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Abstract . In practical engineering applications, solving the mass optimization problem can not only effectively
reduce the cost, but also significantly improve the structural properties. To address this mass optimization prob-
lem of functional graded material plates with holes, a solution model was proposed based on the simple first-or-
der shear deformation theory (S-FSDT) and the extended isogeometric analysis ( XIGA) to solve the mass mini-

mization problem with the first natural frequency and the buckling critical parameter as the constraints. In the
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optimization procedure, an improved artificial rabbits optimization (IARO) algorithm incorporating the Lévy

flight strategies was employed, which substantially enhances the algorithm’s global exploration capability and
enables effective escape from local optima. In the optimization design, the B-spline function was used to re-

561
place the traditional functionally gradient material distribution function, and the control points of the material

distribution were used as design variables. The IARO algorithm demonstrates superior optimization performance
through comprehensive benchmark testing through the CEC 2019 test functions, and the results of the arithme-
structural optimization design.
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tic examples show the validity and feasibility of the proposed model, which can be further explored in the fu-

plate with holes; artificial rabbit optimization algorithm

ture for the application of the model in more complex engineering structures to achieve a more comprehensive
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Table 1  Algorithm parameter settings

algorithm parameter setting
NGO Tis0or2
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GWO a decreasing linearly from 2 to 0
IGWO a decreasing linearly from 2 to 0
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R 2 ARFEMLALEAE CEC’ 2019 FE L AyMERESSH

Table 2 Performance statistics of different optimizers on CEC’ 2019 benchmark

function NGO SO WOA SCA GWO IGWO ARO IARO
mean 1.10 1.07E6 2.02E6 1.14E6 9.47E2 7.38E4 1.00 1.00
std 4.06E-1 1.13E6 4.03E6 1.75E6 3.35E3 7.97E4 0.00 0.00
H t 2.13E-1 1.92E-5 1.02E-2 1.28E-3 1.40E-1 2.61E-5 NaN NaN
Wilcoxon + + + + + + ~
mean 9.35 4.90E2 7.14E3 1.79E3 2.18E2 1.02E3 3.91 3.85
std 4.82 4.43E2 2.36E3 9.84E2 1.70E2 3.67E2 3.23E-1 3.12E-1
2 ¢ 1.38E-6 2.07E-6 2.46E-16 7.80E-11 1.98E-7 4.04E-15 5.04E-1 NaN
Wilcoxon + + + + + + ~
mean 1.15 3.93 2.95 7.44 1.69 3.42 1.42 1.41
std 1.94E-1 1.68 1.99 1.59 9.39E-1 1.59 4.06E-2 2.25E-4
" t 9.07E-8 6.62E-9 2.09E-4 6.24E-19 1.22E-1 1.68E-7 3.16E-1 NaN
Wilcoxon + + + + + + +
mean 1.46E1 1.66E1 5.38E1 4.16E1 1.39E1 2.20E1 1.49E1 1.39E1
std 4.09 5.91 1.69E1 7.50 5.61 3.88 5.04 5.46
F4 t 5.74E-1 8.52E-2 4.17E-12 4.63E-18 9.80E-1 5.26E-7 4.40E-1 NaN
Wilcoxon - - + + + + +
mean 1.03 1.66 1.89 6.60 1.64 1.51 1.09 1.08
std 1.74E-2 7.76E-2 3.75E-1 1.15 6.83E-1 8.53E-2 4.84E-2 4.42E-2
. ¢ 1.92E-6 1.50E-26 1.98E-12 1.11E-21 1.06E-4 1.68E-20 6.69E-1 NaN
Wilcoxon + + + + + + +
mean 1.12 4.12 8.39 6.60 2.08 1.00 1.58 1.50
std 3.34E-1 1.37 1.74 1.15 8.93E~1 5.42E-4 6.37E-1 7.48E-1
¥ t 2.37E-2 1.66E-10 1.07E-17 1.66E-17 2.06E-2 1.12E-3 6.12E-1 NaN
Wilcoxon + + + + + - +
mean 6.01E2 6.38E2 1.21E3 1.34E3 1.75E2 7.51E2 6.22E1 4.53E1
std 1.58E2 3.42E2 3.00E2 2.05E2 1.40E2 2.42E2 7.48E1 6.55E1
7 ¢ 5.57E-17 4.59E-10 2.02E-19 1.15E-23 3.29E-4 1.09E-14 3.18E-1 NaN
Wilcoxon + + + + + + +
mean 3.17 3.80 4.31 4.26 3.57 3.22 2.68 2.52
std 2.90E-1 3.09E-1 4.00E-1 2.33E-1 4.66E-1 3.46E-1 5.21E-1 6.15E-1
' t 2.76E-6 6.12E-11 2.15E-13 8.00E-15 3.29E-7 1.26E-5 2.86E-1 NaN
Wilcoxon + + + + + + +
mean 1.13 1.32 1.33 1.43 1.15 1.18 1.15 1.13
. std 3.52E-2 9.36E-2 1.41E-1 1.10E-1 5.96E-2 3.30E-2 7.26E-2 4.88E-2
" t 8.44E-1 3.73E-11 6.62E-8 9.47E-16 1.42E-1 1.46E-4 1.94E-1 NaN
Wilcoxon - + + + + + +
mean 1.14E1 2.14E1 2.11E1 2.14E1 2.14E1 2.07E1 1.91E1 1.85E1
std 9.57 9.93E-2 8.64E-2 5.68E-2 5.81E-2 3.58 5.76 6.39
Ho t 2.20E-3 2.12E-2 3.82E-2 2.21E-2 2.16E-2 1.32E-1 7.32E-1 NaN
Wilcoxon - + + + + + +
+/~/=/gm 62/6/2/60

