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AL R R 2 e h e A5 . AR B 4 A A SRR T I B o T O

Bl E AR AR X By 47 P BE K A AN W B8 T, B2 5T 22 FL 45 A WDRHEE I X e K b i . 22 ) by
SR LR AR AR TE 3 s i T 2 8 1 R PR o R R B ar S ol o AT R, SR IR B 2R A7 R R R 4 R
SYY) Ty, 0 — B4 Y T R R R AR AL, BRI R R O . IR Ak, YR LA B R B DAk A
() A7 B, XfE LSe35 B L = W BE Al 2 D gt TR oK o M, S E AT IR IR R B A5 5% 1T, Bt A
XFLEBIFSE, A IR B B2 9 2 FL 45 F b BEAH A8 T 34 o1 2 AL 45 R b4 kLI I S S 35 A 34, T LU 42 Tt R
WO Rt o veRe Y Horb B R 2 AL AR RORHS SE ek v A B AL R AR T, AT DL SE B
B 7 7 % BHAT DT L, R AR s i W8 07 5 1 B8 o0 RS sl F M B 25 [] L A 0 B 43 A BB A% 3 e 45 44
BN AR, IR R sy e L SRS BT YA . XA Z LA A R R R Ak e sp i B R T
PAR QIR DT 2R o 2RO P s S R AN R RE B 5 AP 8T8 )7 M oTHES, SEBL T itk re g 2
BRTF o HAZ O BARAE T2 ROEPNE: 7222 W RE I, 2900 B RE 5 =5 50 5 | 5 0020 A 8 far , b O 17 )
R TEAWRBE I, 450 1Y R FR BT P A R T WIS e = AR . IRt R 2 LG R
BHE AR AZ o 2 B, RR S T 25 M B G A7 7 i 1T 55 3P0, R TR A B R e U A R T AR L R S
M RE AR R . AR TR Z AL A5 kL, JZ 9 2 FL A5 A RE 2 B B e Y LU B L B A =
T p o B, XA s B A2 A T G R OGBS

H T, &0k Z L5t A R a 86 B 52 9 i R 2 2 X B — M B Pe Ak i, 4 2 J0 vk R
RERE &2 Tl 2 S AT 25 0 R e A XM i b . iR | R R R O 2 DR — R b R B R . AR
=N, S Z L4549 B Bl (heterogeneous cellular structure material, HCSM ) 12 # 5l by i B 477 450388, %) A 5%
PR, S I AN ) 20 00 A R K R R Ak TR 61 7 R B < D RE Rl 5 < 2 LTI PR RD 0, AT R AR e o — A B 4 A
POBHEYERE I 0 B R B, S5 SRR M e Y 5 e 7. &L 1 Bz, HCSM 7E it 25 A oK S8k 179 8 1
B & BhHLM B 552 24 85 M 1 . YRR LA Tl 403k 1) lf i 22 4228 B 5 ORS B MLABGRR 14 . A ARBH 7L B Y7
ST 1) B 4 2 2% v Y B Y N (L0 SR, AR T34 5T 22 L 45 A A RRE R T S 8 R R A
REVTAL K FIIF A&, %F HCSM TR AR ZR 540 8 /b o ik, AR SCIl 3 R e fi 38 HCSM. i) 41 W8 4 74 1y
BT g AT op P R, ST & R I 1 RO BRI, T AR AR Ty, IR SRR L R Ak
B AR R PR AL NS 2% 5T e S
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K1 S fLatareshe TR AN
Fig. 1 Practical engineering applications of HCSM
e 2 iz, HCSM AT 3 20 $h M B S5 57 5 A0 S T R 2 o e 4R $IR 2 5 Jot v, AR A 500 5 s
S IRE H bR B9[], AT o3 Oh EL AR D S O 45 ke AN ok Y S B4 Al 2 28 0 AR B, O iR A
FERLVHGY DI AT RHE E R 2 2K
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Fig. 2 Classification and configuration of different HCSM

1 EMORS RS LA

1.1 EHE#E HCSM

1R 458 B — Z5 RE At 52 A AR PERR W, 78 = 2R AR BE 1 5 e e W TR AE AR A o I o i i s
2 Fh K UL b BAT B AR Ty 22 R PR B S5 A AT AR AL G, P B AR R HCSM S5 B R 8 ) P BE il 5 PR Im] 3
B, RWAL G — 5 R R R R o AN R T S AR 4 HCSM Y & T PE e e b, SR R Bokb, AT
Z A BT Z AL A MR B AR PR BE
L1l mig3E

HRAE . I0 A AR TR | B AR AR I AL LA S 22 B 307 45 D, 4 5 438 0 R b AR I8 £ R
AR 3 S0, X FAEgefiff £ 5P, iy & . A /K (octahedral, Octet) | %€ H (kagome), B
SR LI BE RN B e, BS540 i RS B A Jm BB il S B0 7 2R R RN R U B, R AR R B sk
o MXT T A 3 458, QA0 577 (body-centered cubic, BCC) 4544 . & #.37. /7 (simple cubic, SC) 4%
. 228 + i {A (rhombic dodecahedron, RD) £ 44 351, SR ARTE vh i 1 F- 65 B , (H 2 M B R i 8 5
%, B AR RE 855 . W 3(a) B, MFTHEER— 250 B PR RE RS, K 25 ith = S =0
s ZE R AR Rl TEAR TR b AR v, R AT R R T DU 1) AR TR O 32, SR AR 4R R s S AT T HE A
B 75 il AR T 1 [) B A A 25024 SR P SRR AR AT R BT W AR T, R AT R R B S i, 2 2 25 4 A 35 5
I o 5 IR, Rl 2 R AT R B — Y AR AT A 3 AR, SEBL DT 5 SRR E L g RO kRO
AT — S ARG 5 4, S5 AR AR S5 A B 5 N T H T4 11.1%, LI BE (specific energy absorption, SEA)
&5 24 30%.

