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4D Printing Materials for Soft Robots

Sunhee Lee'

Dept. Fashion Design, Dong-A University, Busan, Korea

Abstract : This paper aims to investigate 4D printing materials for soft robots. 4D printing is a targeted evolution of the 3D
printed structure in shape, property, and functionality. It is capable of self-assembly, multi-functionality, and self-repair. In addi-
tion, it is time-dependent, printer-independent, and predictable. The shape-shifting behaviors considered in 4D printing include
folding, bending, twisting, linear or nonlinear expansion/contraction, surface curling, and generating surface topographical fea-
tures. The shapes can shift from 1D to 1D, 1D to 2D, 2D to 2D, 1D to 3D, 2D to 3D, and 3D to 3D. In the 4D printing auxetic
structure, the kinetiX is a cellular-based material design composed of rigid plates and elastic hinges. In pneumatic auxetics
based on the kirigami structure, an inverse optimization method for designing and fabricating morphs three-dimensional
shapes out of patterns laid out flat. When 4D printing material is molded into a deformable 3D structure, it can be applied to
the exoskeleton material of soft robots such as upper and lower limbs, fingers, hands, toes, and feet. Research on 4D printing
materials for soft robots is essential in developing smart clothing for healthcare in the textile and fashion industry.

Key words: 4D printing (4D 323 ), shape-shifting behavior (/] 71%), various dimensional shape-shifting (X1
H 3Jo]E), hinge auxetic structure (31X o] ZA|E F-2A)), phneumatic auxetic structure(3H4] o] LAY F32A))
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TH(Hao et al,, 2022; Lee, 2022).

2okollA @7E= 4D
FE 59 9 A= 2ol o) 3D =Y
w} 228 St FAE HelE ¢ Al
o .}‘:]-(Momem et al, 2017; Kuang et al,

L 2021). 4D Y 7)&S o) g, A=

HE X]- M;ﬂg 3;]._, Tz
A AFe HH2
]'7ﬂ A-gete 55A
80 2= o] 1AY A (auxetic structure)ol] e A7
3?:_L‘3‘71'5}E‘r(Dorsey et al, 2022; Eguchi et al, 2022; Ou et al.,
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2018, Papadopoulou et al., 2017; Ren et al, 2018; Wagner
et al., 2017).

4D ZHY A= 2700 4D ZHH =3D ZEH + AIZhe
2 AoEglon, 3p =AY Pxel W), $4 Tk e
A7ke] gl me} Wrde] sPseta 4Egnt. 4D 2
q 7|ze4E 3D =Y 837 3D printing facility), A=A

(stimulus), A=l WH-8l= A F(smart or stimulus- responsive
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material), *3 &2 F-Z(interaction mechanism), 83 R
% (mathematical modeling)® 2 & 4= St} 4D ZHES
B84 AqUAE F3 AA ZH(self-assembly), AT+
(reconfiguration) % &4 (replicationys 913 725 &3
T UE NE2L 38§ FolE /MAHsk= Aol 4D ="
zZ9o ZAH $8& A7t FE(selfrepair), T %5 (multi-
functionality), AH] ¥ Eolg s 4 itk A4 29 99
2 e RN 95 R E§ 7heeh, S 8EokEe
OEE, 5 AT 2o otk Wis 9ol e A R &
TS Asd A3 sl o5 1714 Alzde] HaskA] &
= Aol EAoltt. A7t 7] woke AAME B AEET) HE
gt A oS 7HAH, At A Stolz gl 2Pt A
sto|l=2 o2 8% 4 Utk o] o 4D Y A9
3/} W3} 75 (Shape-shifting behaviors)(Hager et al., 2015;
Lauff et al., 2014; Liu et al, 2016; Peraza-Hernandez et
al, 2014; Ryu et al, 2012; Sun & Huang, 2010; Therien-Aubin
et al., 2013; Wang & Zhao, 2014; Xie, 2010; Yu et al, 2012;
Zhou et al., 2015; Zhou et al, 2016)7} 2%} HF%= ZHol
wel 2R Fgols A A0 thdt B (Bakarich et
al., 2015; Ge et al., 2014; Jamal et al, 2013; Kokkinis et
al., 2015; Kuksenok & Balazs., 2016; Mao et al., 2015; Mutlu
et al, 2015; Raviv et al, 2012; Sydney Gladman et al, 2016;
Tibbits et al., 2014; Tibbits, 2014; Villar et al., 2013; Wu et
al, 2016; Yu et al, 2015; Zhang et al, 2016)7} Tl Z18i=
=4

