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INTRODUCTION

==> M eshfree Discretization
* Reproducing Kernel Particle Method Is Used
» Stable Solution for Large Shape Changing Problem
» Accurate Result for Finite Deformation Problem

* Direct Transformation/Mixed Transformation/Boundary
Singular Kernel Methods for Essential B. C.

= Frictional Contact Analysis
 Continuum-Based Contact Formulation
 Penalty Regularization of Variationa Inequality
* Regularized Coulomb Friction Model

=> DSA of Frictional Contact Problem

* DSA Variationa Inequality Is Approximated Using
the Same Penalty Method

* Die Shape Change Is Considered by Perturbing Rigid Surface

 Path Dependent Sensitivity Results for Frictional ProRQhais
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INTRODUCTION cont.

= Structural Analysisof Elastoplasticity
* Finite Deformation Elastoplasticity Using Multiplicative
Decomposition of Deformation Gradient
* Return Mapping Algorithm in Principal Stress Space

» Stress |s Computed Using Hyper-Elasticity w.r.t. Stress-Free
| ntermediate Configuration

» Exact Linearization Is Required for Quadratic Convergence
of Analysis and Accuracy of DSA

=>Structural Design Sensitivity Analysis (DSA)

» Materia Derivative Approach Is Used for Shape DSA

» Updated Lagrangian Formulation |Is Used for Elastoplasticity

 Shape Function of RKPM Depends on Shape Design

* Direct Differentiation Method Is Used to Solve
Displacement Sensitivity

* DSA Equation Is Solved at Each Converged Configuration
without Iteration

» Material Derivative of Intermediate Configuration Is Updategd
at Each Load Step Instead of Stressin Conventional
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REPRODUCING KERNEL
PARTICLE METHOD

Reproduced Displacement Function

2°() = [CO6y-X)4,(y~ %) Z(y) dy {‘f”a(y‘x) >0 if |y-¥<a

?.(y—x)=0 otherwise

Z8(X) = z(X) as a—0 Dirac Delta Measure

Correction Function
C(xy-x)=q(x)' H(y—x) H(y-x)" =[L(y—x),(y—x)?%(y—x)"]
a(x)" =[0(x), % (%), 0, (X)]

n-th Order Compl eteness Requirement (Reproducing Condition)

2°(x) = jc:(x;y—x)(pa(y—x) 2(y) dy

(-1 d"z(x)
—”b(X)Z(X)JrnZ;, o () o
m(x) =1 m(x)=0  k=L..n 4% UNIVERSITY OF
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RKPM cont.

Reproducing Condition

M (x)a(x) = H(0) H(0)' =[10,...,0]
M) me) .m0

M (X) = m(x)  my(x) v Ma(X)
MO M) .m0

C(xy-x)=H(0)'M(x)"H(y-Xx)

Z8() =H(O)™M ()™ [H(y-x)g,(y-x)z(y)dy
(%)= Y Cx, ~ Xy (% X7, 0% =3 @, ()d,
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RKPM cont.

Shape Function ® (x,) Depends on Current Coordinate
Whereas FEA Shape Functions Depend on Coordinate of

the Reference Geometry

Does Not Satisfy Kronecker Delta Property: ®,(x;) # 4,

Lagrange Multiplier Method for Essential B.C.

M=U - jf(z £)dr
— Firgt- order variation 1s

M=U- jf zdl'— jf(z £)dr

Direct Transformatlon Method, Mixed Transformation
Method, and Singular Kernel Methods Are Available.
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DOMAIN DISCRETIZATION

M eshfree Discretization
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Meshfree Shape Function
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MESHFREE METHQOD

Advantages
Construction of Shape/Interpolation Function in Global Level
Mesh Independent Solution Accuracy Control
Versatile hp-Adaptivity
A Remedy to Mesh Distortion in Shape Optimization
Accurate Solution to Large Deformation Problem

Disadvantages

Difficulties in Imposing Essential Boundary Conditions

Expensive Computational Cost
Larger Bandwidth of Stiffness Matrix Than FEM
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SHAPE DESIGN SENSITIVITY
ANALY SIS

Perturbed Design

mapping T : X — X_(X),xe Q

T(X,7)

=X+2V(X)+H.OT.