TESL RS L, Q& 3(b) s (e AR ), EEARL T Hifi 2 2 5 £ REME . 55—
HEEMERAIE T AR, HIU it 32 R . 32 i A2 B A% R (deoxyribonucleic acid, DNA) 2514 )5 4,
5 DU 25 F 1 (four-helical chiral, FHC) .ot 5 BCC HICRl &, Al A 50554k iX AP Bl , S B0 s 46 - 11 5% 1
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G, PEREEA SR B TR UCA 7 iE AN BB AR TR B B, 2 1) 2 5E T4 B 0 i B X AR L % AR T fig ) 1 4
AR BE I RN, T BCC A8 HEZL A O) 1 4540 0y 8 A2 MR, Li &89 g BT 7 ARERMEM T, i
BAREE REZE . RS EMEZ RERA 4 #or X E S, BT AR A 7T XM
Horr, (R ZR A T2 AN ] 1) A I B e 2 HR AR o A AR 25 B) v S8 HE 91, OB B — b 2 08 b 35 S {H 48 0 |
L 5 55 A8 Ak (Y Rl S5 A o FE R AR AR v, RE G55 I T R S R AR T RN AR T, IR e s T AR
P LT DU PR AR W B, B A S 4 P 55 B D L S AR TR B AL A il 2 A B K i AR A N I F
e 2 A PR 5 B PR T 4 £, BVRE R I = 10%.

5 A AT AN [R), oty 84T 19 IR B R R B R 2 5 5 A R KOME R BE IR . HCSM #E i 2 far T 3R
PR TS AL S B B At R RS, A o A% 58 19 57 7 R A B B A A S v BT s 4 D, L sy o A 1) B
T PSSR PU S A BT VI RE B ES o MU z U7 [a) 39 5% 9 1T 57 (face-centered cubic, FCC) 4544
T WIS, BT LA SRRk R s b, OF H B HRBT sy VIS i fe Jy . A2 B4 s, g 8 ok F 14
TG AR TE T 22 A A% 338 R 3 1, B A T R A R AR S N AR TR R AN, S BT RG ShR IE TT LA AU,
SEPRN 7 P A S N AR R AT o 38 R 2 B R T 1 4 4 LR 0 7. 7 (global body-centered cubic,
GBCC) M7t 5 fi 4% Rl 1 W WS 1 R 1 xy A1a) 43 BBl 4.0 57 77 (BCCxy) LT 38 B HES, B AT 22 B Y BH AT 22
S A A5 N 7 I TR 2 1] 5 T8 Ak & Az 22 YR S S NG ST g 7 U5 A i R R AR 24 25%, ST b 4 FH I
B o [RASF, AN (R M e 75 5 09 )2 238 50 AR TR I 30 v LLAS AP A0 0 A% RE A itk B A, {6 435 40 119 B 2 W AU
1 28.6%%,

1R GEMTHR kS Z5 R TE TR 4R 800 T B 0 BN g 48 rb RS U045 [R) R, 1A A% 5 4 D PR 15 28 R e 78
Fi 1 B fa 2O SRR AR T A R o A&l 3(c) FTR, 52 TR BB TR 4% AT 1 A R, AR ST AL S g
FHRLG o TEoh s 288 b B v, AT AR 0 3R 5 Sty R I 5 | & A A% 0 oI (] 25 R0 R 4 o Sk ey B AR
TR ] A R ) 59 U7 JE B, 8 E v 4 &, S g AR e Pk o [T, ARk 5 A e B P
L 5 A2 T, SCEL T R P R R R

VEAEk, = JE A8 /)N il T (triply periodic minimal surface, TPMS ) 45 A4 46-481 DR LA 53 1740 5 FU NI L i L
58 B S ARG S 1) B B MRS S 3 1l Ry 22 L5 R B LG R A S B . R UL Y TPMS 2544 (TWP., Gyroid .,
Diamond, Primitive 48 ) #8ELA 4% A 245 10 1 22451, W Gyroid 4544 1 BE B IR SICR &, TWP Z5H4 1Y 7k
BB ST TR o AT AR T AR 2% A I TN R v e S A, ISR N B3R B bR R ( Sigmoid pREIE™
T A% 1) ik pR B GRBF B:0Y) 19 7 B S P[] TPMS &5 48 22 8] 17 - 3o 0% o 2, 83 R Re B Ak 2 1
HCSM. nT& 3(d) 7w, il id K SP-TPMS Z544 (i (3873 ) 5 Gyroid 544 (LR @ HE 73 ) A2l il 5, 2R T
e R EGE ) 5 S e R R N MR A A . FEp AT N, RlA S5 A T B[R] TPMS Mot
Ja TR, AR R I ZRET AR IE, ARG TS YA B, I SEE T 2 R Wi, AR TR 4
¥4, S5 TPMS 25 #4) 1 - 44 & {5t 77 (mean crush force, MCF) $ 5 64.5%, J 15t 7184 % (crush force efficiency,
CFE) #2151 15.4%, H W AR 3 4 5y, X Fh U0 $85Bk B 5, &5 04 (R B o o PR R0 AR B B P iR 4B 20 B AN )
TPMS 45 K4 315 % 1) il 5 BsF, 380 2ok 80 2 45 TP, P S5 L5 4 g 2 i 1 ) = sl 45 . Y I BE /N TPMIS
SEA A T wpali i B, G 2 R R A i 1 e R, R R I 2% 1T, S D R, S A T R )
W AT RE £ 5 T 22 W 88 A RS ) 38 4 6 T v b o B, 5 4 4 << il =X 102, 900 46y 17 7 2 i I v, B AL
i it D 2658 /N TR 958 43 4 P 52, S0 R e, 3 TR I TR AR 3 o 2,

