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Overview

* Why do we care about material gradients?

* Two level optimization
* Current methods
* Current problems
* Our Solution
* Macro Problem
* Meso Problem
» Comparison of Meso Optimization techniques
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Functional Gradient Material

* Two or more materials within a single object.
 Smooth transition between materials.

Composite vs. Gradient material

320 Stainless Steel Copper Coated Nickel
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Why do we care about material gradients?

* Using a wide range of material properties within a single
design results in ‘more’ optimal solutions.

Maximize Stiffness =
minimize strain energy

min UTKU

S.t.
50% of domain is filled

Domain

UTKU
Objective

Design

81.3

67.0




How do we achieve target properties?

Vary fiber density
and direction

Vary volume
composition of two
or more materials

Vary meso
structures

[1]
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Two Level Optimization (Current Methods)

* Find optimal topology
* Find optimal gradient
mesostructure

[2]

Run 2-3 steps
of macro

topology
optimization

Repeat for
each macro element

Get macro
strain at
element and
target volume

Find meso

design which
maximize
strain energy
subject to
volume
constraint
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Problems

e Coordination of macro and meso levels is minimal

* Excessive computational power required
» 4*21*7=588 (meso problems) each iteration.

* The meso-level problem never converges

=
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Solution

1. Macro problem designs

Macro Problem

* The overall shape/topology of > Top:;:;s;r:rgg:;:ient
the structure ]
* Selects the target properties for ,IJ
the sub-problems
Actual Properties Actual Properties
2. Meso-level subpjoblems aterial Usage ateial Usage
* Find a meso desiyn with the
homogenized target properties Actual Properties
Material Usage
* Use ATC method of system Target Propertes
optimization to coordinate the rrgetpperies | L
systems. — | 1 [
Element 1, Element 2, Element 3,
e sian " esian " esign
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Macro Problem

1. Macro problem designs
* The overall shape/topology of
the structure
* Selects the target properties for
the sub-problems

* Design Variables (4 per location)
* p Topology (artificial SIMP
density)
* Exxand E,,,, components of
an orthogonal material
O rotation of the orthogonal
material.

[ Eex

Eiov

0
1—-v%2 1-—9vp2
| Eppv Eyy
DOT'th_ 1—172 1—172 O
0.5(1 —v))E
o, oS-,
Eo+E, U
E — XX yy
¢ = cos(60)
s = sin(0)

TO) = [ s? ¢? —2sc

R =

Y 2sc ]

—sc sc c%—s?
1 0 O
0 1 O

0 0 2

Deff - pnT(Q)_lDorthR T(H)R_l

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

RJCLEMSON

& UNIVERSITY




Macro Problem

* Maximize stiffness
min UTKU
* Subject To:
* Constitutive equations
F =KU
» Space occupied by any type of material is limited to 60% of domain

f pdQ —Viptar =0
* Minimum average elastic mo%lulus at each point, and Maximum upper limit.
Exx =< Ebase
Eyy = Ebase
Exx + Eyy > Epin
Average Elastic Modulus Target in the regions with material

i (Exx,e + Eyy,e)pe
] 2P

- Etarget =0

Domain of 0 is —E,E]
2’2

Clemson Engineering Design Appl lications ant d Researc| h U N | V E R S I T Y




Optimization

Initialize

variables
and
models

* Sequential optimization of
each variable type

* Optimal Criteria method
for p, Exy,and, E,,,,

* Golden Section algorithm
for O since it is
unconstrained Optimization

End after
termination
criteria met
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Design Problem

Force Image
Load top left
quarter.

* Bridge Design
s * 6 loading conditions
ool ¥ * 500 N

)

[ . ] * Applied evenly
R <)
[ n ]  Maximize stiffness

Load top right
quarter.

