Contents lists available at ScienceDirect

Engineering

journal homepage: www.elsevier.com/locate/eng

ELSEVIER

Research
4D Printing—Article

BTy 3D TRIET OEMIRY 4D $TENIL T
Bingcong Jian *, Frédéric Demoly **, Yicha Zhang *, H. Jerry Qi *, Jean-Claude André ¢, Samuel Gomes *

2 Laboratoire Interdisciplinaire Carnot de Bourgogne UMR 6303, Centre National de la Recherche Scientifique & Université de Technologie de Belfort-Montbéliard, Université Bourgogne
Franche-Comté, Belfort 90400, France

b George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

¢ Laboratoire Réactions et Génie des Procédés UMR 7274, Centre National de la Recherche Scientifique-Université de Lorraine, Nancy 54001, France

ARTICLE INFO HE

SR CAMD AL BETH R LR i BRI S (2A 1 ) 2 BT AR L 90 R Hm SN B [ 1/t i S5 4 L 22 41
SR T A HLES RN 2 RO S5 RS . ORI, B 1 DR A TG 0, AR SR B S 2R ) = 4k (BD) 2 4
BT B AR A A ST AT B o SRR P 22—, IR S % R T il P ) 3D 2 s AL/ e 2 2
FRRE B30 S R SCHE S A AR SR RO AT BN . Dy 17 Ml phdX — B , AR SC B AERIE JE DY 4k (4DD 4T EN LA K
E TP AR Bt M BTN IE 3D oS HE 2O S IR BIRITFU T 18] ASHIT T8 QLA F B AR T 34 45
R TR 2 (2D T BN 4R AT 147 J R IR HURE ¥ 3D 250 M o SRS, SRR L T AT 4R 10 SUIR L 1 i 2

Article history:

Received 15 July 2020

Revised 10 June 2021

Accepted 21 June 2021

Available online 12 January 2022

A il fiE, FTLLF 3D 47 ENA S A BHRORIRENRISEIL. — ELRHE L ADRLIG SN0, 7 75 0 3D TR 2 22
4D 3T EDV SRR, AT OR 2D 4T 4% A1 J5i 0] 3D Z5 MM 78 o O 1 IEIIZ 7 RN S M, AR SCA 2 1 — Se BB 1 1
e 1.

3EI';)H/,Eji ‘)er ¥ ©2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher
g MI%I[JJJ; Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
= =]

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Mgy, nseaif A O MR KB 4] %
GERLE — R A RPN G Uk, SRR E YR 3D AT
BN (R AN RS B B PR RIS, RSB LRI AR 7T BAAE
JEUA P ] A a8 Ay v 7 AR R s8], DR AN AR AR AR it T
G P E e RNV ER SR I SN R S S5
HNEET B R MU BT, IEQSCRRb iR, s g i

o

1. 5|

W HE (AM) TZHH RS IZE T
=4 3D) JUMIE X, HE3DWAR. T HAEEK
RS R, 2% 3D W B AR T DL R a7 R 4

2D) VI HEBRTE R . BEE AM SR RS K e A < 61
WOMRHH L, FTEREE . R MOBLMAE. AR RR A&
BRAE 7T AP REAN W BE S 1] (R I T AU Y Ak 2 BF 7T
TAE, B TERBMA®RR, AR s IR 5
W Ve TH AR 0T S5 A A 2 2 X [2-3]. hAh, LAl — SE ARk

* Corresponding author.
E-mail address: frederic.demoly@utbm.fr (F. Demoly).

1 e PR 2 A A SRR 3 I B B AN 4 ) SEEL
{1 o 2 A RRE B [5]3R5 A 0 7 30 3 A S A 3 T 25 ok
2RI RENE —ASEHAR, TR HE T2, B
TR R BB AN, — M KO AR
2R Z B84 3D $T BRI SR SEBL LTI IR 2 2% 1

2095-8099/© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

YL3CJFE 3L Engineering 2022, 12(5): 70-82

5| i 4 3¢ : Bingcong Jian, Frédéric Demoly, Yicha Zhang, H. Jerry Qi, Jean-Claude André, Samuel Gomes. Origami-Based Design for 4D Printing of 3D Support-Free

Hollow Structures. Engineering, https://doi.org/10.1016/j.eng.2021.06.028



3D YIRIIAFA[6]. BRI, HHF R R] Rt i,
(2SO A FER G MM LLIN T2 Bhah, B S 24 P,
A ARG I LB I N TR AR B AP B A AR
AUIR T 1) A2 R ORIE [ 7].