TPMS %54 515 8 M1 42 5 B B Rl & Te IR T 2— SP-TPMS 45 #4) 1% 28 faf - Fa {H R i fE 17 55 . B — 7
T3 S5 R iR B e s W ) 5 R B B . RS S A S R AN BT, T b MR PR A AL SE G, AR P
AR, HTZR45H 5 TPMS 45 44 i i 52 5 Ak 7 A B N 8% 22 08, 33X FhoA - 10 8] 09 AH BAE FH A &80 20 10 1
NI, WG TR A R (R, N e Fl G A A S T AR, BRAR T R IEAE T, $E Tt
T B BRI RE R WOSOSOR P,
112 #BEH

W o3 2 ) 2 — P LY ) T Y LA AT RL, BT N T AR b, (B g e e A5 R (e
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FUSINTE e ) BAR BAT 52 00 R ok . 28 v RE AT O o, AFRAE SE B P bt 22 58 1R 2 R B , Wi RE 5
S L YT AT L G B AR AR OSSOl P TR I T A R 1 PR RE, AT N OB — S R B 1Y) S5 4 A G e
BT BN AR I R IR (] 3(e)) , SN 63 24 AR I I A ) R A, PN 0 58 7657 ) o e o e
MOE B A, W3 2L [mVE A, T8 B R i ik A S A B A R, P 72 A8 T b A v (AR B A 2
| &R BE A S A G, DA S AR R A A 1 A M AR T B,

Bifi 5 X HCSM BIF 58 B9 AN TR A, B 28 1 F0 $ M BB T H T 46 H B A s B 25 #1030 bR L ph e
PRI R, BATVF 200 5 0 7 24 PR BE, T4 56 174 5L A A0 B D) AR B 104 %0 e A A PR 00 R A
T oo PR 7 S RN BRI SRR T A5 NI S S R ik S5 M Rl G, o 7S HE BT 3
RHRE 02 it R A, I R G E I BRI R (IR BE A e ) IR RE . 3 A, PR R OT Y A R
FE ROV 240 i 7S 30T B 0 R B 1) 2R T, 1R foff 235 R 44 T A 1 50 1 2 R il 0ok R AR BT U, A A TR —
WEES A5, S A A S VEHR B T4 T T 16%, SEA #2711 38%7',

WEN LT, G5 F IR LU AE BT B R4 e — B s A, 1R E AT IR YA A L RR M A AR G 7S B
Y % 55 ELAT GOIA R HO R %) 1M [ S e 53 AR 25 4, A TR 3(HT Bk, ] S Bt R 1) < v Bk R T s HE K

0.15 0.30 0.45 0.60 0.75 0.90 BCC-FHC

Hybrid (OR) Nominal strain
Stretching and bending dominated lattice

6 : (b) ,
. |\ ' 0
%4 [ ,
g | ‘
2z e=0.2
22 I o
£ |
o
z I 4
=04 B
|
|
|

Stretching and twisting dominated lattice

Fixed rigid wall
Honeycomb-like structure

3 HAMU HCSMs: (a) RD 55 Octet 53 5T fit& 25 Rl 5 it B L5236 0 J) -1 A2 it £k P7, (b) BCC it 5 FHC it
SEIREH SABTEARAR™, (o) MRS MR BG5BT, (d) TPMS @A A2 1] il G S Vg F e,
(e) WEEE A M N BT RIS, () 7SI 86 5 5 M1 B 0 3 S d il i 1102
Fig. 3 Complementary HCSMs: (a) RD and octet hetero-lattice fusion design and experimental stress-strain curves of different
lattice materials®®”; (b) BCC and FHC hybrid structures and deformation modes™”; (c) plate-truss lattice fusion design!*;
(d) radial lattice fusion of TPMS and drop hammer impact test®”; (e) circular tube filling design for honeycomb

structures®™; (f) fusion design of hexagonal honeycomb and concave circular arc honeycomb structures!”
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B0 A Bl A PR e i o, W AL S 7S 3 W 0 5 Oy SR, DA L A2 I (5 22 2 9 B 115 9
SIS AN, G5 A LA JeRE, TS H A IE (AL BB (8, 2540 A0 i Bk i o 3 i I B
BKER, S50 ARSI T 8 B VR AE AT, A A T s A R OO R HE SO H R
5 e G SUA R A, T LAAT A DA R 7 ol B 9 7 00 R RE AN 2 45 o R A R R A
SR, CHC TR0 PR R T O P O P PR e 7 0 A < 8 3 o O 2 A
AP W R L, DAl T 44 7 AR b B T, SRS R Y T A BE T T 33.6%, 3Kt b
vt e 2 A BT TR LB

12 1B E HCSM

W Y S T 25 R B B RGO 2 B B 1 RO A R A L P R R A R A L AR SR AR
M A5 Ak, A 45 I A 55 44 1) 7 2807 R B B R 48 75 26 2 AR R B s A K G R SR, 76 5 — AU g
TCH A H 2R Bl BE AR T A SR AL i T, JET PR T R e M RE . B AR A HCSM E 7 R S M RE 1
S KACTF & 551k R J AR 04 ST XM T o 8 LAY SR A T AN K] 4 BT
121 &g

i 7] BP0 S5 R R B SR T T Rt SR AR AL G AR A R b BN S BEAT R . AP AR T i AR R AN RE R
HE RGP0 SRR E MR, IO W] DLGsE Sl 45 A i AR TR BE . Ani&l 4(a) BT R, XF T4£ 48 BCC 5 FCC 4547
2R F AR, FT A 0 14 ol AR R 45 78 T8 v AN R B D105 T JRa 38 2880, T R AR S 1 51 1 38 2 R AR T
X Octet S A5 5, A& 4(b) T, PN EBIELFEAT A AN o) T A 25 il AR T8, 308 A8 T L BR A7 B A ity
T 578 28 )2 0] 03X — AL 0 35 1 i T 45 R 7 e Tt s 118 B R R s k76