4D Y o]2A|E A (auxetic structurey= NPR(negative
poisson’s ratio)S YWEME 7IAIA wWE EF IFo|th
(Papadopoulou et al., 2017; Bertoldi et al., 2017; Kolken &
Zadpoor, 2017). 71&2] A5}t &g o]2AE ARE ¢ W
o2 gAY 22 UdEH, gAY Z2 FANAH, &
8] 74 ko R o FAYAAY B U golxith. #Hz9
oAaAY EHo] A olF B At oA 54
e E29] FES 124 UARlE HAFArhBertoldi et
al, 2017; Kolken & Zadpoor, 2017). 7| W= NPRS
B3k A Qole oA AlE+= At A8k (shear resistance)
(Choi & Lakes 1, 1992), &} A 3H(indentation resistance)(Lake
& Elmas, 1993) % 33 <14(fracture toughness)(Choi &
Lakes, 1996)7 7+ T2 € 71414 EA4E et &
gt &% H %% & 5d(sound and vibration absorption
properties)®] SFETHChen & Lakes, 1996). o]ZAEY F+Z&
I Fx7F HW = (planar shrinking)g @] WIS 4= =
7158 Alwske A mi7NHS(design parameters)’t T}, ©]
Hot AZ2e A 742 AF7t g EY W (parametric) S
2 FH O = (spatially) HIER]L(twist) T T(bend) U&=
Zlo]th. Wang et al.2014)9] A= W8 7Hss A8 A7
k= 9l €Ed 227k - (origami structure)?] 478H4
I Y= (mathematical framework)E AAIAT}. ©] ZFF oA

oX,

I~

BE Wof tikst Wy AEE ZH3 shte] DoFE Algk==
A4 718k FZ(linkage-based structure)E AAISFL Ut A=
E

258 vARIe] 4]l A3 (light weight) 9173
(flexible) ZHoA & o, | ZAE FRAE AZE 2HO] §
A% BAE skt 4 2amA FeAe] FAEAL Q)
UH(Pinskier & Howard, 2022).

B JoMe AZE 2XE 4D ZE A9} ojaAE T
ZA gk A S ik A, 4D " A<
B4 Wst ASS B dsket 71 a4, olF, A, T
T Y 2 HYH H, BUAPER 2] Gobr
deh A A Fols el wE 543 4ol dial
dotuokth. AlA|, 4D ZY WElrRA] F A FRAE 4
&3 KinteX o} 7]2)7h] F2AIE 71202 3 FUF o2
g FxAL] A, 8 34 2 =5 Loprsith

i3

2. 4D =Y Ax{o| s HE

(Shape-shifting behaviors)

4D =Y el FF ol 7w

A3 (folding), =3
(bending), 219 (twisting), HE 22 W]

[kl

o,

©
A8 gd/4= (linear or
nonlinear expansion/contraction), ¥ & ¥ (surface curling) 2
7 X AH EAJ2] AAY (generation of surface topographical
featuresyS 3},

olgst > FH(wrinkle or crease), A ZHF (buckle)
T2 TAAZIT o] S dAkdeA IR (1D-1D), YA}
ellA ©]211(1D-2D), ©|XFelA] o] 3 (2D-2D), U=FAlA
2R (1D-3D), o1xFellA] A (2D-3D), A=FdelA] Ak
(3D-3D)o.2 WYt} Akl Aol wet 1DeA 1DE B
Fo] Wshs &= 4DZHUY FEE IFEght o) o] Fx
7} A 3D ZHOE ZHE tE A7kl Agol ujet Wy
o] =7] wjio|t}. 4D ZHUHA FolE FHS v 2
o] ekt

2.1. galsiel Al AX| (Shape-changing vs. shape-
memory materials)