EREG A R filiE T2 AL, AM A A 451
WREZ MW E B —Mkil, —HAM T2, Wik
Kzl (FFF) MSLAACZIEAR (SLA), fEMEZHES
T A8 7R A FH SO/ SCBR AR o 0 TR X TR B L AT A
B, I BT B R TR T TR PSS . SR,
T A RFRE SR AR, ST M T R 2k
s . W N RIF R T U0 QuickCast K 3 0 4 Bh T L8],
FRAE AP R SR ER[9], GBI AR S5 R 1011 B
ARGERI[12], W BTIRGERI[13] R IHRHE B 5 A4 [ 140 o At
REERI[15], LAATE M RE 3R & P 3B E SR 0 S HE [ 5R JE
FOARAIFFEN AR H T I R 1 ) B TR A R
SrIC B FRE A BT E . BN, AE RN TR G R s — A
3D, XL E A LLH AR A E AR [16]. 2R
MM, BIES 2% B SCHE S R ] LR B v FNET B ok, RFES
A SR B B AR I S 45 KRG 52 Hz i [X AT R 2 B B F0LEL A Bk
HRPERT . AT RYJUEAS W, fEMER T2 A M T
IR % %% 7. Carbon A &[] Digital Light Synthesis™ ;A5 B
e it 2 B B 2 5] Futurecraft 4D f1)i& 17—/ NEEAA
HR[17]. AR TRAMELH BN (UV) LI g
AR ERIR AR X FARLE —Fh IR S A4, AL
CLER S S5 R 4T ED R, DABIE — N RE M K . Poly-
Maker™/A @] A7 T —Fh 44 A PolySupport™ I8 L, & 171H]
THTERSCHEL o XM R B R RS EFISRE, AT L
FEAT BN 5E 15 F F 5 Fa #V% - MakerBot® /A &) 5 — Fh ]
ARSI RL . AL, SRR YK S AR (18] RIZE )
REWKEENZ[ 191 AT LIAE Ay 3D AT ENSCHEM B, RS EAT
ARt ol B AR P B . R X e
F S A LRI O 5 (0 R AR S PR T e e, L& T
DL FEIT R, (BG4S GE. J15 RS ZE 1S
T EER FHAHAK o, R R T T8 2 15 28 1 [20]

HoAh AM T 20] DU RSV AEALE, W2 6104k
TR [21]. BFEEMEIE (SLAMD FR[19]. B
& AM B [22]FE R TR A Hi R [23-24]. H Tt b3 3D
FTER (DLP) ] AR YRGS R A A0 7 B g, il
B AR 2 R LI 26 I % 5 1) B B 0 2R [25]
R, %A BN SO SR, B TR R A
AT LA B A, RS . Rk, BTAAER
BB IEAR G2, BT RE EAZA)E — s st
PR R S AR s T J A (R, X e TAE AT R

81

R L. B REFPEROEEESS (SLS) T&, Rbed
Rk oKt BE Fi2 (1 A2 05 (K SCFF[26],  (ER A A A JEORHEE ST B
JRREER ALY, A ERIERTT S, R
RGN RT, EIREREREI™E 7. K 18R
TN SCPESRIE A A5 D SLIT AT BN 22451, LR L )
R A, AR R R . R, —SEHEE N R
THTITTER S MU SRS, R SIUTE S RE .
4, Wei S5 (2748 FH — it 3 1 R A0 300K S AR 0 A
TESCHERIE 5y Xie A1 Chen [2818ETF T T 32 1 (¥ 44 2 K it
ZIW AR RT3, AT DL E GG Mk, T
AN P A AT A B 22 R R SRS R . Dai S5 [29]SE L T A
AR B T F 2 g 2 1 P S R, ORIl 2 il 3D HT
DT B B AR MRSk /D> S PSR o SR, 3K 5V R A
PR B AR AT KB, JF B EAT el i B
rlERE. B ERE, XV EARN L TR ELAAR
HORIESR, HENTFEE DR, 10 H R E
VRS M A ESEIL D RERR AT (A . DRIE, 33k Ty
A2 25 T E RS IR BE T AN 3 SRS UL R T R TE SCHE A A
g — Ao A PR