HR A S M B BHAS , AT R 5 ) AR AT RO P R 1 [RT B, 3808 B T 22 B A2 BB e FE EBCL A, AT
E ST T R TSR A R R . AR TR B AT AR Rl G, AR T AR BT S T T A 4
HBSRZ DR800 MM 25 F 15 . A&l 4(c) Fiam, 5T AMTZRAS A AR I 70 A ks 44 280 rp AR AFAE (1 25 B, 48
AR SR R REAE R S B R BRI, A8 AR T R A o R S A v I ) R e i A 4 R A
FEFRTE 42%. BEAL, AL 5 dbA% 0 il (o 45 R PR 0 T Rk ) kAL, A 2 R v, ST 2 [RDAH
HET AR, AT LASE IR 1 0 = R0 B e 1 2 R R, M T R — AR A5 K, SR R4S A 1Y SEA i
Tt 35%, FESL LA b, 8 AR PR AT AR S F R A 0 LA S ECRT LA D =X, 3T DL — 25 S
P, I Pk SR RE A AL BT, W R S A R ) Z R T RE TR SR TS,

SFFPEREAL S . T2 2429 TPMS 454, ANl 4(d)™ Fros, WFFE N GU H 8 AR 4 # (4n SC 4544) 5
Rl . TR S5 R T, USSR 78 Y N R ST AR, 9 T B e R ARG ) A T N R 2 B
TPMS 45 4 W) e 2]« 7 4z 4 i/, LR 1 e 0 ol T 8 805 A 2053 5% 17 1 46 e, DT S 3L B 3557 1) 17
Gy o FEARTE SRR, A Al R A DX RS i S R AR JE i, (AR S TPMS 45 48 £ 3 il i e it i) )
Ak, AR Y B 2R ROR R, Y — R A R PPIR A B Ak, AR AR I, A S T (A
SRR ELAE 25 | R TR . AR AN il 5 2 R AR JE AL, A2 i 5T 22 S ™= A, DT A 5 o LBt
SRR 1) RIS, FE R Z g, W 4(e) Fion . K, 58— TPMS Z5 M LL, SR 45 M 1Y J1 24 M fig
RN E KR TE, Horb KB 171%, 55 B $2 550 125%, e s Wi i 117%. A, @it i 5 TPMS JLAf
XFRRPE B 5 00 2, ST Rl A A T DA S B T 45 ) [ Y g 2 PR R, S T 2 R 3k B 4
IR[SO—RZ]D

A, AL G519 BCC. SC HT LR 5 M 4544 5 TPMS 45k k47 il &% 3 IF, TPMS #4325 il 1 oy il
SERE R T R D 7 TET PN )RR e, T P AT 2R A D B A 00 S % B e O R SRR B L AE R A 1Y
Ak AR, HTARRE 057G A 4 $H 3k far, R4 w8 1z 7 XN TPMS iy 1T X 38k 2 B8 2R M 4R AT 2, DA 52 80 i
J15y A BB AL . AL, Bl S5 IR SEEL TR S 00 SRR, Hodh, BV E K LR T AL TPMS 2544
Sk i A AR 1 T A RS, AT R R A% T | S T AAOE R 0 I s B, i AR R G e A

R,
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122 #BEH

I 3ok 7 0 5 R R B AR BRI RS R, TS B i SR S P <07 al I BB R T RE 4 LS R IRDAE .
FEofeh 2R AT VR T, 2R Ao BE A% 1 25 IV s 245 40 308 2o e et 65 A48 1) ) T oo 20 A s, AT 08 25 2 ik DXL sy 3 25° iy
FRBRE N B B G , Wess 25 0 S AR LYY &) A T A1 ST HE W, S 0k 98 M R 15t 20 s e
R s 7 DA 58 SR S SRR A, 454 SR R A, S 8 A ) — 2B e ),

14 G5 W 3 45 A6 1) i B W A = AR T e o RE Y S e il S T, A RO IR RE AR L. vh
J1aE v RE, (0 R A5 M 2 W RE A AR, B0 6 0T RO R RE S OO XTI . An &l 4D B, T
PESIT S W s S5 M A DL &, it TP SR ITHY Y RURER S (A AR, 2D T A5 M e AR
ERE. [, Bl 4540 T LSO & U R R ZRAIL ] : 72 R Za 003, vh sy BE A TR 4l i &2 & 2
PR AT s MR B e 2RSS, BUET S H BT S SRk, i, fedh b 800 T (20 mvs),
45 H6 1Y) MCF R CFE ¥42 1 2 f%5 LA b o sbAb, 2L 45 45 44 76 B0 0 R 4 o B2 rh AR IR &8 5 2 FloAS [m] B
S 1) AR ORI B 25 KO & IX, BB B AR KB TH2 138%5°%71 . Bk T 5 A ] B 1) i B
SER, 38 LR W 00 S B A T T DA RO R e s S5 R R M RE . G i s 4 B T HES O 2T R
TEAEAAAE N T 4R b R R 3 55 DX A n) . SR H AR 3 TEHE S, AT ARG 5 25 440 119 4 1 3% 2 PR 550, DA
AN 55 X G2 A 1 T BT A