Domain

* 39x21 grid (39*21%4=3276 vars)
i | * Epgse = 100000 Pa
e E .y, = 25000 Pa
. 'Eta’rget — 62500 P(l

Load on top layer
in the +x direction

10 [0
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Eyy

Exx,Green

)] (green)

w
2

),Eyy sin (9 +

T
Exx and Eyy and Rotation of Material, Red

[E,x cOS(0) , E,, sin(0)] (red)

v, = [Eyy CoS (9 +

%1

Results
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Results
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Exx and Ew and Rotation of Material, Red = Exx,Green = Eyy
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Tracking Optimization Parameters

1
|
—&—Elast Obj

091 —+—E target

E avg
0.8 - Vol Target

Actual Vol
0.7 -

Objective is
decreasing

Constraints met
0.2

01r

1 | | 1 |
0 20 40 60 80 100
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Compare

16
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Final Objective | Average
value Elastic
modulus of
occupied
regions
29% improvement from
just topology
optimization! @CLEMSQN




Meso Design

* At each macro element/region, find a meso structure that
has the same homogenized properties as the
corresponding macro element

* Minimize material usage

Deff,target — pnT(H)_lDorthR T(H)R_l

*60% * 39*%21 =491 meso design problems.
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Comparison of Meso Design Methods

* Target a specific D constitutive matrix

* Volume usage
* Minimize when an objective
* Target when constraint

* Most of the literature is limited to single property
optimization
max k{4 + E15, + E51 + Eyy
max k4
S.t.

1

Vfﬂ Pe — Ptarget = 0
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Maximize Strain Energy.[2]

Target material properties with ground structure [3]

BESO inverse topology optimization [4]

Objective
(Standardized)

Maximize the strain energy
max €7 Dgy €
€ is the macro strain, which is constant.

Dg,p, is the homogenized matrix sub-
system matrix

Minimize a cost function W

NE
min Z Ye Pe
e=1
lorer !
Ye = Lo ] He
e

1 isnot 1. u is 1 for interior bars, and >1 for exterior
bars. p is cross section area of the beams

Minimize compliance of the macro structure. Fixed topology. Only 19
changing meso structure’s topology.

min J
_1 FU
/=3
On the meso level, maximize the strain energy where the

displacements/strains are fixed.
max €7 Dy €

Constraints
(Standardized)

F=KU

1
an Pe — Ptarget = 0

F =KU

NE
Z(Dsub,e - Dsystem) =0
e=1

Dsystem has 4 the 4 target matrix terms

F =KU

1
?fﬂ Pe — Ptarget = 0

Lagrangian L NE 4 NE Not shown. Since the evolutionary technique is used.
(A is the multiplier) D et l pe—p L= Z Ye Pe + Z A Z Dsube — Dsystem

sub % 0 e target e=1 i=1 e=1
Sensitivity for an oL r 9Dsyp

element density p

ﬁ = —€macro W €macro T 41
e
SIMP is used.
pSDy = Degq
¢ is the SIMP power function exponent

0pe Pe

(I = bw)TDo(I — bu)dY
Y;

M
dL Z 7+ 0Dsup e
= € ——
dpe & dpe
B is the macro derivative of the shape function for FEA

U is the macro element displacement
€ is the effective macro strain €e = BU

e it
= _5Pe Zu.Tf BT
dpe 2lYl & 7F o

i=

de}ui

Optimization

Optimal Criteria

Optimal Criteria, but the Lagrangian multipliers are

Evolutionary.

go through each other, so not necessarily a physically

method updated using Newton-Raphson procedure
Results Works. Pushes toward a 0 or 1 design. Works well. Constraints met. They say ‘all kinds of Meets target volume.
anisotropic and orthotropic materials .... Can be
Not targeting specific properties constructed with the proposed algorithm.’
Constraints are fully met.
Ground structure has a 4x4 grid of nodes. The bars can EENS

realizable design.




Methods, we have tried

Directly Target Material Properties with continuous

structure

New Method. Find Pseudo Strain

Objective
(Standardized)

Minimize material usage

min(p?)

