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DA S B e bR 100 £ [ B, S B 9 )M P RS oR R HE IR T S8 0 AR R, W R T B ReRN
FE HL4F 55 %% > (single-task learning, STL)HEAL R, #2545 | Kriging. 32 #F 1] & [l 15 (support vector
regression, SVR) J LightGBM %5455 5 £ 5 FH 145 A e i 55000, -5 85 e A AL Bk 45 &, TF RS 50U 18
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T MRk, S5 AR, M DT R B R R I AR I AR 1 G EE S Qiu SV A 48 W % 5 R 48 R
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AT L SR 52, £ 2 B b B aT 65| A TR — Sy [n B[R, 1% i sr e
SR AR 3 ok e 7 A PR TN 5 22 H AR DL AR B SR AT AN A IR, L 22 B0 90 2 A8 T 57 BN 2T, 20
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L NG LT TR RY = S N Analyze the impact of various :
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52 05 BB IO I | p || s ot i
FA) B8 Hf AR B AT I R 5 I, SR T MTL HEZE, i “”’;‘,'«V%is and \
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RVEFTPERE MM, I 56 TR ST HE P st A2 3k 1T
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M) 1o KA, ) AL 2 A5 R T 5 1 Al R
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AHEE T BT 552 2, MTLU) BERE 78 2 HH ¢
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PR AT B 2 S OB ANZ AL BE ) o T AR AL AE
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FETE

AR5 K A E 2 80 3 % (hard parameter
sharing, HPS) 1Yy MTL 2244, iZ A% Y 32 %l g A
B R L RAE M EHR . &R
T o T R R RU(E R (A B R, KL Z H
o i 157 B F00I . BEHU 5 A TR 3 iR o

R B e P 28I i AR Ze PR U5 R ) Rl s
JE, BERIR ] ReLU (rectified linear unit) bR X1 N
O PR

K2 PesCIa b R R A

Shared layer Private layer
K3 BESHEE R AT 552 IR R R
Fig.3 Schematic diagram of an MTL model
ReLU(x) = max(0, x) (D with hard parameter sharing

TER AN Zrad 72 v, Sy A A B S b b 22 18] A0 28 30 S B, SR T M2 I 45 A9 1 5 12 22 (mean
square error, MSE)/E ML Ak H A5 pRi %L, H AR AT

M N

OMSE = Z Km% Z ()’,(-m) _)A’,(-m))z (2)

T e Y MSE, ML 55 WAL, N A FEAEE, K, J 55 m AME S5 HORCE R 8G " A9 4350 56 i A
BEARTELR m LS5 TR ELSSE AP . AOFIEH, SMESIEK, K, - K=1:1 ¢ 1.
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1.5 DIMtERfEik

RAT MTL AL () S (B S804 &, AWF5E R H ULt B4l 4k ( Bayesian optimization) % X #5747
A sk 82 . 1% 5 12008 i 4 38 5 17 4 # ( Gaussian process, GP) 1t BRAR A X H b5 of BOIE 7 HL45E, FRAK 3
TR B AN B R P B 3 0 R BT 0 SR A A, DT LA D R A YB3 R e R B . i R 1Y
— e OBl

f(x) ~ GP(g(x), k(x,x)) (3)

o g(x) M EE pREL, 18 H AL A H B R AL, B g(x)=0; k(x, x') NP7 25 R 8 (R pR ), T 2 ok
A x Hx Z A YE . F H B9A% pRBCK -7 18 $0# pR %I (squared exponential kernel) , HR ik U

llx— x|
2b?

