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INTRODUCTION

=—>Frictional Contact Problem
*Continuum-Based Contact Formulation
*Penalty Regularization
*Regularized Coulomb Friction Model

= Structural Problem
*Finite Deformation Elastoplasticity Using Multiplicative
Decomposition of Deformation Gradient
*Mooney-Rivlin Type Hyperelasticity with Nearly
Incompressible Constraint

=> M eshfree Discretization
*Reproducing Kernel Particle Method (RKPM)
*Direct Transformation Method for Essential B. C.

—>Design Sensitivity Analysis (DSA)
*Material Derivative Approach is Used for Shape DSA
*Shape Function of RKPM Depends on Shape Design
*Material Derivative is Taken to the Regularized Conta
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REPRODUCING KERNEL PARTICLE
METHOD (RKPM)

Reproduced Displacement Function
2°(0) = [C0xy=xX)0,(y=x)z(y) dy

zR(x) > z(x) assa— 0 Dirac Delta Measure

Correction Function
C(x;y—x)=q(x)"H(y-x) H(y—x)" =[L(y—x),(y=x)?--,(y—x)"]
q(X)T = [qo(x)’ ql(x)" " qn (X)]

N-th Order Completeness Requirement (Reproducing Condition)
2° ()= [C06y =300, (y-xz(y)dy

d"z(x)
dx"

m, (x)

- o (-D)"

= M, (\)z(x) + Z -
my(x)=1 m,(x)=0 k=1...,n
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RKPM (cont.)

Reproducing Condition

M (x)a(x) =H(0) H(0)" =[10....,0]
- me(x)  my(x) m, (X) |

M (x) = m(x)  my(X) v M (X)
LM (X) Mg (X)) e My (X))

C(x;y=x)=H(0)"M (x) "H(y - x)

2° () =HOM ()™ [H(y=300,(y-x)2(y)cy

22 ()= Y COGX, = X)X, = X)Z,A%, = Y @,(x)d,
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PENALTY METHOD FOR FRICTIONAL
CONTACT

| mpenetration Condition
g,=(x-x_E.)'e (E.)=0 xelx el

Tangential Slip Function
o.=[F]

Contact Consistency Condition

(P(E.’c) = (X_ Xc(&c))Tet (E.’c) =0

Contact Penalty Function

where integration is performed only on the region whereg, <0 on T
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PENALTY METHOD (cont.)

_ua)ngn 4

G

e Stick Condition: |0g] < Ju®,g,|
b, (22) =0, [0,2-2) e,dM+o, [0.[vZ-2)"e + (@, [t°]/ 9. e, b

e Slip Condition: |mg|> |uw.g,|

b (z2.2) = o, jgn(f—fc)TendF—uwn sgn(g,) jgn[v(i—fc)Tet +(9,[t°]/ 0z "e, Jar
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VARIATIONAL FORMULATION

Governing Variational Equation
a,("z,2)+b.("2,2)=(,(2), VzieZ

= |t:€dQ Elastopladticity, Updated Lagrangian

a, (2,Z) - 2 L
= |(S: E+pH)dQ Hyperédasticity, Total Lagrangian

L Q
((Z)= |Z'f%dQ+ |Z'f>dr
Jreea |
Linearization

a;(n+1zk;AZk+1,z)+ b}(nﬂzk;AZkﬂ,Z)
=(,(2)-a,(""z",2) - b.(""2",2) Vze Z
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DESIGN SENSITIVITY ANALYSIS

Perturbed Design

Initial Design
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Vv
T
Z
Z

. Design velocity vector, direction of design perturbation
. Design perturbation parameter
. Displacement vector

. Material Derivative of displacement Al

q
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DESIGN SENSITIVITY ANALYSIS (cont.)

Material Derivative of Variational Equation

2la, ("z,2)]+ Llb (2.2)]= L1, (2)] VZe Z
DSA Equation

a,(z,2,2)+b.(z,2,2) =1, (2) - &, (z2,2) - b}, (z,2), VzZe Z

Remarks
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Total form of sensitivity equation
No iteration isrequired

DSA needsto be carried out at each converged load step
- Direct Differentiation Method is used

Update path-dependent variables (intermediate g ——
configuration, plastic internal variables, frictional ef -2555-* FLORIDA
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WINDSHIELD WIPER MODEL

Multi-body Contact Flexible-rigid Body Contact

/

MSEC/PATRAN Version 7.5 12— Jun- 98 13:58:11
Fringe: ORIGIN AL STRESS, blade100els, Stress, Mises O - LAYERED)
n: CRIGINAL DISPLACEMENT, blade100dis, Jefoghiations, Displacements, {NON-LAYERED)

énmi
5573
51.46]

4717

4288
38.5.