UNTEL 4(g) I 7S, 165 W e 190 AR 475 5 e 3 5 M AR 205 4, NS O e s e L AL 1) 2400, 4 ) e
i i, A BB E 25 AL PN B I 52 2% 1) 28 AT 1 88 B A, (0 o BB R T X S M AE RN, 2 Y R S kL R
JERACT T AW 5] AW BT S5, SR 223008 G544 43 500 5 4 0 53 ML T i) TR R 2%, ] 4(h) s &
360 100 55 P15 R0CHE v 225 A 1 Jm R I B, ZE AR B &, S 45 #4019 CFE #2712 2.6 4%, R4 8E N g 40 A o
T 5 2930 B 33 25 D0 BB 5 | 5 25 48 1 B A AR T AR vhy 4 Jmy S il 7 e i R AR T, TR A A TR T2
PP o AR B e X, DT ST B 22 U R, A R B R SRR, A A T AL SR e BT S T4 4, B R R A I
AT 2 7.5 A5, AN SRR A L, ARSI AR B BT R, B 2 AR T AR DX AT
b, WAL 3 — 259 K P AR TE 3 L, 2B A R W b i G it — 2 B T,

WA 4G0) fir7R, 8 00 78 22 BN Fe 25 40 (TR B3 4544 ) g | AN s i (bl ) 6100, ml gt 38 2 71
12 VERE o AR Rl T ARG T2 A 1 i B, 8 DA 2 RIR AR A AR Sy R RS, MG AR TR AR N il =
S P 32T, DT R B TR AR B R AR S R M o A, n iR o A W LA aek R 4 1 e kA
BEAR A S P w3, A5 R R 0 e il AE RSP 15 18 B B, T T BE R R AOROR  3E A EAE n s i 14 D7
] FIEAR, 16 BB AE E — 25 Rl S5 0 45 0 (01 A BRI B2, 2 B0 3R 39 1) M R I A0 1%),

FESNAS NGRS, s iR 4 B T 05 k500 | GEZ% R 1 AL 4, (e k454 & A 2 I TR, A
7 G A A AR, BT A8 AT i RO, T A W5 T AR L A e oy XD SR % 22 00 T g g 1017,
W 4G) B, AN ACRE SN 45k v 38 1 B 1 B, (8 B 2 Wi KR TH 24 121%, 38 1] L5 A 2544 1 43
2, A R PR AR AT T o R, S3RE 8 150 (o 205 4 A 32 e I EL A B A ) 1 A el A 4 25 (], 3
HH RS O TR RO o O TS A 0SS, R 4(k) s, RME I R S 0 Sk 2
P AR A, A 3D ELAAZH e, A4 gt EL AT LI v KA R i 245 4 S B M 1 A TR F 5 A Y 7 R 4 it
R, BT i R Y AR SR R R R, sk T R ER ) AR D R B R AL, W R A RN,
b X AT, R S A A S AR Ge K S5 AR L, I — A% FORE L 5 20.65%~ 66.67%"

150 BIE SRS A5 A TETE N R 48 T 3 SO RV 19 e % 5 25 th AR Ak e = U, SR, i T HAE
I R AR M A 2, RS RAE RIS i, S ECT A R BE R4y 2 5 AR, N R A% Sk
BrBe. il 4() s o K A5 URHBEZE RO = A A R U ok B T g A U2 AR A A, TT DS PR R
S5 R B XU BEAR AR S Hor 55 1 B BE B IR AS M RO BERS £ 5, 5 2 B BE R Bl A A5 IR B S i S
FE4R 325 o 3P0 43 B BE 04 A8 T8 B A 45 5 4 1 ) s 7% . 5 A L 0 £, DT S8 35 4 v B e T
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Honeycomb-like structure reinforcement design

4 $#5R% HCSMs: (a) BCC. FCC g A 1385k K 3551 A8 T AR, (b) Octet AR5 4 PN ERFFLIIE5R LT, (o) Hi2E-5 A% il
G, (d) MRS TPMS s SR BT, (e) AR RIAIXT 25 5 S A5 #6Y SEA XU, () 7R [R50 I TP
BRI BT, () 1463 -5 Wk AR i 577 S il B 12 110, (h) 9463 S5 R TR R S B 11, (1) A M B3 S5 A i
WP, () BAMES SN G5 TR, (k) ST WL S AR S 1Y, (1) BIB IS R s i i i
Fig. 4 Enhanced HCSMs: (a) BCC and FCC lattice reinforcement with uniform deformation patterns'; (b) reinforcement design of
internal bars in Octet plate lattices'™; (c) truss-lattice fusion design'””’; (d) heterogeneous fusion design combining plate lattices with
TPMS lattices'™; (e) comparative energy absorption of heterogeneous structures with different relative densities”; (f) design of chiral
honeycomb heterogeneous structures with varying ligament numbers™; (g) heterogeneous fusion design integrating honeycomb and
spider-web reinforcement ribs®”; (h) heterogeneous design with vertex replacement in honeycomb structures®; (i) reinforcement rib
design for reentrant honeycomb structures”®; (j) edge replacement heterogeneous design for reentrant honeycomb structures!*”; (k) the
design of the column filling and the double arrow structure!"®!; (1) design of star-shaped honeycomb heterogeneous structures!'*''?