k(x,x') = o*exp (— “4)

e o AR 2, b AR ERIESHL
1.6 NSGA-II

NNSGA- Il j&—Fh T Pareto i fLEL IR 1Y 22 H AR LA (£ 5 kY, HA WS BE . 4248 &g
SRR S o0 A0 S A AU o TEASBIFSE b B e, il I 4 58 Y MITL R85 8 A i) 46 A AR s SR, Al
FHPRH AR SR HE Y R 2 2 DMK x, 5 x, BEAT HOER, LSS IR 82 1 43 2 4y, O3 2ok 1 5540 B B IR 5
AR H bR S 8] 10 53 A % B 5 7B — ARk R v, SRR AT 1B 4% . A8 SURIVE S #8248, LA AR I
TR B, (1 ATRS S Or B Sms, B AU T AUMRE G O 5, 5 IR SIS 2 GO0 BF IR 25 2R 17 0 i
I 2 B B AR R . Gl R W R AR, AT SRAS — 2H X A0 40 A HLUELOS SCRC Y B p A, B Pareto BT
(Pareto front) .

TR 2 K x, 5 o Z IR PR AR ST ECHEF Al 2R

% <x; & Ygell,0]  f,(x) < f(x) .
Apell,Ol  fp(x) <fp(x))

Ao AKX A BAs EXARE TAME x, I BAEZ D 1A BAs B O0T x; 1, FRAMAE x, SCRA
1 x5 O o FIBT B9 8
PR R Rk Ak
0 |fq(i+1)_fq(z-1)|
= g f;]max _f;]min

A fEOR D5 B A g A BB LA £ AR 2 A 00 ERR BRI £ i A ) 2 R A
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Tt e
2 BUREER
21 BIRTHER

Sl 0 0 A R TR TR B ] 4 % . B e L | MR R TR AR R ORI L el g i 2 A
M 12 82 [ 52 77 e L 25 AR 55 S 8 2 [81, 5t 0 T90S% A7, AR08 v 4 8 5 3 SR 4 k. e 1 F i
2. BRSSPI 45 AR S T B 9T (C3DSR) , ot 2 57 R 45 B4 DU S TE 55 BT (S4R) . s
VAR 2R 0 R ~F 3598 1 mm, Je EL 4 (9 2898 K 5F S 2 mm.

ek 2T R LA O 20 mm. R 9.239 kg ik v BE A v A T AR I T IR A AR O
P N Je R R WS A . RS R MR 2 1] 17 ABAQUS Hh 155 - S fA kS 4 (shell-to-solid
coupling ) 2 HE AT 7 4, LI AR IIE AL I Ab 1 6 140 3 Stk R A 7 10 5 20 a8 o TR 5 et 2 1 T AR 2 i 2
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Ay T - T o, PEE 4R R BCH 0,162, B LA 4 Ah, LAY AT 22 1a] B R ELAE FH R FH A 4 ke o
Je S BRI A K =200 mm.,

4 LT BENA IRTE R
Fig. 4 Finite element model of the corrugated sandwich beam
SRR E R AR GES R B H AGNO1S-T5 Fa 4 e AR, H 2R RS Hm 3 129 fis . Ak
B A H4 5 2 R H Cowper-Symonds 3j Jj 2= A R IR, H]

£\
1+(2)
Kb o, BN STEIRN J1, oo N ERS TR IR ST, £ W AE 38, CF1 PO AEEHE B X T486 &Mk il
B C=3257.69s"", P=1.95,

() (7)

O'y:

R 1 ORGRERE MRS

Table 1 Material parameters of the corrugated sandwich beam'*!

Material Density/(g-cm ™) Young’s modulus/GPa Yield stress/MPa Poisson’s ratio
A6NOIS-T5 2.7 69 181.91 0.33

kg T8 I A Y ) AT SR R AR UL R S Sk [24] RS A SR AT L . Y bl RE R E, M 30,
50 190 J B, Xif R A b o ERE v 4300 Ry 2,55, 3.29 Al 4.42 m/s. Bl S B T 50 T wpihi AR s A E A AR
TR AN [F) oo B8 2 1 S AT o507 B Sy - RS MR X b . S5 SR BH A oS0 v e, 54
WA s, - e i 6 0 ok ik ) WO (L, B s 2 %) e o O B2 R s B R o oot i, ARG il S
AT, AR NI B A, WA AT B/, B i 4 PAe . 5 T B0 SX bR op i 6 B A BEML I, A I8 B
T A EHAT RS M Sk, 2 2 90 TACAR B AR Y S0 YLLK B8 (specific energy absorption,
SEA)E,,. IR REERE 6,0 MWEIE AT F,,,. 5505045 AR — 5, 3 WA BR O AR 10 B 6% 45 47 b Jse ik
et TR b B REE, T TR SO i 5 A AR AR .

