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Abstract

Three methods for design sensitivity such as numerical differentiation, analytical method and semi-
analytical method have been developed for the last three decades. Although analytical design sensitivity
analysis is exact, it is hard to implement for practical design problems. Therefore, numerical method such as
finite difference method is widely used to simply obtain the design sensitivity in most cases. The numerical
differentiation is sufficiently accurate and reliable for most linear problems. However, it turns out that the
numerical differentiation is inefficient and inaccurate because its computational cost depends on the number
of design variables and large numerical errors can be included especially in nonlinear design sensitivity
analysis. Thus semi-analytical method is more suitable for complicated design problems. Moreover semi-
analytical method is easy to be performed in design procedure, which can be coupled with an analysis solver
such as commercial finite element package. In this paper, implementation procedure for the semi-analytical
design sensitivity analysis outside of the commercial finite element package is studied and computational
technique is proposed, which evaluates the pseudo-load for design sensitivity analysis easily by using the
design variation of corresponding internal nodal forces. Errors in semi-analytical design sensitivity analysis
are examined and numerical examples are illustrated to confirm the reduction of numerical error considerably.
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Fig. 1 Computational procedure to compute partial
derivatives of internal nodal force (a)
Displacement load method (b) Consistent
displacement load method
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Fig. 2 Finite element model of a simple nonlinear shell
structure

Table 1 Material properties and design variable of a
simple shell structure

Length of side (mm) 200
Load (N) 2
Young’s modulus (GPa) 210
Poisson’s ratio 0.3
Design variable (thickness, mm) 1
Perturbation (%) 0.00001
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Table 4 Internal forces and pseudo-loads at the perturbed
element by using displacement-load method

Qu(U,b+Ab) QUUD) (Q"(%Lb(;ﬁ‘)’)))'/ Ab
Qx | GO0IG3EH03 | 6.74803E+03 | -7.40401E+09
Qv | 963484E+05 | 9627585405 | 7.25987E+09
Qz | 201007E+06 | 201108E+06 | -1.01264E+10
Qvz | -L1S677E+07 | -1.13131E+07 | -2.54594E+12
Qzx | -1.05568E+08 | -1.05616E+08 | 4.76052E+11
Qxy | 232201E+04 | -1.00687E+05 | 7.74671E+11

Table 5 Internal forces and pseudo-loads at the perturbed
element by using consistent displacement-load

method
SIAE A7 Yoz 29 Al Aot s
o Q. = = -
& RejEd. RAUANTEE ol gste] s Qu(U,b+Ab) QxUb) (Qb(g;lz:JAbl;;/Ab
F& T Table 3 A B AP A3 Qx | G600763E+03 | 600763E+03 | 8.60119E+04
Qy 9.63484E+05 9.63483EH05 9.50326E+05
2.01007E+06 2.01007E+06 6.02216E+H06
Table 2 Internal forces and pseudo-loads at the no- gl 156775407 156775407 3470385707
perturbed element by using displacement-load Y2 : - -
method Qzx -1.05568E+08 -1.05568E+08 -3.16705E+08
Qxy -2.32201E+04 -2.32201E+04 -1.57617E+05
Qu(U,b+Ab) QuUB) (QD(%"(‘(”JAI:’))/'A b) Table 6 Comparison of tip displacement sensitivities
Qx -7.02173E+03 -6.74850E+03 -2.73;38,E+09 Obtai.ned b}., displacement load method and
Oy | 9.63027E+05 9.62760E+05 2669015409 consistent displacement load method
Qz -2.01189E+06 -2.01108E+06 -8.09343E+09 -
Qyz | 1.10581E+07 113131E+07 2.55030E+12 Sen. : FDM Sen. : DILM Error(%)
Qzx | 105598E+08 | 105616E+08 | -1.81162E+11 Ux | -2.94191E04 | -3.37163E04 | -1.46068K+01
Qxy 1301136405 1.00690E+05 2.04236E+11 Uy -3.72751E-05 -3.19978E-05 1.41579E+01
Uz -3.26806E-02 -3.77399E-02 -1.54811E+H)1
ROTx | -3.12514E-03 -8.32997E+01 -2.66537E+06
Table 3 Internal forces and pseudo-loads at the no- ROTy | 1.58939E-03 2.26765E401 | -1.42664E+06
perturbed element by using consistent ROTz | 1.51758E-02 1.76283E+00 | -1.15160E+04
displacement-load method Sen. : FDM Col;i;:iem Error(%)
Ux | -294191E-04 | -2.93405E-04 | 2.67386E-01
+, -
Qu(U,b+Ab) Qo(U,b) (Qb(g;lZUAbl;;/Ab U -3.72751E-05 | -3.70787E-05 | 5.26954E-01
\ y - . .
Qx -7.02173E+03 -7.02173E+03 0.00000E+00 Uz -3.26806E-02 -3.25533E-02 3.89499E-01
Qy | -9.63027E+05 | -9.63027E+05 0.00000E-+00 ROTx | -3.12514E-03 | -3.07136E-03 | 1.72092E+00
Qz | -2.01189E+06 -2.01189E+06 0.00000E~+00 ROTy | 1.58939E-03 1.56047E-03 1.81971E+00
Qvz | 1.10581E+07 1.10581E+07 0.00000E~+00 ROTz | 1.51758E-02 1.50321E-02 9.47145E-01
Qzx | 1.05598E+08 1.05598E+08 0.00000E-+00 DLM : Displacement load method
Qxy 1.30113E+05 1.30113E+05 0.00000E+00
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Fig. 3 Displacement sensitivities with respect to the
amount of perturbations