3.2 EHEWIE
AR T S-FSDT 1) XIGA J7iE - r 8UE A% O A SCHRAUAR S0, £ X A SRR L)L K il
A A TXT T, B ER B T IR AETF AL FG AR 12440 Hr s B vl S bk S0 v
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3.2.1 FFSILFG ey B RIRFE oM
WE 3 pis A — " IE AR, HIE R 3% E 8 h=0.05
£ m, 7K L=10 m, BN A — DR IR fLaZ O TE ALY
ARSI ZBNT 2ERBER r =2 m FFHZ 80 =2 m,
ZD AL A R 2 i 1, RIS FR AR 5 1
[, 1A B A L 1 B, HL E =2.0% 10" Pa, Poisson b
L v =03 EMEF T LR SERE N p =q = 3, FGM
1) 4 A R A e PR B0 2

1 z\"
V°=(2+hj , (46)
> ny AT, BRI RSB,
" L . TEA T TR — LA 2
E3 JFUIBAL FC AR w" = (w’pha’/D)"", (47)

Fig. 3 A square FGM plate with a heart-shaped cutout A, p =8000kg/m®, D=ER/(12(1 -v*)).
A, XIGA [RS4SR BBl 21x21.36 3 90 T
ANFETTE TS — A SRR G 45 R R SR BE 418 3 (SSSS) MG SR AT LA M A SO R FH Y 5 v
H5OA T EE RN R .
F 3 FRPURX ST (AN rad/s)

Table 3 Comparison of the critical buckling stresses(unit; rad/s)

order
method/BC
1 2 3 4
ref. [35] 5.098 6.608 6.929 8.644
ref. [36] 5.193 6.579 6.597 7.819
ref. [37] 4.919 6.398 6.775 8.613
present 4.634 6.856 6.936 8.814

3.2.2 FFEIL FG M4 &t 57

K 4 Rk L BEIEIFLI FG A, Hob R AL/ ZrO, 2R 1 B4 b4 L 085 53 A4 R B AL AR 2 43 51y
E_ =70GPa, E =151 GPa, H " Poisson Ft v = 0.3 %M MIFLEA A r JEEEN b 35 R ST HE : a/h = 100,
r/a = 0. LARIID IS R 40 3, HobobHE M= (32) By BB BE 43 A

A

)

IA Ll
I >

L

4 JFHAL FC R
Fig. 4 A square FGM plate with a circular hole
Xt ARt B b s 6 A A7 3 4 S VA — AR AN [R5 05 B4 S f R D 45 R S, R SO O ik RS RiT
SCHR I AS RAR B i e 28— AL A X R
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k,=d,A L/(7w'D), (48)
KXp,D=E_h/(12(1 -v%)).
R4 TR G (L. Pa)

Table 4 Comparison of the critical buckling stresses( unit: Pa)

material graded index

method

0 1 5
ref. [38] 6.971 4.686 4.061
ref. [39] 6.992 4.888 4.158
ref. [40] 7.013 4.903 4.170
present 7.009 4.900 4.158

3.3 EZF7 FG R BFEMEK

B 5 R T — MK 10 m iR (ALO,) -4 )& (Al) i FG 4@ 5 #, AL O, AYsHMERTE Poisson
U RN 40 476 GPa,0.19,3 220 kg-m ™, #18F Al Xt AT RHE MR 70 GPa,0.3,2 707 kg-m . MLk, K
P T 82 22 LI I B RS,

TR 0.1 m, EF B REEM T — 52847, KA 1.8x10° N/m?, RiF I KA 4 0.05 m .
ARG T IH— B IE R BT E AR B N, =/1/10° /R* P, = E, w*h*/(12(1 = v2)R*) .H4M, XIGA
4RI S PR AT R Ry 16X 16, RS E A 50, S JEARIRECH 100 WK, ] 6 JE7s T 52 4291 4L FG My kAR
it 2 B AR () EFR BR B R f = 0.382 1,w, = 0.465 3, P, =7.220 57140, [ 7 FIIEl 8 TE4R% ) T &
A I FLIRANAR 1Y) B A4 2 R e o 41 8.

7y x

——IARO
0.65 —e—ARO

10 m
v > 0.35 : : : :
e »| 0 40 80
10 m iterations
5 AT FG Bum EE B 6 ZEzHoL FG kil
Fig. 5 The functionally graded plate with a complicated hole Fig. 6 lteration curves of complex functionally graded plates with holes

3.4 FG XFLtR# iRl

& 9 FrR & WALAY FG Mgty , HIUA RS 4 10 mx10 m, JEEE K 0.1 m %4546 5% F DU 11 3 52 5 7
M, FGM % (AL O,) Fl4:Jm (AL 41al, HopP R S40S 3.3 /NI B B 4 — B S5 P B S A 6 F
JUAT ot XEFR A3 A5 B BE AL, FLIREAR = 1.5 m, S © W RRAR T T P FLIR (9 2R 7 AR FR.
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-0.04 ‘ -0.02 u -2 % 10—3
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(d) The fourth mode (e) The fifth mode (f) The sixth mode
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Fig. 7 The six vibration mode shapes of the optimized solutions
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Fig. 8 The six buckling mode shapes of the optimized solutions

1?
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2 m
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L
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Fig. 9 The functionally graded plate with two holes
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IEACIREBE T 100 WS 6k 7 1K) H bR BRECST 590K f = 5.524 0w,

HHN T XL LR A B PRAR I A AR 7,

S|

(a) The first mode

=

(d) The fourth mode
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(b) The second mode
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(e) The fifth mode
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0.5
0
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e
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T
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Fig. 10 The six vibration mode shapes of the optimized solutions for two-hole plates
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Fig. 11 The six buckling mode shapes of the optimized solutions for two-hole plates
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