TEA FRICA T, 2R FH Cowper-Symonds 48 AR Ui 3 45 75 4 A4k ) 17 A8 3R AR, (HA B X%
P BCE AT 8 K A= 14 Jry 0 e it v RE 2 Ak RS it 2 el AR g AR REHILRE AR, IS I SEA. F) TR
o P, T R A ZE A R BB B SEA AT REFE B L2 BUR RN A1 T IR AR ST o
22 WMIAFHESHEE

AT, B2 EE H=46 mm, thii GE& E=50 J. SEBURICEE n. LIEWREE ¢, M52 BEJE
t, VAT TR BE o, FE R ARRIE o O i — 2 B AR R I 25 A8 v i 1R 22, A0 5 | A O8N )2 A X 4 B
p. VE R ASHL, Hati A0l

5

2
" Isin 6‘p

A p AMPRHE L, =ML B AU R R 5 R AR A9 I/ 6 = arctan(2H. /1) . S BUBUEE I WL 3.

pe ®)
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(a) Deformation mode under 50 J impact energy

o]

Force/kN

307 24
10F 507, §§E.ml
—901J,
- --301J, sim.
F---501J, sim.
- --9017, sim.

exp.

Force/kN

#2 EVWSNEMNETEESHR TR I [ 45 R 3T EE

14+ — 307, sim.4
A —— 507, sim.
1Lk —90J, sim.>
f
- , sim.
10 ',‘" \‘ ---9017, sim.
]
I

2 4 6 8 10 12
Displacement/mm

(c) Impact force-displacement curves at nodal points

K5 B ERAE

Fig. 5 Validation of model effectiveness

15
Displacement/mm
(b) Impact force-displacement curves at non-nodal points

Table 2 Comparison of experimental and finite element simulation results for impact response at non-nodal positions

Experimental result

Simulation result

Mean relative

E/Y
E g™ 8,/ MM F, . JkN E /(J-g™h) 8,0/ MM F, /KN error/%
30 0.201 11.56 5.31 0.208 11.84 5.43 2.72
50 0.290 15.06 6.65 0.292 14.93 6.78 1.17
90 0.530 20.38 9.05 0.522 19.81 9.26 2.21
®3 WAFENEEEE
Table 3 Value range of input features
n t,/mm t/mm t,/mm pJ(g-em™)
2,4,6 1.6-2.4 0.8-1.6 1.6-2.4 0.064-0.276

b YRR AL 5 B R LU RE B, L TRTAR A B R BETE 6, LA KWIIR V(L 20T Fo B, BOTTREA

XN

Esa =

3|

AP E, MR SR RE, ] i i A -8 AR AR A s m SR R TR
1 TR vh i 25 AR T, St B T AR A9 A8 T A5/ 0N, S B TR A e KB 6, 1A 2B A3 M
FEAR, LA 6 b S Bk Z5 4 (9 28 TR R AL
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T FET X B 1S 4 LHS 22 7R A It 400 21 5 c
BEZR, IR FA A R TR0 A 3145 52, HhRR 45 52 o , Lef e o en6
ASHTIE 6 BR . BEOLANBCH I 320 AREATH 0} LD sepd b
TG, 4 80 41T TR KK R L S AR I

: ° ] K ° o 4
' ps g RPN I S S
3 ZER5i1ie LI BRI X PR
Oo ‘ ° ° & °©
. sl s N 1.8 ° ° g & ® ®
3.1 MTL 8 B 3500 o o 45 #4556 3F o> bl e,
1.6 ° @ . s ° . [ S ® o )