2 MRERRZAEHHE

R T MR G s — bR £ ) 2 FL 5 R B R RE LAY R BR A, 18 BT DA A — 2L ) e A R AT 6 B
AR, WV IR M RE . B DI BRI A, B S 2 FL S MR R IR T L TR Rl A, BEE A RS B RE R R PR S
Ak, P i 2 A 5 B9 HCSML.
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2.1 EAHMARHER HCSM

WIRAD RIS B R . e ol R, B . A4S TR S PR AR PR SR, B 2 T
AT, ST s, B MR B TS, kAR R — R B AR T N -R R
GERE Horh, RE Y B TARBEIR, JE B2 I o PR AS IS 0 5% B RNV Bl D e T I R A R Y A
PEREMC VS AR, TR AR S R s T AR, 7E A2 TORR N A TR R 2 i e e,
2.1.1 E@ig

T B REEAR, AR R MBS AR SRS . W&l S(a) FTE 5(b) FR, ZEARIE SRR Y, Ak
SEFAE Ry B R B LRI S 45, B TR ARSI B, 1 26k 38 0 R b 3o LB AR 1 i AL R HIOK
et BLAh, MR AR T A R 000 1) S, 10 ok el R 5 R 0 R ol ) R R 2
W7 4 A Sy i ik X R U222 AR B A bl AT R, W TR AR T E LR bl D A R, AR RS TS 0 b
PARIERE T, S RE MO R o A&l S(c) B, FEULIR 5 ARA% 4 il ST, W3 A 4 ol 1 ST R RN
BUBR L BIAE FH, RS S U 2 AN 2 DU, T 2 0 TR R A AR LT, 4K 55 5 R R RE A U210,

Wi T AR AN, T A Bh B A v B AR, A A ik e AR o TR R AL R, SR Y
ARkl o W 5(d) BT, FIA 3D FTERHLAYXUET R4, Mo A BT T —F R ABREKIEA T2,
FH T 37825 i A5 IH (sea urchin, SU) fA% 2540 o ZEIBPRINER ST, S5 00 45 P A 450 T 40 i ) 25 &5 44
ASA I JEE T RE 8 WAL 40 i) 4 T 24 60% AT 102%, 1117 HL H BHLJE 25 5 i1 29 50%, HL & KA s 4R 2R,
&l 5(e) P o 3 32 28I AT PO 9 2 3 A 9 TR A Rk Sl L R Lk R 2 FLRE M, RTAE SA mROBEL e A B, AR
Sy R Ak Ry SRl AT IE FH T 4R S g ) 4512

AR, Corvi %5128 3 35 76 4T B AR A8 v i 18 87455 45, 76 3D FT Bl RIS 58 B AT 1) TPMS 4 4% (Schwarz
Primitive) F i A R BR IR, SR)5 AR SLATED IR, B4R RAFEE & o SCO0 2 W1, 900 VR HH 70 53 o0 45 4 1 16 4
TR 70 A A AY, D T ORR RN o SRS SNSRI A i SR A N RS £, W TR
B TEEIRINER P, A5 25 T 1 VA A% o U 3 R P R 5 4 T R U] ) AR T, Rl 25 A 1) L BELJE 2% S
RE AR B B K IR P o X — 2RI T HCSM BT E K 7,

2.1.2 HEEA

AR T =4 s AL RE, BIF 5T N B 38 B S0 1) TR TR A R g e s R A M i A U Y R AR
T it B op, W s HE S v SR I SE A R DI R AR B . A0 TR S(6) BT, BT R G r I A A e s E 2R R 4
Bifi 25 HEZRARTE, B ) B W A% 3B 45 AP B0 IR o JIRBR T B B0 R4, 168 vT LA 463 R A0 A0 1) 249 5, B 1k
e 53 RE 1 R b e ot R B S BOR RS R R . PR TR AR i AR b, Bl SRR T A A 35, BT R
(R 2 A 7 5 R IR RE 1 U XTI AR A5, A S(g) IR, FE IR AN R 2SR, S5 44 1 17
TN PSR A5 DA G b JR B, AR A T 235 5 4, BT 45 40 A WAL 17 0 RS- 5 7 77 40 5148 T 27.3% At 34.5%;
T 33K o4 JH AR 2 A ofF PR 3R VL TR 32 0 hn 28 D 1) Bt ) 2 > 1) B B e, TR 4 B 7843, R I A i 22 10

W VR RE R I T B e N A5 4 (1 e s N 2 P, BENS B IR T S bbb e RE . — O i, W TR AL R
SR T2 5 AR A0 B 2R I T R A S A, 0 el A T A, bk I RN T SR
— 7, FEAR I R AR v, W UK e s 2 ) B AE B AR R RS R, 230t B A A SR 1 250 i 1 RE W
AE 77, T B A R A1 AR v o 2 A 1371381,

WA —BERFFFE N BURE R IR T 10 8 15 28540 5 90 TR WA R ARl B, TR 9 100 VR 15 W 3 45 #4011 A 1 AL
PR pAGR N S(h) Frs, B AR L E A SRS A5 R L IEYAAS USRS R AR L AR L
B EMALS G, AR A FR AR R, BB S SR as . FEvhah 2 T, RIS S M B 118
FESE bk 05 IE N7, B A S FLREEIR s i SR TS 4 A 1 TR A Rkl o O AR N T o AR, R R Ak
4 b ol 407 43 0 O 22 45 R M e AL TR AR, SEBL T R s Ak, e 2 /N O 1T o A A AL IR 2 AR
FEA AN 1 10 G 3 245 Ja 3 Bt BE 2 U451, Chen 25 U400 IS T 508 0 MG 90 7% 35 6 XA K 25 A P MR i
B E), 25 SR 0 7R« Y00 TR L 50 (fF 235 440 I T A 8 B AR A1 48.2%, AL T BRI/ 1N 19.2%, W AL el s T 454 1
IR, ) L 1 2 A e oo R G
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Foam-filled honeycomb-like structures

{5 IRPPEHITE HCSMs: (a) A& MR IR ZIEHIFE AR 1, (b) MIRATEHETE HCSMs AYZAT-0 B2 2k S R A T 41,
(©) MLTANS feck AT PR A ARG, (d) S G SR AR E T2, (o) SR M DL s i A RE X L1127, () Ik
BE/IE ", (o) WIRIEFE GURKA LLAS RO BT I RERFIE, (h) INIMIEBS 4540 | PN 4540 S IR A LL
RICAEZIRIFGE IR LS Db R, () SRR IRIUEIR S TIES5H Y Jm St b 7 sl s R

[124].