1. 5003035 sRIF 78 SRS 1250 3D S5 R 4T BN 5% 1Y) FFF R HESI2 91 o

EEM104EF, U4 4D TEHH AR (44
AM BAR ROl g AR S B, 45 3D ITEN A $E
fit 7 A 4EBE[30-31]. 4D FTERR—ANd#E, Eidix i
2, 3DATENYMATESN I Re AN (Wi B . Ja s Mg
BEORIBO fsgm R, KB SN S —Fhgib2e]. S5
AHI3DITENEEARAALL, 4D 4T EIRf S AEAE — 2L, FFE
HZ R REE SR, — SR B PREEE= 2 AR
FTEDHURIZ BEAT R, FTERIF [A) 08 DL R R T EpP A4 (K A ]
SEVERT A PR[30]. HAROKRUL, 3DATEIMEIRIEEE .
RE# 5, (HI& G 4D FTER ] dm AR M4 BEATSE E A BHTI AR A
PR o AR R AR T RN 25 A S I R o B4k, XETAL
AL, ADATEMAEAT 20T 2 M EHTEIPL SRR, R



82

EAE)Z R, AD AT ENATIAR 5 B vw IR — 2o R PR his
BT A A, 4D 4T BN — TR A A i 1 B AR [31]
ADATENES & T BOARA TR 2T, il B a8/ m] i
TIAR[32]s SRS IhRE[331MIBh A s . IX 5 i % B
BATEN 2R 1) 3D TORER AL T AL, JFw ik 1 Bk il
BRAG . Bl AATTRE 4D T ED 6Bk Rk JE, BT AR
R R P R WNAY 5 S S EA P S S s aa ]|
PLSEELA 2D 21 3D BT AR 462 [34] . MIEFR R S B, %
FEARIRE T — PRI B 7795, ATRAM—9K4R FAEE 3D )L
flfh, TR Kk, &A0EA T LLE B I
(2% 3R B Sk R [34]. HTART ARSI R T — Le s
Mt —HS54DTEIMS &, A mTRe s g4
FI[35]. Y2 Seilt B ST IELESE AT R Bk AT, DASEEL AT
T EBAT RN, W= AV 2 B A AR M S5 Bt
[36]. [Kltk, 4D 4T BRI T HraCil sl i s & 07 2 fif vk
25O 5 AL ) 3 PR X ) — AN A R T

TE VAR A F A AR IIZE A8 B I PR T LT AR I
W BT S . B R T —ANEAR R IR L
B BEAT RN e BT R IR HESS, A vF DMEAT 7
A 77 ARFIA BE I PO AL AT [37-38]. kAl GeE
[39-40] 1 Yuan %5 [4178 i 4 FH 52 & #4 ) 1) 25 [R) AR 4H SR 3
PTG IR, R T A ARIMS, %
— NG BT AR S FIEAE N R BT T . Kwok %5[42]
Ak T F T 4D AT EN B B i T i 47 481 11 . Van Manen
L[43R EEMALAE A — R0, UL T SEILAT & 1 TR
P75 . Jan S5 [44]48 T —Fh L T 4D T B AN 401 7
2, TEABUE TR BERAF BT, s Pk
Al EA L. AN, TE3DAEMIATEN T, H41R
s DATE S 2R 1 77 OB A P Bk A4 R 2R A sk b B, il
B RRE E LTI, an U2 4589 [45] XU I [46]
SV IR e ZE A5 IR e 9T H bR A A s O 45, (HIES
RIER T AR AR,