of st AR WATF
2 79 2zte WA
waﬁmauﬁ}aaaégd%ﬂﬂ

@ AARNZEN ol

AEE ol8F AANZENS B35 3ol
F gna geA ek

Ageel we gy
Be AANRES AeFol oistel A% Y

(parametric study)Z
AEF 27171 10°%)~107(%)d FielA A
ARE sAghe] dRHOT eton ® EE
o ALEE AL olE T BHE wEoz YEF
< AdAsi.

3.2 HiM™

W Pzeol MADIZTHA
2 dAlE Fig. 4 9 22 W 7229 73
A Magdnd 2 Ad 2AdRw

2

F38Ah. 2 dAldA AHSE AR

g #As Flg 5 o vdebgt ok ®e g9
2 W}ﬂﬁﬂol"' Folg HAMsE AAFA
AASHL EF Afde WHYolg. 2d Ade
Table 7 % Zow F&hdozsy Ty
ANSYS 9] Beam3 24 & AHE3}% T} Table 8 ©
IR R B e R R R L Rt A d
WY AANZESHY ASE FIAEHY Ao}
et o] dAlE AN FFHA o]
L2 82E ALFEAS VEY WHGFHAE
= A AAYRE &S YL F dS
BolF3 glon, BAHELSEY I A&
HE BAEFE & F Uk

o

%!

4835t} Fig. 3 o] EA] 3}ich

J{o
:10
o
o

Fig. 4 Finite element model of nonlinear beam structure

Stress (MPa)
@
g

0 0.01 0.02 0.03 0.04 0.05

Fig. 5 Stress-strain curve of material nonlinear beam

Table 7 Material properties and design variable of a
simple shell structure

Length of side (mm) 200
Load (N) 1000
Young’s modulus (GPa) 210
Poisson’s ratio 0.3
Design variable (thickness, mm) 10
Perturbation (%) 0.00001

Table 8 Comparison of tip displacement sensitivities for
geometrical and material non-linear L-beam
obtained by displacement load method and
consistent displacement load method

Sen. : FDM Sen. : DLM Error(%)
Ux -1.69691E+00 -1.69757E+00 -3.86361E-02
Uy 6.84796E+00 6.84839E+00 -6.24634E-03
ROTz | 7.529750E+00 7.53011E+00 -4.73063E-03
Sen. : FDM C°]’;ﬁf{e“‘ Error(%)
Ux -1.69691E+00 -1.69757E+00 -3.86360E-02
Uy 6.84796E+00 6.84839E+00 -6.24632E-03
ROTz | 7.529750E+00 7.53011E+00 -4.73063E-03
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Fig. 6 Finite element model and deformed shape of
nonlinear curved shell

Table 9 Material properties and design variable of a
simple shell structure

Length of side (mm) 100
Load (N) 10
Young’s modulus (GPa) 210
Poisson’s ratio 0.3

Design variable (thickness, mm) 1

Perturbation (%) 0.00001

Table 10 Comparison of tip displacement sensitivities
for geometrical nonlinear curved shell
computed by the developed methods with
those computed by finite difference method

Sen. : FDM Sen. : DLM Error(%)
Ux | -1.35418E01 | -1.35418E-01 6.00000E-05
Uy 4.93623E-01 4.93623E-01 6.30000E-05
Uz | -1.17644E-03 | -1.17634E-03 8.02500E-03
ROT, | 4.85863E-04 5.75051E-01 1.18260E-+05
ROT, | 143954E-04 | -2.25191E+00 1.56440E+06
ROT, | 2.33253E-02 | ~2.91752E-02 2.50790E+01
Sen. : EDM C°BSL';EIC"‘ Error(%)
Ux | -1.35418E01 | -1.35418E-01 2.40000E-05
Uy 4.93623E-01 4.93623E-01 3.20000E-05
Uz | -1.17644E-03 | -1.17645E-03 1.26500E-03
ROT, | 4.85863E-04 4.84645E-04 2.50700E-01
ROT, | 1.43954E-04 1.46647E-04 1.87120E+00
ROT, | 2.33253E-02 2.33253E-02 4.70000E-05
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