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( Center for Composite Materials and Structure, Harbin Institute of Technology, Harbin 150001, P.R.China )
(Contributed by MA Li, M. AMM Editorial Board)

Abstract: Traditional lattice structures usually maintain their mechanical properties throughout their lifetime. Designing
and manufacturing intelligent materials with environmental adaptability, programmable sense and responses to external
changes (such as light, pressure, solution, temperature, electromagnetic field and electrochemical reaction), shape
transformation, mode conversion and performance regulation in space and time, are still important scientific challenges in
the field of artificial materials. In this paper, multimaterial lattice structures with thermally programmable mechanical
responses were proposed by means of polymer materials with disparate glass transition temperatures and temperature
dependencies, and through reasonable design of the spatial distribution of the materials. By theoretical analysis combined
with finite element simulation, the effects of the relative stiffnesses of constitute materials on Poisson’s ratios, deformation
modes and structural stability of the multimaterial lattice structures, were studied. The elastic constants, crushing responses
and structural stability of multimaterial lattice structures were regulated by temperature control, consequently the
multimaterial lattice structures were endowed with giant thermal deformation, hyperelasticity and shape memory effects.

This paper opens up new avenues for the design and manufacture of adaptive protection equipment, biomedical devices,
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aerospace morphing structures, flexible electronic devices, self-assembly structures and reconfigurable soft robots.

Key words: lattice structure; temperature control; tunable Poisson’s ratio; structural stability; thermal deformation; shape

memory effect
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Fig.2 The influence of relative stiffness E1/E> of the constituent materials on elastic constants of bimaterial double-V structures: (a) equivalent Poisson’s

ratio vyy as functions of relative stiffness £1/E>; (b) relative Young’s modulus Ey/E> as functions of relative stiffness E1/E>; (c) equivalent Poisson’

s ratio vy, as functions of relative stiffness E/E»; (d) relative Young’s modulus E/E> as functions of relative stiffness £y /E>

it bR R] AL, Gl R VIR V2 R R AT R E, / E,, RTRLSEEIXIRL V 4544 Poisson Lt
Voo FISRPEASE B B Y R4 . F IR B HE S, SRR TN MRS AR &, BV E\FIE AR EE T 1 pR R, WA L3
e P AR AT AR WL B / B 1T S XLV 4544 Poisson HUANSPAAS ik )45 M1 4G . AR S Xl



55 5 3] Wfii, 55: ZRPRER SR AT S A AT 539

AR AR SR FLIR (polylactic acid, PLA) A4 FFI X iR BE AR AL AN BBURR 1) SR B R (polycarbonate, PC) #4#8ji
TRIX— TR G i S S HHU /M7 (dynamic mechanical analysis, DMA) {75 2|49 PLA #4K}Fl PC #4%}
MfE e 5 IR OC R WAL 1(c) Fis. FEZE IR AT (B T=20 °C), Epc =2 207 MPa, Eppa =2 517 MPa, iX
WP R B0 T LF AR ] 5 6 BEAR 1. 24 IR T 31 T=80 °C B, Xl B AR AL B8R AY PLA AL fiff BEAR 2 K
R FEAK 22 EpLa = 3 MPa, 10 BE AR AL AN U PC PRI A R i I A 22 Epc = 1 490 MPa, FE(HFP A
ALt REAT LA 2265 3 = A ECR S SR X R AT RE 3D FTERH & T XLV Righ A, Hih v #408 F PLA #
B V2 B PC APEL Sl BIX0V NIRRT U RS R 0, = 60°, 0, = 30°, 1y =1, = 1.5 mm, [ = 15 mm,
b =30 mm.

Xl a8 A T T i, e A Al PR IR AR 19 77 i35 ML (Instron 5569) . i3 #2 v, 2
FHFZEH 0.5 mm/min, AR NIREETEE, TR FBOGE RTTE s v S5 R m BE 25484k, aniEl 1(d) s, )
A BRI A #r 8 ABAQUS A4UL 17 I BE AR AL X UM BE AL V 4544 Poisson Ly, FISHMEARE 5 £,/ 5200 3153
K FHAV-TE 0 A8 A AL, ] CPE4 BT T 7 (1A BROCEAYHEA T A& R 43, 38 58 IO R& WS SSCPERIF 92, B P RUST
7 0.3 mm. Z3 Tt B R HERAS T4 (static general), SR A i, 8 SCEEHRPRIEICA 0.3, 126 1) >R A 422 ik 7
1EFRICH AR,