3431

30.02
2573
21.44)
17.15
12.87]
8.577]
4.288)

000!
default_Fringe ©

Wox 60.04 @A 77

Min 0.@Nd129
default_Deformation -

Wiax 9.00+00 @Nd 129

Material Constant D,; =80 kPa,  Bulk Modulus K =80 MPa
Dy = 20 kPa

Frictional Coefficient u=0.15
Windshield Blade = 128 Particle Points
Rigid Wall = 26 Piecewise Linear Master Segments

100 Load Steps for Analysis with Displacement Driven Procedure
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ACCURACY OF SHAPE DSA RESULTS

Performance NG v’ (AY /¥")x 100
U

area .28406E-05 .28406E-05 100.00
VMis3 .19984E-03 .19984E-03 100.00
Vs, .28588E-03 .28588E-03 100.00
Feox .83099E-06 .83098E-06 100.00
Feoy .55399E-05 .55399E-05 100.00
Uy

area .20000E-05 .20000E-05 100.00
VMs3 .32324E-05 .32316E-05 100.03
Vs, .50379E-05 .50380E-05 100.00
Feox .80829E-07 .80826E-07 100.00
Fey .53886E-06 .53884E-06 100.00
U3

area .68663E-05 .68663E-05 100.00
VMs3 .19410E-03 .19410E-03 100.00
Vs, .68832E-04 .68832E-04 100.00
Feox .65963E-05 .65963E-05 100.00
Feoy .43976E-04 .43976E-04 100.00
Uy

area .50000E-05 .50000E-05 100.00
VMs3 .28830E-04 .28829E-04 100.00
Vs, .60316E-05 .60305E-05 100.02
Feox .33493E-05 .33493E-05 100.00
Feoy .22328E-04 .22329E-04 100.00
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St.

Analysis: 633 Sec, Senditivity: 133 Sec for 6 DV = 22.2 Sec

Design Optimization
Problem Definition
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OPTIMIZATION HISTORY

80.0
OPTIMIZATION HISTORY
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-0.4 4

DESIGN PARAMETER HISTORY
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OPTIMIZED WINDSHIELD BLADE

Optimum Shape Anaysis of Optimum Design

MESC/PATRAN Version 7.5 06— Aug-96 09:53:21 MESC/PATRAN Version 7.5 06— Aug- 98 10:00:12
Deform: PERTURBED GEOMETRY, blade2optdis, Deformarions, Displacements, (NON-LAYERED) Fringe: OPTIMUM STRESS, blade2optl05els, Stress, Mises, (NON-LAYERED)
Deform: OPTIMUM DISPLACEMENT, blade2opt105dis, Deformatons, Displacements, (NON-LAYERED)

0]
default_Fringe :
Max 50.24 @Nd 77

Min 0. @Nd122
default_Deformation : 0. default_Deformation :
Max 6.24-01 @Nd 89 Max 9.00+00@NJ 129
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BUMPER IMPACT PROBLEM

Mounting Displ. d=28cm
1.63-01 .
y Thickness h=05cm
4 1.51-01
U U, Contact Penalty No. w,, = 1,000
Ny 1.40-01 o
i - Friction Coeff. w =04
1.28-01
U% Lame' s Constants A =110.8 GPa
10 1.16-01
U 1 =80.2 GPa
7U 1.05-01 ) ]
9 Plastic Hardening H=11GPa
9.32-02
Initial Yield Stress o, =500 MPa
B.15-02
6.99-02 163-01
U 5.82-07 Lo
u 4 ]2 1.40-01
] 4.66-02
— Ull . 1.28-01_|
16 u13 3.49-02] 1.16-01]
2-33_02 1.05-01
] i Eleal s:15:uz_
~1.85-0
default_Fringe? :
X Max 1.63-01 @Nd 121 "
Mir 0. @Nd 137
default Deformation3 : default_Deformations : -
Max Z.2@-31 @nNd 1 Max 2 88+00@Nd 11 i\
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SENSITIVITY ANALYSISRESULTS