FRARAE 1.4 15 BTk 7 i 57, MTL MR, 5 1o 08 e el 16
DU 7 E AL 3R A5 B P A A S 4, oo SRR S " 18
K12, AL 64 MHETT; BVERFARE N 12, & iy, s
AT S L5 32 AW 250, FRE, H T B 1k i 2l o 24
£, R RO 20, RN 2.2 W69 8 6 LSRR BRI B
PR AT R R S 5 L 7R b R g Fig. 6 Projection distribution of LHS samples

in the parameter space

WA E Z B R, 148 %1 1% 22 (mean absolute
error, MAE) 6, 5377 #1% 2% (root mean square error, RMSE) g F T FEAG AR T P4 B8, 1524 20
3 9h

N
Z(Yi—f’i)z
R=1-—"— (10)
> i’
i=1
1 N
OmaE = NZD’:“}A’J (11)
i=1

1 N
ORMSE = ﬁ ;: (yi _)A’i)z (12)

oy RS N REAR B SEBR L, 9O (AR B B, YO SEBRELAY 2B, N O REARS. R BT
1, Gyiag A1 Sy BEAE T T, DA T 1 BE ALY

EE MTL B8 (O PERE, ASBFFER S SVR BRI BEATXF LU arAr . 181 7 40t T 2 2R AE 10 YR
HLEE R 23> T B B SR G2 5%, R4 i T &5 AR FR 95% BB A5 X ] . Z55R3RM], B A5 X 58
P/NTF 0.012, Bl 2 MR RY Y B AP E A 1

1.02 +
1.00
0.981 1 Loty
0.98 1 1.00 0.993 7
& 0.962 6 & 0.986 8 — 0.986 9
09541 [0.977 2,0.985 0] T 0.99 - T
0.96 T 1 5[
0.98 + [0.992 5, 0.994 9]
L [0.957 2, 0.968 0]
0.94 | 103485, 0959 8 097 [0.983 6,0.989 9] [0.983 9, 0.990 0]
E, O Foax E, Orma Froa
Output tasks Output tasks
(a) SVR model (b) MTL model

P 7 BB A YR A RS PR I S PR REXT LE

Fig. 7 Stability verification and performance comparison through repeated training-testing of models
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AT T 2 PRS- B4 48 AR SR G 8] o 5 G U IR 20 PTLAFE e SVR AR ) &5
g FER 7 B, DI S R A R, (A Hh A A T2 R 3IK, H MAE i RMSE #5r, L& RE 1A FR; i
MTL A7 5 SR Y 5 Bof B e 1, (AR 005 05 3 7 1 98 A5 3 000 5, B 1080 T Aty ) 9 S8 3% 194 22 T i
85 o
#* 4 SVR 5 MTL R KM gExtEE

Table 4 Performance comparison between SVR and MTL models

Model Output R? MAE RMSE t/s t/s
E, 0.9541 0.0076 0.0101

SVR Ormax 0.9811 03165 0.4015 0.10 0.10
F.. 0.9626 0.3593 0.4690
E, 0.9868 0.0048 0.0059

MTL Ormax 0.9937 0.2037 0.2791 2.18 0.10
F.. 0.9869 0.2385 03124

£ 10 > MTL BRI SR PR2E A M RE R AR F s 2o i S5 00k . 1B 8 45 M T A 780 g Tt il
R GAMRICHEME R FHC TR . G5 R RV, MEKE LR TSR E, 0 T Fo B9 R 5351124 0.989 5,
0.9948 10.9897, 443 1, MAE Al RMSE B8 % . IR 25 3R B, MTL A7 A 1000 e 505 52 wfr oF5 ) 7
77 THTHAT 85 v ARG FE N B BB RE T -