Minimize material usage
min(p)

Solve an alternate problem of maximizing stain
energy of using a pseudo strain.

maxe’ Dy,e
e is the pseudo strain.
Solve for the pseudo strain

max e’ Dgy,se
st.e()+e(2Q)+e(3) =1

Constraints
(Standardized)

F=KU

(Dsystem - Dsub,e)2 =0

Dsystem has 4 the 4 target matrix terms

For the alternate problem

1
VJQ Pe — Ptarget = 0

Ptarget 1S adjusted until Dg,,s = Dgyy

Lagrangian
(A is the multiplier)

L= Zleyfl pz + Z?:l (Ai (Dsystem - Dsub,e) +

1
L= _eTDsube + A (V.[ Pe — ptarget)
Q

Sensitivity for an
element density p

dpe B

oL _ 2p + Z?=1 </1i (—aDas—;;b'e) +p (Dsystem -

6_‘6 - _ TaDsub eT

2
0pe op ¢ TH

Optimization method

Augmented Lagrangian multiplier

Optimal Criterial

Results

Constraint is partially met.

Design is not pushed toward 0 or 1 like expected.

The pseudo strain, e, does not seem correct.
Otherwise, it will probably work.




What next?

* Still working on the meso-design problem. Target specific
properties and minimize volume

* Coordinate the maco and meso levels until the problem
converges

Clemson Engineering Design Applications and Research U N | V E R S I T Y




Sources

 [1] KIlift, F. Van Der, Koga, Y., Todoroki, A., Ueda, M., and Hirano, Y.,
2016, “3D Printing of Continuous Carbon Fibre Reinforced Thermo-
Plastic ( CFRTP ) Tensile Test Specimens,” (January), pp. 18-27.

 [2] Coelho, P. G,, Fernandes, P. R., Guedes, J. M., and Rodrigues, H.
C., 2008, “A hierarchical model for concurrent material and

topology optimisation of three-dimensional structures,” Struct.
Multidiscip. Optim., 35(2), pp. 107-115.

 [3] SIGMUND, 0., 1995, “Tailoring Materials With Prescribed
Elastic Properties,” Mech. Mater., 20, pp. 351-368.

 [4] Zuo, Z. H., Huang, X., Rong, J. H., and Xie, Y. M., 2013, “Multi-
scale design of composite materials and structures for maximum
natural frequencies,” Mater. Des., 51, pp. 1023-1034.

Clemson Engineering Design Applications and Research U N | V E R S I T Y




23

Questions?

C EDAR e @CLEMSQN
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Homogenization

* Given a single repeating unit cell, find the equivalent
properties of the matrix of the cells.

* Chris Czech’s work shows that 8x8 grid of repeating unit
cells are needed.

* The effective properties are found by applying 3 unit
strains.

el =(1,0,0)
e* = (0,1,0)
e3 =(0,0,1)

Clemson Engineering Design Applications and Research . e UNTVERSTTY




Homogenization

* The equivalent force of the strains is calculated at each

element.
fi= ZJ B, CeqeidVe
e Ve

The stiffness of each element is calculated then combined

N
K= 2f B; CqB.dV,
e=1""e

The 3 problems are solved for the displacements
KX' = f'
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Homogenization

* Converting the displacements to strain

e Subtract from the unit strains

* Find the equivalent macro (homogenized) properties of
the unit cell

R
CH:EZI(I—BX)TC (I — B.X.)dV,
V e“‘*e eq e‘re e
e=1y,

Clemson Engineering Design Applications and Research . e UNTVERSTTY




Limitations of Macro Optimization

1. Performance constraints instead of volume constraints
would be better. (max displacement, max strain energy)
Mesh refinement at regions or rapidly changing stress
Make the Poisson’s ratio a design variable

4. Some combinations of E, and E,,, are not physically

realizable.
If E,, = E,, ie itis max strength, so a totally solid meso structure,

then E,,,, must also be E

W N

5. Targeting an average meso density would be better
* The function relationship between p(Eyy, Ey,) is not known.
e Until it is known, we cannot target a density

UNIYERSITY
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