Response Analysis : 275 sec

Sensitivity Analysis: 116/ 16 sec

Performance (¥) AY ¥ (AY /WP')x100%
Uz

&% .680005E-01 .179756E-07 .179757E-07 100.00
&%es .164338E+00 .311392E-08 .311393E-08 100.00
&°2 .126643E-01 .901637E-10 .901545E-10 100.01
Zx3g .429139E+00 .120943E-06 .120940E-06 100.00
Eyw) .379375E+01 .473864E-07 .473865E-07 100.00
Uy

&P1s .680005E-01 .246181E-07 .246181E-07 100.00
&% .164338E+00 .105172E-08 .105173E-08 100.00
€2 .126643E-01 .589794E-09 .589795E-09 100.00
wa .429139E+00 .295825E-06 .295824E-06 100.00
EyW) .379375E+01 .335517E-09 .335511E-09 100.00
Ue

€Pss .680005E-01 .170857E-07 .170857E-07 100.00
€es .164338E+00 .237257E-08 .237256E-08 100.00
€2 .126643E-01 .720239E-10 .720198E-10 100.01
Zx% .429139E+00 .167699E-06 .167698E-06 100.00
EyW) .379375E+01 .176290E-07 .176292E-07 100.00
Ug

€1 .680005E-01 .581799E-09 .581877E-09 99.99
€% .164338E+00 .635253E-09 .635254E-09 100.00
€2 .126643E-01 .185890E-08 .185890E-08 100.00
wa .429139E+00 .397143E-07 .397141E-07 100.00
Eym) .379375E+01 .250196E-07 .250194E-07 100.00
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Design Optimization
Problem Definition

MIN
ST.

Area

€°16(0.10) < 0.05
€°62(0.15) <0.05
€%5(0.16) < 0.05
€%66(0.16) < 0.05
€%67(0.15) < 0.05
€%60(0.15) < 0.05
€°61(0.14) < 0.05
F..(4.55) > 4.55
-1.0<u, <10

=116
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DESIGN OPTIMIZATION

I Y aI - 4.96-02| 6.24+0
nitial Design )
4.80-02 5.75+0
N 4.25-02| 5.34+0
T TENY
3.90-02| 4.90+01
2.54-02 4 45+0
{ . .
Optimized Design
2.82-02 3.56+01
2.48-02 32.12+0
2.13-02 2.67+0
4.96-02
1.77-02 2.23+0
4.60-02
1.42-02| 1.78+0
4 25-02
L
4
3.90-02_| 1.05-02 1.34+0
354-03 | - 7.08-03] | 400 8.91-01f
0.
3.19-02) = ¥ 3.54-03 ¥ 4.45-01
2.83-02 | 3.26-0 -4.17-07|
defaulr_Fringe3 - default_Fringe3 -
LA Max4.9-02 @Nd 123 Max6.24+00@Nd 123
Min 0.@MNd 137 Min 0.¢@MNd 145
default_Deformation3 - default Deformation3 : default_Deformations :
Mazx 1.19+00@Nd 23 Max 2.83+00@Nd 19 Mazx 2.83+00@Nd 19
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DESIGN OPTIMIZATION HISTORY

0.18
OPTIMIZATION TIME HISTORY
0.16 -
t ——COST*.001
0.14 ——Eff16
—— Eff62
012 - —«— Eff65
‘ —— Eff66
010 - —+— Eff67
—=— Eff60
008 —— Eff61
= ——Fcx*.01
0.06 -
0.04 -
0.02
0.00
0

Response Analysis 37
Sengitivity Analysis : 18
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SHEET METAL STAMPING PROBLEM

Pressure

b b i,

Sheet Metal Yis

\  Spring-Back Amount
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Optimization of Sheet Metal Stamping (Static)

DESIGN OPTIMIZATION
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Response Analysis
Sensitivity Analysis: 8
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OPTIMUM DIE SHAPE

Initial Die Shape -~

™~ Optimized Die Shape el Dt

174-01]
161-01]

174-01
161-01
I’/—J 1.49-01
137-04
1.24-01
1.12-04

1.43-01]

137-01]

1.24-01]
1.12-01]
9.93-02)
§.69-03)
7.45-02
6.21-02
4 %602
3.72-02

2.48-02)

Predetermined Shape

1.24-02]
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CONCLUSIONS

= An efficient and accurate nonlinear DSA is proposed for path-
dependent structural problems.

= Sendgitivity equation always uses the same tangent stiffness
matrix as the response analysis at each converged configuration.

= Path-dependency of DSA is from the intermediate configuration
and internal plastic variables as well asfrictional contact effect.
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