WFFC B, i ) Rk N 2D Fr 4% A4 (0 B AL R
A ATRETE I 2410 3D Wik . SR, K B ARE A I B — e #
Fe T PUE R, TR SER Tk HE — N
21 3D TE 30450 . TRk, ARSCHEZEH 12
NTESAE 3D 2O S5 K 4D 3T ENFF R — Fh 2k T 401 i 6]
Wit ik XM DI B vk 5 E AT 408 3 1l ) S
HHR IR ST AR R S G5, AR NI 4 4103 AR R e SR A
kBl HHEAMAE . ASCEMITR: F 27—
PERIB T8 T 3R 3D-2D-3D J5 ik 55 3 AR AL T AT
AV SEiE B RBIRT T BJa, B4 T4
Kk TAERITHRI

2. BT r4RRI3D-2D-3D &1t /50

2.1. BARHER

TEAAATTE LAY AT R, HrACs R AR R i R e
Fe— NG S AR AU . AR SCH B AR 5 S it
Vit B VEAN BB BT AR M I B G o B EL A
Ui, TR 03 T T AR BT VAR B T 4R 5 O A AL
i, DARRHLIET 4D 4T B AT A ARfl v &=, AT A —
Pl ELREAY 7 2078 5 S O AR B AN i

— MR, FTEE IR AN R AT LA A — A
3D-2D-3D $ - BRIk I e, 1% = A EED IR
e: O 3DR R @ 2D 4CRT iRt @ 4DITER.
W — AL AR T %R, K2 fR. B %, 3D
FELI 7 SCRA) 25 00 45 R 3 A BT 1 2D FT AR A4, 1E
R RIF R B . SRS, RRe R 2 B 207 R 1)
2DATIR IR, DLET A, RO 2D A,
AT 3DATEN . e fim s MHRON BIFT BB P 1) B )
A LAARAE 2 ST 207 52 20018, DA O RS 25k 1 B
P, MR — A58 B 3D Wik AR 7 B 3 s 4
NT R D IBIX — BT R, X IX AN R T AT
PraRm 4D AT EN Tk it ke W 3. Bk TR
Vi AEERINIpI R

2.2. 3D AR iR

VE R SEita BB B — 043, WG D IR EFE 23 il 23 0
SEMIFMRE DAL, Nk, HErE R RS A
2D B DAAR A3 AH R 1) 3D TR [46],  anm T 77471, (H
V4 3D WA 53 it J9AH . () 2D HT AR T 8 1) T VR D R
JRIF[48) & AE — T 1H LX) 3D WA 1) FEA e T AT A =)
XA ARIELE SRS TS FAEH . B a6 550 e T 5%
2 BT AT AR A I %6 . X2 3D-2D i s, R
BB B L T RIGE R PRHE. XA B H K
J2 I AR 2D #2525 24 SR SR BUEE 52 16 H A5 3D B TR 1)
FHAIE

2.2.1. 3D AL I A AL

BT IFAZ A 1 B AR S5 i ARSI I 2%, T LR
YOI, DR R 2 dexd A el R T 1 451
BEAT WA, A2 H AT B DRI ZR ALY o R IX AN
K150 25 B AT LA B 1 AL B B (CAD) &R 4¢
BRI, (HMIZERNZ, XA 280N L %G
B, B4R N TR AN R, AR AR e FE
FHRRFAEFIARF A B DA A3 v (R4 IR AN T AR 2 2 1R



ZD origami

. 3D shape precursor design

Digital

Rough 3D hol.lc'>w

structure definition

83

° 4D printing

Multimaterial Folding sequence

decompositon « prmhng based actuation

Physical

Origami-based “3D-2D-3D"
design approach for 4D printing

Self-folded

Output
P hollw structure

B 2. 344K 3D-2D-3D Bt 5 A T 4D FTER A O 454 o

3D shape
decomposition

Rough
3D shape

Mesh 3D model, and
define dual graph

Determine origami
fold-and-cut
tesselation

1. PrAIRHERR M T R AAEITREIZR . T, TR
FEBCRIAT B RS [36]. P LASREHLHA AR A0 25 SR 1 8 B2 DA
BORTCIR I ORAE 9 R LAASE A I8 07 vk DA ORARFALE 1 DR AT
[49]. MR¥EXEAFE, nILUEE ZBRAMCHL %, R