0.375 Data . 20F Data >
0350 F 2 18T X s
~ ,645” -
w 0325 i F El6r oo
< 0300 P z o
= of kS 14 6}’
£ 0275} o S ¢
2 3‘,"" S 12 F o/“f)
T 0250t . & ot
~ ey got
0.225 - & R>=0.989 5 10 i R>=0.994 8
8yn=0.004 5 e S\ar=0.182 4
0.200 [ < Orase=0.005 5 81 .~ Sase=0.239 7
0.20 0.25 0.30 0.35 8§ 10 12 14 16 18 20
True values/(J-g™") True values/mm
(@) E,, (5) Sinax
12r Data o
----- y=x &
10 i e,/oyg.
E °f’»:;’é’
£ s
5 P
3 6 88’510
& P
a R=0.989 7
4 Lt Syae=0.200 1
o Sansr=0.241 8
4 6 8 10 12
True values/kN
(©) F
8 MHAEA Y Wl 534

Fig. 8 Regression analysis for test samples

3.2 LTS E xS S 4 R N /Y #2 e)

Fe TN R 5 BLAY MTL BB, I3 B850 2 JLART S B0 i 20K 8 5 i o 7 A5 PR AR 5 o R IBGES 2 i
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JCEE n. BEAREEE ¢ O )ZREE ¢ T IAREEE o, o FE ARG, 5 HXT E . O M Foy TI5E
M KA o
321 SEBITHEENEMN

FEDRFF £, =2 mm, £=1.2 mm, £,=2 mm AAF ) 5&AF T, A MTL B8 F0000 2 Moo 8 n(B 2, 4. 6)
X 0 8 sJe S G o 5 A R N B RS RO A . P 9(a) A T 6, R F,,, Bl n AR AL B TS SR . W RLE
H, B n BN, 6, 2 FREEES  F o WIS 31X B2 T M e 80 36 22 5 SO0 2 M e ) B
JIN, BUARE A R, DT 5 085 2 43 e A I 5 ) AR T AR Xy A2 S 4 5 A A R 1T A
HIPE 10 B (U MRS ) o WIEE AR BRAR) 7 1 T AR 0 B PR 25 8T, 5806, W/, RV, R

11 60
17} — Onax Bottom plate
. F 410 0.4 B Core
t6r " Top plate 155
I E
15+ 9
£ 14+ 82
£ 13 <
< 12t 17 =
11 6
10 5
9 .
. . . 4
2 3 4 5 6
n n
(a) Influence of n on 6,,,, and F,,, (b) Influence of 7 on E, and £,

P9 HETHICE X et Bt S5 R 13 (Y )

Fig. 9 Influence of the core unit cell count on the impact structural response of sandwich beams

(a) n=2 (b) n=4 (c) n=6

s R
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Fig. 10 Influence of the core unit cell count on the deformation mode of sandwich beams
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Fig. 11 Influence of top plate thickness on the impact structural response of sandwich beams
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Fig. 12 Influence of top plate thickness on the deformation mode of sandwich beams
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Fig. 13 Influence of web thickness of the core on the impact structural response of sandwich beams
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Fig. 14 Influence of web thickness of the core on the deformation mode of sandwich beams
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Fig. 15 Influence of bottom plate thickness on the impact structural response of sandwich beams

070111-11



540 % OMRGE: TSRS I BSOS R b i i S i e 557

JAYAVAYA | FAYAVAA | TANAVAVA

(a) ,=1.6 mm (b) ,=2.0 mm (c) ,=2.4 mm

1 I ]
0 1.03 205 3.08 410 513 6.5 7.8 820 923 1025 11.28 1230 U/mm

P16 T TR B e S AR FE AR Y R

Fig. 16 Influence of bottom plate thickness on the deformation mode of sandwich beams
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Fig. 17 Pareto optimal solution set for deformation optimization
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Table 5 Comparison of deformation optimization results with those of the control group
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Method n t,/mm t/mm t,/mm
O o/ M FL/kKN O /M F/kN
Knee point 6 2.4 1.0 1.6 11.56 5.38 11.64 5.23
Control group 2 2.0 1.8 2.0 15.06 6.65
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Table 6 Comparison of energy absorption optimization results with those of the control group