Fig. 5 Foam filled HCSMs: (a) lattice-structured foam fabrication process' ; (b) load-displacement curves and fracture behavior of
foam filled HCSMs!'"*¥; (c) effective confinement of lattice members by foam!'*”); (d) additive manufacturing of polyurethane foam
fillers!"*"); (e) superior vibration damping and energy absorption performance of heterogeneous structures'?”; (f) foam-filled hexagonal

[135].

[136].

honeycomb'*>; (g) impact energy absorption characteristics of foam-filled negative Poisson’s ratio structures' ~; (h) outstanding

impact resistance of foam-filled structures including concave honeycomb, hexagonal honeycomb, and zero Poisson’s ratio

star-shaped configurations'"*”’; (i) local dynamic response of polyurethane foam-filled hybrid chiral structures under impact!*”
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5 LA 1o 30 S FH AR A SR ZE AL AT LU, Y TR B T — B LR O LEACR A DA S . £ T
VRS 5 1 RS TEA BUAR S, A 0 PR 8 v 097190 9 PR3 5 4y B S 4% 24 TR T B T A 0 1) 2202, AT e A1
1o AR X0 R ) B v SiE G RS0 A o U R 1A SR A ek R BRI, T BRGNS B O B TR S I, TR i
i Jot, LA 3o i 1 %42 . Ak 5() Btz , TR 54 A9 SOTE AR U ARV 5 960 TR B9 22 10] T 45 i) 107 AH H.
W, T B B, o 8 e o v IR U A S T RE SR BEAT AR . RIS, TR A D A A
A, AT 3 e ST R A R A R RO St — P W RE B, BRI RSSO0, e R T S A A A B4
ST AE o SR, W IR SE FE AR AT SR — i ) A, 2o 5 ) 249 SR AR 800 25 S Rl f e T e e, (9 1k
FRE I 3R, SR B 1k B W {2y J AR BT U R, BE TR T A O e T R . L, RTINS
JE I AL YRR S BT ARG VCIC, LA A DI ) %00, 3k A 67 T
22 BYIEEMEHETE HCSM

KR UM RHE 78 22 FLAS A B R B B UE 52 S 48 5 45 e b il Ve 5 e RIS RE 1 A 5G54T
FEFEAE AL, an BT 4] 4 7 4 (shear thickening fluid, STF) | BT 47] 4% % /1% (shear thickening gel, STG) , 1 —
FET e AR S0, A IR A I AR AT Ry AEAMINER ATV F R, LR R g K, 5 B UG R i 2k
TS bR IG , MR UK AR RS, R B BT UIRR AL AT A2 54 PR, i B A TR R R 4K,
A el oo R o DO SR A 1551570 [, JEC 6 M AR HOPTL o) 3> b ek i 38 1) ) 3 8 4 G AC g T,
BT LR OCH, BT A Rt Bk s [ 47 45088 0 BF 5T B
22.1 STFE#

Clark 5EU 55 56 STF 51 A KLU 84 55 2544 v, I3 H 3B 58 STF n] L I 385 R A1 06 3 285 44 v o it 0 1)
05, JEHE 50 S5 F (4 BE = WOCRE 77 o SR S0 9T A LA X e S SH AT STF HE AT T 4 2 s A Ik, 45 1 3
SRR AL . anl&l 6(a) FIEl 6(b) FTR, 76 = ol wf o R 1a], 8 2000 2h &5 A8 I Af STF Jay il 89 U1 38 3 i
FAE, fik % BT IR RN , B0 B SO b TE, DA X 0 e AT RE it fin S AR S ST o X — A A 2%
T ET YA T il RIS, R T 2 A R I EE RN AR S RSB D o IR B, G IET 6(c) B, STF i
PEAEA RO ) S, P2 SE 25 R AT 38 50 4k, 1E— 25 I e 50 e il A0 BT U1 B8 1, o STF S 5
TN B SR P, TS B R AR R PR . A&l 6(d) IR, LA STF M 78 AL B e 55 ko], 7 v fi 2K
i, S5 R 1 ST RS B ARORE S & TR PN A L DT A R R A R Y DD Y . 85 VI T KR R
STF 15 ) 1 748 5, fioh 2% L 57 U) 34 BR800, 48 8 Jmy AR e 1, A0 42 235 4 G 8, At LA 0T o 1) o 8 1
PREpE IR . R, STF ST LYW T 2 82% M T (14 T8I P BEFE 17 A, A il A8 JE MLl A E % 32 3 5 SR lic
45 £, W& 6(e) T, MCF $2 5 253%, MMk — 25 48 FH45 #4 (1) B 8 s R el

1 STF JLIE A %5 I A& 2549, STF AHAR 5 fibA% 45 46 248 JE A B AR 2F, B W E 5. STF (1 55 U114 7
SR A 24 T R 2 R %) S B AR T X sl A I A A 5 A, A K b i T 2 X3 A S S T R
AR 25 R B 1 — 2 i R R . W 6(6) TR, M T A5 454, STF 7T A% 445 44 B4 06/ 77 B AIK
58%, BE WIS T+ 85%"Y . HLAR STF ML 70 X 45 A4 Bt i it P BB ) 2 /5 A3 S 38 VR ), B0 K B 47 46 40 4k
AT E RNV 7, AR AR i a5 3 A b 25 32 AR oy« B S s M U, [ B S2070 485 4 R T HR L R TR
S HBSE MR A DR A A . I, RRIZE T 0T 45 K 1 A 1A T B RS A T 5 S E0R
222 STGIEFRE