N REHE SR AVRAAE K L AR A DGR A%, R SLAH SR 3D I
R EEM . — %N M) 3D WS A5 7R | DLt e SR R
G(M) = (V. E), HhV2Tignfks, ERNES. wE4

Meshing

o

Rough 3D structure
(surface model)

Hinge geometric
design

Identify active hinges|
and requirements

Generate folding
sequence

Mesh structure

2D origami 4D
precursor design

2D origami
panels

Define panel
thickness

printing

Define 3D/4D
g printing strategy

I —

Multimaterial
printing

N

Actuate 3D
printed structure

Self-folded
hollow structure

3. FETYrARBLIT K 4D T ENJ5 95 T M 3D 2 L S A I BT R I

N FHE TR MR ELRIR . MR PR,
i BUS AT B2 IR B AR S RS AEAS 2, W AR 8
DRAPAE A B 2 1 A SOR O B E 2 BLBE AT R e ) fELAS
TERRIAZ, fEXT— 2 i i HEAT AR R 70 I, Te iRt it g
FERE, o ANTTIE Gt 25 S — L iy THRFAE -

2.2.2. HiEPr AW B AU E
WS 3D WA 75 BN IE JR 4R 1 2D ~F T A B K 3

Finding feature
elements

o

Feature element
extracted structure

B 4. —AMHLRER 3D A0 g, ARSI O I MR A 14 5E B AE ST R T 3D TR A



84

T, DMEAESA TERCE BRI UL RAE AR AR
Z T I A 3D Wik R BRI G IR AT VIR
SRR y— A 2D VT [50]. A& AT LAFE 3D 45k %R
T A AT 3 75 REAT DD, (AT 0 B AT e OR B 45 4 (1
ANSERE R -

T oy 3D A% M LIRS HAR R I R IEL, 5IAN T

W M EIHE E DM)=(V,, E)), PV 2THAES, E,

BRI LS. 55 Prim BE[50]— R4 A,
TSR N (AR ERNE, WRAEEESN
PRIT, A RER E SIE M IAUE > 45, BT LEAT#R
W E N FEIRE . XS T ARMS R, TR AE
g AE P, HAn RERHEn AN ERN . 5, DI
B AE D(M) 1A B 5 A AR, MoaT DL R T R &
W R ITE UM), = (V,, E), Feh v, = (UM BITR AT
E, = (UMW}, 2 nARIFEZEBIN RT3 n A AR
Mo B HEPT SRR SRR R

Algorithm 1. Determine origami fold-and-cut tessellation.
Input: Meshed structure graph G(M) = (V, E)
Output: Alternative unfolding graph U(M),
for 3D mesh G(M), generate D(M).
1. Priority Queue minQ = {all vertices in D(M)};

for each vertex € minQ

u. key = oo;
u. predecessor = NIL;
Randomly select a vertex » in D(M) as root;
. key = 0;
r. predecessor = NULL;
while (minQ # <) do
vertex u = ExtractMin (minQ);
for (each vertex v such that (u, v) € E) do
if (v e minQ and w(u, v) <v. key) do
v. predecessor = u;
v. key = w(u, v);
end if
end for
end while
2. By cutting all edges that have no dual in the spanning tree, gener-
ate the unfolding graph U(M),.

end for

o
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Algorithm 2. Generate folding sequence.

&1 KRN FZHH AR T

Input: Alternative unfolding graph U(M),
Output: Optimal unfolding tree
1. Find the reference face of the unfolding tree U(M), =V, E,)
for Tree T (M) = (V,, E,) corresponding unfolding tree U(M),
Endvertex u = endvertex of T
Remove vertex v = adjacent vertex to endvertex u
pendant edge (u, v) = an edge between u, v
for (Endvertex u);
degree [u] =1
if degree [i] == 1;
remove vertex i, and remove incident edge
while only one or two vertices left;
end if
end for
end for
The left one or two vertices i correspond to the reference face R, the ver-
tex of which can be regarded as the start node of the spanning tree. Then,
number the vertex in sequence until the jth-type vertex.
2. Calculate the torque between each adjacent vertex with the breadth first

search algorithm; let 7, = 7, + 7+ 75+ 7+ ... + 7,

w2

. Compare all the 7;to obtain the minimum value, and search the mini-
mum value of j to determine the best reference surface R, of U(M),.
4. Calculate all the torque of unfolding trees with the best reference face,

and compare 7 and j to obtain the optimal unfolding tree.

