic materials: Definition

Auxetics materials: Definition

Auxetic materials features:

the word auxetic comes from the greek word ”αυξητός”

artificial microstructures with properties that may not be found in nature

when streched, it become thicker, perpendicular to the applied force

this occures due to the specific shape of the micro structure

it can represented by an array of repeated microstructures

the auxetic material is described by the Negative Poisson’s Ratio (NPR)

the microstructure can be modeled as an compliant mechanism
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Auxetic materials: Definition

Auxetics materials: Definition

like structure, yields also the continuum-like material. Figure 3 presents a periodic composite
material with star-shaped inclusions convenient for developing negative Poisson’s ratios.

The described asymptotic homogenization procedure provides rigorous convergence esti-
mates for the displacements of the real structure and those derived by using the homogenized
coefficients. Concerning the effective material properties, the method tallies with the approach
based on energy principles that employ average stress and strain theorems [30]. This technique
presents the advantage to effectively use methods and solutions existing for trusses and similar
structures. In this method, three tests of the representative unit cell were considered: two
simple tension tests along either of the principal directions of the unit-cell, and a test where the
unit cell is deformed under simple shear, as described in the previous section.

According to the standard homogenization procedure, the displacement fields developed on
the boundaries of the unit-cell under these three modes of loading are expanded into an
asymptotic series, involving functions which depend on the global macroscopic variable and a
local microscopic one. The series are truncated to the desired order for each problem. They are
used to express the global properties of the material, as indicated in the previous section, taking
also into consideration the periodic boundary conditions imposed on the unit cell during each
simple mode of loading.

In order to explore the possibility of introducing a convenient shape of cross sections of the
inclusions in a fiber composite, which would contribute to the creation of a negative value for
the transverse Poisson’s ratio of the composite, we examine the case of the truss-like structure
in the form of a convex star created by a number of beams and rods, whose principal analogy
derives from open foam and porous materials. It is indeed anticipated that in order for a
porous material to present a negative Poisson’s ratio, its porosity should be rather high and the
material should be classified among the open-foam materials. We start our investigation with
the convex shaped-beam cell of Fig. 2.

The microstructure of the material produced by this cell is schematically shown in Fig. 3.
Using the numerical homogenization concepts of Sec. 4, we model the unit cell of Fig. 2 by

Fig. 2. A periodic fiber-reinforced compo-
site with star-shaped encapsulated inclu-
sions

Fig. 3. A star-shaped, two-dimensional beam-like cell
with re-entrant corners simulating the unit cell of Fig. 2.
Finite element discretization and mode numbering

281

(a)

Let us now examine a particular microstructure of a fiber composite consisting of arrays of
star-like inclusions with re-entrant corners which are encapsulated by layers of interfaces, as
those indicated in Fig. 2, where the interface layer is strongly exaggerated. The microstructure
of the composite may be considered as consisting of unit cells corresponding to the squares
KLMN of Fig. 2, whose finite-element discretization is shown in Fig. 11.

Fig. 8. Initial (thin lines) and deformed (solid lines) configurations for the cells of Fig. 7. The effect of negative,
near zero, and positive Poisson’s ratio are shown

Fig. 9. The variation of the elastic
modulus E of the unit cell versus the
angle of the corners of the star-
shaped inclusions

Fig. 10. The variation of Poisson’s
ratio v of the unit cell versus the
angle of the corners of the star-
shaped inclusions

284

(b)

(a)

(b)
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Auxetic materials: Definition

Negative Poisson’s Ratio: Definition

lx

Fin

uout

l y

Material Distribution

lx

ly

Δx

Δy

A

B

𝜈 = −
𝜀𝑦
𝜀𝑥
= −

􏸷𝑦
𝑙𝑦
􏸷𝑥
𝑙𝑥

= −􏸷𝑦􏸷𝑥

􏸷𝑥, 􏸷𝑦 > 􏷟

⎫⎪⎪⎪⎪
⎬⎪⎪⎪⎪⎭

⇒ 𝜈 < 􏷟 (22)

Nikolaos T. Kaminakis TUC October 28, 2015 63 / 76



Design Optimization The hybrid scheme Results: Compliant Mechanisms Results: Auxetics materials Conclusions & Future Work

Auxetic materials: Definition

Auxetic materials: mesh 30x30, volume fraction 30%, DE

Negative Poisson’s ratio 𝜈 = −􏷟.􏷡􏷡􏷢
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Auxetic materials: Definition

Auxetic materials: mesh 120x120, volume fraction 30%, DE

(a) case 1: 𝜈 = −􏷟.􏷡􏷠􏷥 (b) case 2: 𝜈 = −􏷟.􏷡􏷟􏷦
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Auxetic materials: Definition

Auxetic materials: mesh 120x120, volume fraction 30%
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Auxetic materials: Definition

Auxetic materials: mesh 120x120, volume fraction 30%

(a) case 1 (b) case 2

stress constraints
fatique constraints
robust design

Nikolaos T. Kaminakis TUC October 28, 2015 67 / 76



Design Optimization The hybrid scheme Results: Compliant Mechanisms Results: Auxetics materials Conclusions & Future Work

Auxetic materials: Definition

Auxetic materials: mesh 120x120, volume fraction 30%

(a) case 1

(b) case 2
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Auxetic materials: Definition

Auxetic materials: mesh 120x120, volume fraction 30%

(a) case 1: 𝜈 = −􏷠.􏷡􏷥􏷢 (b) case 1: 𝜈 = −􏷟.􏷨􏷟􏷨
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Auxetic materials: Definition

Auxetic materials: mesh 120x120, volume fraction 30%

(a) case 1 (b) case 2
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Conclusions

topology optimization does not guarantee that in complex optimization
problems, the resulted material distribution is the optimum.

the hybrid scheme can overcome this problem, by combining the best
features from evolutionary algorithms and iterrative local processes

relatively can provide better solutions close to the global optimum

the hybrid scheme can be used as conceptual design tool for any design
application
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Future Work

Coupling Topology Optimization with:

geometric nonlinearties for the design of compliant mechanisms

with contact mechanics

using elastoplastic materials
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Future Work

Coupling Topology Optimization with:

use of other evolutionary algorithms except of DE & PSO

use of alternatives to the SIMP: ESO, BESO, level set method

multiobjective versions of DE or PSO

parametric investigation of DE and PSO tunning parameters
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The End
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