Zzizr(x+z’\/)
dr

[ZT(X+Z\/)—Z(X)}

4F2 UNIVERSITY OF

=lim
7—0 T
Initial Design
V : Design velocity vector, direction of design perturbation
T . Design perturbation parameter
z : Displacement vector
7 . Material Derivative of displacement
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NONLINEAR STRUCTURAL ANALY SIS

* Nonlinear Variational Equation
(Updated Lagrangian Formulation)

3,("2.2)+b.("2,2) = (,(2), VZeZ
a,(2,7) = Lr:ﬁdQ Structural Energy Form

b.(z,2) Contact Variational Form
(o(2)= Lfo °dQ+ L?Tfsdr Load Linear Form

e Linearization
a;(nzk;AZk+l,z)+b;( Z AZk+1 )
=(,(2)-a,("2",2)-b.("2",2), VZeZ

a, (z,Az,7) = L[E:C:S(AZ)+T:1](AZ 7)]dQ

ot

ii c'm' ®@m’ +221pc
T oe i=1j=1 |
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FRICTIONAL CONTACT PROBLEM

| mpenetration Condition
Oy =(X=X.(&)) €,(&) 20, xe I, x e g

Tangential Slip Function
g, = |t°| & -&)

Contact Consistency Condition
¢(§c) = (X - Xc (gc))T et (gc) =0

Contact Penalty Function "HOQ, 1
. 1 2 1 2
P—Ea)nrggn d1“+§a)tF£gt dI’ O}

g
Contact Variational Form t

b-(2,2) = @, [ 9,3, dT +a, [ g, drs
Te Te

Modified Coulomb Friction Model

4F2 UNIVERSITY OF

) FLORIDA




DESIGN SENSITIVITY ANALY SIS

Undeformed
Configuration

. Current
(Design Reference) -

Configuration

Intermediate
Configuration
(Analysis Reference)

» Updated Lagrangian Formulation
* Finite Deformation Elastoplasticity
* No Need to Update Velocity Fields
» Updating Sengitivity Information of Intermediate
Configuration and Plastic Variables B UNIVERSLLY OF
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FINITE DEFORMATION DSA

Material Derivative of Variational Equation

d%_[aﬂr( 2,.2,) | _ +%_[b ("z..2)] = [zgr(z)]rzo, VZ. e Z,

Design Sensitivity Equation
a,("z,"2,2)+b. ("z,"2,2)=1,,(2)-a, ("2,Z) - b, ("z,2)

Remarks:

— The same tangent operator is used as analysis -- Need accurate
computation of tangent operator

— Direct Differentiation -- DSA needsto be carried out at each
converged load step

— Update sensitivity information: intermediate configuration (analysis
reference), plastic internal variables, and frictional effect
— Tota form of sensitivity equation

— Noiteration isrequired to solve the sensitivity equation
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FINITE DEFORMATION DSA cont.

Fictitious load
8,(22)=] (e:cie,(2)+E:ciep(2) +1™: E)dQ
+jg(t:nv (2,Z2)+71:Mp(2,Z2) +1: EdiW ) dQ

e, (2) =—sym(V,zV V)

N (2.2) =—sym(V.Z'V,zV V )-sym(V,ZV V)
€p(2) =—sym(G) e | oTP
N (2,2) =—ym(V,2"G) £ ;{W“

G=F° L (FP)F™

p
E)Tii

(a‘n) + aép dr

(en")}mi

Updating path-dependent terms
L (@) = (@) +(H, +yZH 7 ) £ (IN+H, 7L (N)
L) =2E)+y2L()
L(FR) =L (Foy P +Foy 2 (R
(P = ()L + 17 (FL))

fP— ZeXp(_7Ni Ym’ Incremental Plastic
j=1 Deformation Gradient AT2 UNIVERSITY OF
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CONTACT DSA

« Material Derivative of Contact Variational Form
Llb (2,,2)]|=b.(z2,2)+1(2,2)
b, (z,2) =y (z,2) + b/ (z,Z)

« Normal Contact FictitiousLoad Form for DSA

bl,\l (212) = W, : (Z_ZC)T enenT (V _Vc) dr—a)n J(Ofgn/C) (Z_ZC)T e[etT (V _Vc) dI’
Te r
—w,. .'(gn It|/c)(z-Z.)"ee, V. . AT -, j(gn It|/c)z..'e.e' (V-V,)dI
I'c
—w, '(gnz/c) c €8 V. dl+ao, jzcgn(z Z) e (V'n)dr
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CONTACT DSA cont.