W

. For random unfolding tree U(M), the first folding sequence occurs be-
tween the reference face and the first-type vertex, the second folding se-
quence occurs between the first-type vertex and the second-type vertex,

and so on until the jth-type vertex.

/£>(x) =minimize (8)

N T2 HEbsA I Ay B — H bR, JRA T % AT
PAE ATINBURINE[52] 0 e/ ME FQo IR F AR B SR an

minimize F (x) = { f,(x). fi(x)}

Subject to x € X 9)

A, x BRI £ fo () FILX R PSR ) = AT 4R

H T 3X PN B AR s O AR IR, BT VB A — 7%

WA ENELWATLENE. WSS E R SRR 2
Fe CUHEIR, B4 S5 8673 K, (o) i e 45 b A 20 2, B

Z,(x) = D)= (10)
0,
L 3 2, AT 7 SREEHOA R
z(x) = H) s (1)

2

A, pR B AIE; o REHIRHEE. Z,(x) M Z,(x)1E
R L RCA R IR AR H ARG R DU S (it
HIBCE, K — 4 B bR B — A — ) H br . AL —

i Reference face  Folding sequence J T,
1 e 3 10z,
D—E—(—0®
@
2 4 o 3 10z,
EEE
ilr @—CE—0C—O®
O
3 4 e o 2 8z,
30
R |1 3 E—®@
@
4 o 3 10z,
] —E—®
O—®
5 o 2 61,
@
F—C—®
O,
6 R 0 3 127,

(2]

AT RS, AR R EEN:, AR ER]
PASE B3 3 Bo 2 AN R R H AR R . IIAUR S 1) 58 ST

S = zZ(x)w(x) (12)

X, WRMERE, SWx)=1. ELTERERT, H

TIXA H bRk BRI L, iy D350 HE 208 H bR e

B EAE N 0.5, WIRFZRBIHARKIZR, AT LARE R 7 4L
HR. AE, A 9 WU -

minimize F (x) = zZ(x)w(x) (13)

TR SR B RoR T &3 7 FI A0 £k Fe 51 I 1R

firo XFEAELZEZN 2D HRE RGN, HTHE

A, &G RIT I E TR ORI . R, &

%7 BT HE P iRk ik AT e A E T B st B, (|
PMAZAE A TR, A SR EE.

2.3.2. IR AIE BB B
— HE X T A R B, wa] DU EE /e
2 2D Hr 48 AT R AT IR T . 5 SCR[44,53] 7 $E H 0 B/
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n  Unfolding tree f Z w, f Z, w, F(x)
1 67, -1.83 05 2 -0.72 0.5 -2.55
@
R
2 7, -0.87 05 2 -0.72 0.5 -1.59
il
® R
3 77, -0.87 05 2 -0.72 05 -1.59
R
L J
4 7t, -0.87 05 2 -0.72 0.5 -1.59
R
5 8, 009 05 2 -0.72 0.5 -0.63
® R
6 8, 009 05 2 -0.72 05 -0.63
R
7 8, 009 05 2 -0.72 0.5 -0.63
R @
8 9z, 1.04 05 3 1.26 0.5 231
. 417
9 0 97, 1.04 05 3 126 05 231
R %
10 97, 1.04 05 3 126 05 231
R Pw !
97, 1.04 05 3 126 05 231

Py
®
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LR e D IRAR I, TR B BUEE A AT A 4 B 2 2D 47
YAT AT . X BT I ECEE AR e = B,
FEH AR . ik, AR T B B i B L A
R OREBTESNEBHL T ZTE LLSEAT S QREIZ IR
SE (4T B 05 BEAT AL 4T S . TP A AD AT EIIAZ
B AR 2 BB BE TUAT TR o 5 8 0 B B (%) ) 1) g 7
P, LSS,