B3 2510 T IRLBE AR A XU RN VP [MI 28 ) i o B s e, BUREELAL VN M1 Z5 44 1) Poisson Ly, AT
PR E, A 3G | BRI S0 (4 25 5T L A3 5 an 5] 3(c) F1 3(d) Fis. i BE AR (7<50 °C) 54 (T>70 °C)
iF, 243 Bk PLA Fil PC BRI EEASALAR /N, SUMERAL V 45K Poisson v, OME AT RE; 75 50 °C<T< 70 °C K
TR BEE R, PLA A1 PC AR XTI EE AR FBAR TS, BRI V 2544 Poisson Fv,, W AE fL A (. Bl 2 1R B 19 T im0,
XLV 4518 Poisson Ly IWAR/INIY B (B ¥ ] T2 BAIE] 3(a) F1 3 (b) BT/ I AME B AU LS R T DAARE WL B
L BV E R A T=20 °C H1 T=80 °C I T y J7 [6] 52 J& A 48 ) (o2 B8 W] {8 AN ], 7=20 °C iy H AT 18 3% 19 11
Poisson WA, TNAE T=80 °C W 2544 At Ak [a] A2 JEAR /1N, 150 B 38 HH S ABE 0 Xof IR 85 A A [) A e ) T P 4
PPRE, 38 A R AR A AT XSO B VN M 2548 1Y Poisson [y, AP I £, #E 1 T4 AR .

© A A LA VU3 " N A\
o NNNHE NN
AVAVAVANIRRRt: AVAVAVAN
S EVAVAVAVANEIN &7 AVAVAVA
2 " © Vpe = Vpa = 0.34 L%i " (dl)

3 ARSIV P IS H B B S (a) ARIRAT XL V S5H7E y J7 1) 32 HE R AR 1) 2505 (b) LI AL V S5HHE y J5 17 52 HE I PR )
A5 (o) ARIREE T vy (9FRIE | BHURISCIR S Ll (d) A IREE T E, 3G | BRSSO 1

Fig. 3 The influences of temperatures on elastic constants of bimaterial double-V structures: (a) simulated lateral deformation for y-direction load at low

temperatures; (b) simulated lateral deformation for y-direction load at high temperatures; (c) theoretical, numerical and experimental results of Poisson’s

ratio v,y as functions of temperature 7; (d) theoretical, numerical and experimental results of Young’s modulus Ey as functions of temperature T
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Table 1 Mechanical properties of constituent materials used in the finite element analysis

material parameter PC PLA
temperature 7/°C 20 80 20 80
density py/(kg/m®) 1220 1220 1220 1220
Poisson’s ratio vy, 0.34 0.34 0.34 0.34
elastic modulus E,/MPa 2207 1490 2517 3
yield strength o/MPa 54 22 50 2
yield strain &,/% 4.3 2.5 33 5.2
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Fig. 4 The influences of temperatures on deformation modes of bimaterial double-V structures: (a) simulated crushing process for y-direction load at

alow temperature; (b) simulated crushing process for y-direction load at a high temperature
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Fig. 5 The influence of temperature on stress-strain response of bimaterial double-V structures: (a) numerical results of stress-strain curve for y-direction load

at low temperature; (b) numerical results of stress-strain curve for y-direction load at high temperature
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Fig. 6 Bimaterial double-U snapping structures: (a) schematic diagram of bimaterial double-U structures and geometric parameters of the unit cell; (b) storage

modulus E, vs. temperature 7 for PLA and TPU; (c) force-displacement curves of the monostable and bistable unit cells; (d) potential energy-
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Fig. 7 System stability analysis of von Mises truss models: (a) the symmetric bistable system with complete constraints at both ends; (b) the symmetric
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Fig. 9 Experimental processes of shape reconfiguration and recovery of double-U structures: (a) shape reconfiguration and recovery of initial double-U

structure with fully expanded configuration; (b) shape reconfiguration and recovery of initial double-U structure with fully contracted configuration
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Fig. 10 Thermal deformations and thermal expansion coefficients of bimaterial double-U structures during heating recovery: (a) the positive thermal
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expansion of an initial convex unit cell during heating recovery; (b) the negative thermal expansion of an initial concave unit cell during heating
recovery; (c) the thermal expansion coefficients of bimaterial double-U structures during heating recovery compared with the experimental results of

materials and structures reported previously
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Fig. 11 The &-T-o diagrams of the thermomechanical cycle for different materials and structures: (a) the &-T-0- diagram of shape memory polymers””**;

(b) the &-T-0 diagram of hyperelastic materials; (c) the &-T-0- diagram of themoplastic materials; (d) the &-T-0- diagram of the unit cell of stability
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