Tangential Stick FictitiousLoad Form for DSA
b ("z,2)=b/ ("zV,2)

+o, | " (29,|t]/c)(z-2)" "e, e (V, + "'2,.)dT
I'c

+a, ) ( nl/(zn—lﬂngt . n—lt ‘2)(7_7)T ne[ n—1etT (V n n—1z_vc . n—lzc) dr
I'c
([ n-1pon~ n n-1 n n.n-1 = =S\Tnq n1.T n-1.

+a, | £"a, gt( t‘+ t)/c c}(z—z) 6" e (Vee+"2,)dl
Te
e[ n ng ||| n-1 2/n n-1 = S\Tna t-At T n-1.

=) gn 'l Y| /e c|(Z-2) "e e, (Vo tTZe) dT
e =

+, [ ngn n—lt (2n—1ﬂngt . n—lt ‘2)/ncn—1c:|7C'§T nen n—1etT(V+ n—1Z_VC_ n—lzc) dr
I'c ™

+a, ) ngn n—1gn(2n—1ﬂngt . n—lt ‘2)/ncn—1c:|7C'§T nen n—1enT (VC,§+ n—1zC’§) dr
I'c ™

+o, [ {"v'g,Z-2) "e+("g,"a,|"t|/c)(z-2) "e (V)T
I'c
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MESHFREE METHOD WITH LARGE
SHAPE CHANGING PROBLEM

77777

33333

22222

Initial Design 7 Optimum Design

FEM with remodeling : 45 iterations Meshfree w/o remodeling : 20 iterations

77777
77777
66666
11111

333333

Analysis Result after Remeshing at Optimum Design T ETTTACT
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GASKET SHAPE DESIGN

— Ol Pan Gasket to Reduce Leakage

— Mooney-Rivlin Rubber Material

— Flexible-Rigid Body Contact and Self-Contact Conditions
— Significant Distortion in Self-Contact Regions

| Englne Block I
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DESIGN OPTIMIZATION

Optimization Problem 1 Optimization History |
e d s
st.  |F.|>300kN
o <1700 kPa
> gap*<1.0mm
-0.5<u <05

default_Deformation
Mex 5.66-01 @Nd 16

Pressure Distribution
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DESIGN OPTIMIZATION OF
DEEPDRAWING

Blank

!

!

! 25 mm

| u

i =

| Punch Uy \ug

26 mm

Maximum Deformation

_J

Py,

Blank Holder

E =206.9 GPa
v=0.29

c, =167 MPa
H =129 MPa

4 =0.144

| sotropic Hardening

Spring-Back

Performance ( AY YAt RATIO (%)
ux

efs1 .189554+1 .147351-6 .147312-6 100.03
e’ .160840+1 .458731-6 .458733-6 100.00
e’s; .113010+1 .268919-6 .268949-6 99.99
e’ss .812794+0 .217743-6 .217764-6 99.99
e%s .568991+0 .144977-6 .144996-6 99.99
ePs6 .383581+0 .802032-7 .802123-7 99.99
G .510092+2 .159478-4 .159503-4 99.98
uz

efs1 .189554+1 .727109-7 .726800-7 100.04
e’ .160840+1 .764579-17 .764732-7 99.98
e’s; .113010+1 .118855-6 .118849-6 100.01
e’s4 .812794+0 .829857-7 .829822-7 100.00
6%5 .568991+0 .700201-7 .700157-7 100.01
e3¢ .383581+0 .345176-7 .345177-7 100.00
G .510092+2 .494067-4 .494016-4 100.01




DESIGN OPTIMIZATION OF
DEEPDRAWING (CONT )

Optimization Problem
min ) gap’
S.t. e <02
DOT : Sequential Quadratic Programming

lteration 4

Optimum Design Initial Design
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DESIGN OPTIMIZATION OF
DEEPDRAWING (CONT.)

Thickness Reduction

cccccccccc

Plastic Strain (Initial Design)

Plastic Strain (Optimum Design) ) UNIVERSITY OF
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SUMMARY

Meshfree Method Is Effective in Shape Optimization

Developed Accurate and Efficient Shape DSA Method
for Finite Deformation Elastoplasticity Using Multiplicative
Decomposition of Deformation Gradient

Die Shape Design Sensitivity Formulation I's Devel oped
for the Frictional Contact Problem

Deepdrawing Optimization Is Successfully Carried out
to Reduce the Springback Amount

Very Accurate DSA Results Made Optimization Problem
Converged in a Small Number of Iterations
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