B e A E AL, DUEFT B AR 25 A4 R % LLIE 2
77 2O RIS L. 5] F TR, AR T &
FRALHI K S 4D 4T ENGd #2404k 77 22 [33] i # J) 2
[40], I H A TEARACAZ AL RBEA 7= 1 2% Ph 8 e 45 44 JL AT T
W WMXZEEH[45]. =R G MR LT 4E g5 R [54]. X2
SER AR L 1S BB TLART TR IR B vt A& 1) = 2= 1 %
AHAIE, AT DORYE BAREOR IE B HAR R T % A TIR
WEHT T, PR A RS ORI RE Reb R
SR AN [ S AR s A [ B SR A [ ) 3
SR o

2.3.3. BUEE JUATAR Bt

BRI Bt 3 B T AR RN SR S LT TR, TR
HEMVE ] 2 BARBE AN 7 T SEDURE E 4T 8 1 5 R0 DL
R 7 X3 & . T2 R E G T &I O & AR
VAR, NT LB A MG, FEHAT IR &%
1B, ML ECBERIC N B8 — IS BE AN S 2R . w7
B, 31X P A S T () 5 0 5 0 A2 90° BT B KR 1
&, EATTHEEAAFE R RSN X EeE 2] DL
NI FEAE B ML AN T8 JLR TR (B AR K

N T RIREEIR, YR MR k. R
TP e BRI BB, AT DA R LA BN S Ak
O BRI e o AR LSRR B, AATRT A TER
BRI T Z RS B A BRE] . TR AT 2 e 5 S B
Azl R, B DA A A T X R R AL
#ile T GeZ5[39-401F1 Yuan Z5:[411HIWF 7, ENREMEE
EME (PAC) HAFEME MR, BATRICIZ
R, TSR AR AT Ao X Tk R 5T 3R
BV TR TR SR SR b, B LA LR AT LA
BBV — ALY BRI M, 48 f B v] Lodsd i
HEIT ) S IR T RO ED R S BOR . B & v] Lhd i
U AN [ B 1 2 e B ke Al o i T A JE RN 2% FE A
() 0 e B PR BB, AT DO AN BB s SRR LA T
Ko WK TFIR, SEBEEIRS) I ] GE IR 2 1 T Lh 4
BUREIRBN I BE DI AF 4. =I0EE N, G 1R 2 HAh i)
DL AL FEA TSR B, — XU R RICAZ A R R B ]



88

Rle

Optimal unfolding tree

Panel with defined thickness

First type hinge
o
Second type hinge

Two different hinge types

B 7. TR I R A it

W, XYL AR S v ok T BT RCR (551, B
T AT LUHR R ELAAR £ S P i DX I 2 T R AT T 3

2.4. ADHTED

UNRTRT IR, Dok b SR BT RIE L ) E T
3D/AD 1 Bl SR (1 BARE B S LA 8L . 8 58 2D Hr 4R 0
AR RIS, B IE R 4D 9T EHOR & SE Bl i 2 S5 K ]
RO BEAL, SEBUBUTIT B 53— R 7 Ao
SRERRI, RWFENE. Fit, X SR EER R
i E IR ADITEN T 58, T8 2 FPRHT ENSe B g L 72
SR I A1 B AR ORI Eh AT BN 2544, SRAS e 25 1) H AR E
SR LA .

2.4.1. BAKI 3D/AD 4T EI SR & SCAN S 77 2K

— N EEE 3D/4D 1 B SR ES AL HE BAR I JLATRR . #4
BE Ao BALEI AM AR o X 28 K R A R 58 ST
(), TRAH B . Rk, W RLERE AN EIE R AM T
R VT FE R T A5 SR b BT IR BE . W AL AN e A
Bl BT PAC & TR 4eXgamahit), A HG1E J ok 4 1 2
WRIVE N BB R B4R 4, X BT LLIE$¥ PolyJet 4
RIAT Z MR EDFTENFN S %