MTL Simulation
Method n t,/mm t/mm t,/mm
EJUg")  Fu/N EJUg")  Fu/kN
Knee point 2 1.6 0.8 1.6 0.395 2.57 0.388 2.68
Control group 2 2.0 1.8 2.0 0.297 6.65
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Fig. 19 Pareto optimal solution set for energy absorption and deformation optimization
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Table 7 Comparison of energy absorption and deformation optimization results with those of the control group

MTL Simulation
Method n t/mm ¢/mm ¢/mm
Esa/(J . g71 ) 6max/mm Fmax/kN Esa/(J : g71 ) 6max/mm Fmax/kN
Knee point 4 2.3 09 1.6 0.311 14.11 4.71 0.304 14.21 4.66
Control group 2 2.0 1.8 2.0 0.297 15.06 6.65
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Impact Response and Design Optimization of Triangular Corrugated
Sandwich Beams: A Machine Learning Approach

LI Dong, ZHANG Xiaobin, LIU Zhifang, LEI Jianyin

(School of Aerospace Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China)

Abstract: To enhance the prediction accuracy of low-velocity impact performance and improve the
structural design efficiency of triangular corrugated sandwich beams, this paper proposes a machine learning
modeling and optimization process for the impact response of sandwich beams based on a hard-parameter-
sharing multi-task learning (MTL) framework. A sample dataset is generated using finite element models,
and the rationality of the models is validated against existing experimental results. Subsequently, an MTL
model is trained to simultaneously predict the structural specific energy absorption (SEA), the maximum
deflection of the top panel, and the initial peak load. The results show that the MTL model optimized via
Bayesian optimization demonstrates strong predictive performance under a 50J impact energy condition.
The predictions align well with the finite element simulation results, with the coefficient of determination R*
for all output variables in the test set exceeding 0.989, thereby validating the effectiveness and reliability of
the model in response prediction and engineering optimization analysis. Parameter sensitivity analysis
reveals that the core cell count and core wall thickness have the most significant influence on structural
stiffness, followed by the top panel thickness, while the bottom panel thickness has a relatively minor
impact. Moreover, the core wall thickness exhibits a certain saturation threshold in terms of performance
enhancement. In combination with the non-dominated sorting genetic algorithm II (NSGA-II'), multi-
objective optimization analysis are conducted focusing on deformation characteristics, energy absorption
performance, and comprehensive performance, and yields optimal parameter configurations that meet
different engineering design requirements for sandwich beams.

Keywords: machine learning; corrugated sandwich beam; impact response; performance prediction;

structural optimization

070111-17


https://doi.org/10.1007/s10409-018-0830-8
https://doi.org/10.1016/j.tws.2022.110375
https://doi.org/10.1016/j.tws.2022.110375
https://doi.org/10.1016/j.tws.2022.110375
https://doi.org/10.6052/0459-1879-23-569
https://doi.org/10.6052/0459-1879-23-569

	1 研究方法
	1.1 研究框架
	1.2 波纹夹芯梁结构
	1.3 LHS
	1.4 MTL模型
	1.5 贝叶斯优化
	1.6 NSGA-Ⅱ

	2 数据集准备
	2.1 有限元模型
	2.2 输入特征与输出

	3 结果与讨论
	3.1 MTL模型预测冲击结构响应验证
	3.2 几何参数对结构响应的影响
	3.2.1 芯层胞元数量的影响
	3.2.2 上面板厚度的影响
	3.2.3 芯层壁厚的影响
	3.2.4 下面板厚度的影响


	4 夹芯梁结构的优化设计
	4.1 变形优化
	4.2 吸能优化
	4.3 吸能与变形优化
	4.4 可靠性验证

	5 结　论
	参考文献