BT R RGN STF i W BAE LV BURLTURE . i LUGE A A0 ROk 55 ke s, DT 460 35 i A e
FoE k. AT e A ok eh I prE . N TR s, R T R TR AWK R STGUS 8, 5
STF A Lt., STG i # HA & W I A it | W1 0R 35 R A Ar i As s 1k, 78 AARIRAS T, STG % R I
K RMERT, swR T STF 5 #E & . ORI TTRE AR 5 i A7 i il s U9, 55 STF A3 s AL I 2500, K STG 45
F0 W BT S5 KA AL R LA RO SR ES R R B bl PERE . MR LN STG R AL T AR I iR S BE AR . Y vp
i s VR T IR B, TR 740 R T 2 A BT . ARl 6(g) FIIE 6(h) BT, STG £ 570 I B
FE4R, W& BT UIEHR RN, 45 I ) A A A% 2o 405 06 T RE | 3 T A% 35k B R A 2 4 i R BRI A
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K6 BTIEFRARHE L HCSMs: (a) STF SEFTME 45K 2D 45U, (b) STF BTLIFH I, (o) Meds 4 7E
STF Ja ¥ 5 AR B, (d) STF $H 50 B B M 2544 7R B IEINY, (o) STF $H 50 BB e s 454 5 R SR 45 M ) AT A
XF LR, () STF. 7K 28 I FEAS IR A& 45 A A 1 A% -8 R T LU, () STG I FE S HTE e s 25 hg s = PRI,
(h) STG HUFEAEH 5 ARTIFELE I 1 T3 RE M2 AF L7, () SFAA LLZS BT STG J et i B/ 2 7Y
Fig. 6 Shear-thickening material filled HCSMs: (a) 2D scanning image of STF-filled honeycomb structure!'®"; (b) STF shear-
thickening rate!*"; (c) uniform deformation pattern of honeycomb structure after STF filling%”; (d) schematic diagram of STF-
filled star-shaped honeycomb structure!'®; (e) comparative deformation modes of STF-filled star-shaped honeycomb structure versus
unfilled structure!; (f) displacement-load curve comparison of STF, water, and air-filled cavity lattice structures!*"); (g) schematic
diagram of STG-filled hexagonal honeycomb structure!"””; (h) force-displacement curve comparison of STG-filled structure
versus unfilled structure!'”; (i) impact response schematic diagram of STG-filled negative Poisson’s ratio structure!'™"

Brit 5k, i 7E STG T A [R] B S REAA A}, 38 m] LSS SAh R T o 90 2« 5 e P 0K (A R
BRILBRAD) B A STG HPIE ik STG, A MBS 45 M I, 4B A e e 25k o 34 5 4 JRL ST PR 45 R A B
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XA BT S BL T AR TR ARG, DO AR AT RSN E SRS . SR, R 2 RS M A A P A B
AL SRS P e I Y A B A B OO, AT P MR T AE DTS SR A SR R SR . B
S, HEVER SN ) T2 A AN (U 0 2540 4 B AR A, G A DR 5 A S8 R A KU, o A, X TR 1Y
TPMS 2544, 12 58 (1 1% 12 07 s E otk AL, 35K 58 3 0 By a8 05 e sl ML AL T & U5 15 SR A B F
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|
|

[# 7 HCSMs AUZEREPERI, (a) Octet Z544 -5 BCC L5 RIE R YT s E 4 S M5 B0 (b) Octet 4514 5
MOD ZEF AT R4S, () SJ5 AR Z5 R I AE SR 4217, (d) ANTR] TPMS 2544 22 [ (¥ A A e 7%

Fig. 7 Connectivity issues of HCSMs: (a) node adjustment strategy for fusion of Octet and BCC structures™®);

(b) rod connections between Octet and MOD structures™; (c) framework connections in heterogeneous
lattice structures!'”; (d) fusion interfaces between different TPMS structures!'”*!
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Research Progress on Design Strategies and Impact Resistance
of Heterogeneous Cellular Structures Material

LI Shigiang', LI Zihao', WANG Zhihua', LU Guoxing®

(1. School of Aerospace Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
2. School of Aeronautics and Astronautics, Zhejiang University, Hangzhou 310000, Zhejiang, China)

Abstract: As lightweight and high-strength functional-structural integrated materials, cellular structural
materials are widely applied in aerospace, automotive manufacturing, and biomedical fields. However,
traditional single-configuration cellular materials (e.g., honeycomb structures and point-lattice lattices)
gradually exhibit performance limitations under complex conditions such as impact shock waves, multi-
directional impacts, or nonlinear deformations. Against this backdrop, heterogencous cellular structure
material (HCSM) have emerged as a research hot pot in impact protection. This paper systematically reviews
recent design strategies and impact resistance performance of HCSM. HCSMs are primarily categorized into
two types: topological configuration heterogeneity (including complementary and enhanced fusion) and
material heterogeneity (e.g., filling with foam materials and shear-thickening materials). Through innovative
“functional fusion” approaches, they overcome the performance bottlenecks of single-configuration cellular
materials. The study further elucidates the synergistic reinforcement effects and deformation mechanisms of
HCSM under impact loads, while analyzing their intrinsic mechanisms for improving energy absorption
efficiency, stiffness, and stability. Despite significant progress in HCSM research, challenges remain in
connectivity optimization, additive manufacturing process compatibility, complex condition validation, and
multifunctional integration. Going forward, the integration of artificial intelligence and machine learning
technologies holds promise for achieving end-to-end optimization of HCSMs from design to manufacturing,
thereby providing new directions for developing next-generation high-performance impact-resistant
structural materials.

Keywords: heterogeneous cellular structure material; impact resistance; design strategy; functional

integration; energy absorption
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