WK (@) Frn, BEETR e F AR AR 2 i i)
FANBEE W E R AR MR e — 2R AR 4o
(1, FH—ERalii g, BT IR &t AR 2 el
TEAR, B DL SeTi 2 F WA R it . S 2F4E, Hpk
FRIEE 5 AR Sl 2 B AR (FLX9860, AR
N Gray 60) . Agilus30Black Fl VeroWhite. FIT A3 i+ K} 4R
TR (Stratasys®, FEED. BAGEME T2 MMEE

Fibers

Pure matrix materials

(a) (b)

Firsttypehinges% ? j ‘ r ﬁ

Second type hinge

mE 8 (b) Fim. i —GMNEZHMEHTEINL (Objet
Connex 260, Stratasys®) SRSZHL 5/ F i, $TENIZE R
mEs () fine.

2.4.2. 3D FT EP &5 #4 (A Bk 5 S s

I3 — A A BRI AR AR R AT 28 5 A o 7
WL DLSRBR AT . R, g 1A BLEE A
[F8) FR) R AR T A (5] 8 L ART 22 ) Sk ST B0 DT 9 78 11 425 1)
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o aniE 8 (e Frow, BN RIS AL ik AT XU I 4 A0 4 4
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2k, L 3D RS 2D Fra8aT iR B F1 4D T
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o IR AL, R A OG5 T R G T T I SE
LR, (EATT RN, RAMSERIES (O 1554
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BB R T HERf AR . SE b, BRI AR P
BEWERIEN . BARLE ST R YT S LE,

Printed structure Hollow cube

() (d)
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K, R RIR N S B AL T o O & 51 i
NIRRT . 27T in i L, B, aifr
W BT IO RS T AN R . BTt i SR mg v]
DU AN R . SR T B TR A i s v, SR
T AR B SR N A o X B, DU TR )\ TR A
SENEBRE, TR E (LED) AT NE R
[ HL - Ie

WE9FR, fE3D LR, S TARh EISEAR R
fTREAE, 7T LA B HIG 1A A 2D HraRmT R i )« T RE
4%” (mountain fold), K HAR—%&/ERDIEIL. T
PR I FRTFAR, W8 1 1 P iR R 445 40 P el ke R
OXTRRI 2D il . 7E 2D TR ARSI, fRe kT
SR E (1 A IR R SR, DA T & OB /D
WIa, HTXEEA “RERDEREMEHEAE” X
LR, Hr2IT R E R FEEERALED T . A T Fk
AR, IR P R A B, HAREEE
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[ ZZ AR, LEDATHRAN . v 7 3 R b il 41 2 1 1]
B BERE A BT A [E 0 T LT TR, it sl ) 2 FH s
[R5 AM T 2004 PRI,
NTEREZMATRENE, EADITEIS B, SEFHI2FHL
i, EFERIAF (PLA (ERFTEIMEL BT B 1
AR XUZ 45449 [43]. BCE FFF I PLA 4442 (Ulti-

Method High accuracy =~ Machine adaptable ~ Material adaptable ~ Completely hollow Completely closed Embedding available
Origami-based 4D printing x J J J x J
Powder bed processes [19] J x x x J x
Hollowing algorithm [27-28] J YV x J x
Multiaxis motion [29] J x J x J x

A ' l ’,”i“,
>3 o

ting DutpL

Heat

B 9. M L*E#I%WE’J%'L_ () Wk (b) J\Tmfk.
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Maker®, #1422 H 4% 2.85 mm, T,= 60 ~ 65 °C, Tgﬁi'é
MEHO SRS 1I3DFTENL (UltiMaker® 2+, Ulti-
Maker®, fif=%) #FHFhlEA SR FTE B % 2D
SERFTENSERE , e S — SRR AT AR . 7EIX LS

Heat

«d 2

Apply stimuli first

Apply stimuli second

Apply stimuli first

(a)
B 10. 72250 \HA TN LED TR RS : (a) BAMRBEERIERIEEH; (b) BASE—JOREAR A LEDAT RIS (o) BAH US54 .
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BORT ADFTENRF AR, W& A R R g &t
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T AR 2 HE, - RITE 4D AT ENRHR I 8 R g
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