P4zt E4E A5S 7het A5l Fevt v A=)
AAEH SA| G740 Fe2 Bophs oz Gogd & 3l
th(Zhou et al., 2016). o]#{3 WL A¥ F3] 3 (linear
volume expansion) 2 <=Z(shrinkage)?} 7+& T3k ofF 7]
3}8}(affine geometry) &2 A|THET} oldl 7|}k Ad, W
o], Zt& AQg vRel| ot ¥sH] %= HEE 2= A
}

Els
W P71 2A7E /A= F2d719 2 F(shape-memory
effect, SMEy= 5 ©AIS £ Sun & Huang, 2010; Zhou
et al, 2015, Zhou & Sheiko., 2016). 1HAlE T2 7%
Podelr] APA T FHY UA] B/ (metastable temporary
shape)0 2 FAeh= X2 WAlo|X, 2@ A= AEe &}
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o
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Reprogramming

Stimulus required Stimulus
One-way i J e“". A %
SME
Stimulus on
Two-way @ /_\ No reprogramming
SME \/ required

Stimulus off

Fig. 1. Illustration of the difference between one-way and two-way
shape memory materials(Hager et al., 2015).

o= Y FH=E EFsks @Alolth

wabx, 719 e AEe A=l Fold w7kR] dAA
o7 RS 8T S T, FANE A= FAS 4T
T itk 71 EAE diEF 43719441 (One-way shape
memory materials)®} FW3F & A}7] ] AR (Two-way shape
memory materials)E T-EE 7 Utk GHEF P71 4A= Y
7t Aot} deff e FuE T AR GAE dAEA
FFOoRE WS sfofsitt. o] ZAle 71FR] e R I

22 0|5, &F, cfs 8271 S3}(Dual, triple, and multi
shape memory effects)

71 A A=FHEA| F (stimulusresponsive materials)E
EH738 4= 2tk Hager et al. 20152 7194 9+ 2
AAH G Atele] Wyo] TAEk= Aol o8, G740 B
He 1o Eal Zejsidint. o] F 3371944 (dual-SME
materials)= 3P+e] 9+ 3 J(permanant shape)s} 3lL}e] <
Al &2 (temporary shape)yS EFsle WhH, A5 FA7|o A
(triple-SME mataerialsy= 3pte] F7-343 7 7o) A &
Fe et AR, o 974719 Al(multin)-SME
material)= 3Pt G+ BT (n-1)2] FA B et
s 4719 2A0E Sun et al(2010), Xie (2010), Yu et al.
(2012), Thérien-Aubin et al.(2013), Li et al.(2016)2] Aol
A1 2= et

| Triple SME

| DualSME |

_______ B

Fig. 2. Illustration of dual and triple SME(Hager et al. 2015), where A

is the permanent shape.
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2.3. ™M&lat 28 (Folding vs. bending)

A =8 ATl Aol vEs T 3 e 2
I AAE HFA 9, H3E F2 P9 (narrow hinge area)
HollA 2Agste] of2]dt Zh(sharp angle)?t HHATH =A<
W o|tHRyu et al, 2012; Peraza-Hernandez et al., 2014).
ol gl 2Rl H3Fol A= o] wilo]l WAIITHLiu et al,
2016). =, WS ExE FE ] Ja, HIS o F
2 othLauff et al., 2014). ©122 Fig. 30 JehAATH

& (Surface topography)
HHAoA BHe| S5 HE VRl Zlelth
HAE A0 e FE(wrinkling 3-& creasing)ﬂ} vEY
(buckling)yS X3Felth(Fig. 4). ol#eh T3 HEY e
EAe dutron gt ak ZolA ‘i‘—i‘ﬂf&% Ao,
Wang# Zhao= ©l&gh W ¥ wslaS Aoz A
T3t Maxwell SH4 7] (Maxwell stability criterion)
of 71wkek H WS Bl olEg 715 ohd /3l Al

2 gl s 5 5 ok

o
rlo

_11}1‘

&

3. X SMo|S 7& (Dimensional shape-shifting types)
3.1, 1XHA0IM Cixtee 29| Ealo|E
Table 12 124014 TR0 FAgol5S

Lo

Folding Bending

ID-1D &%

2D Plane

v 7 \|_

Bending Folding

Fig. 3. The difference between folding and bending(Liu et al., 2016).
a) ﬁ - _
]
!

Fig. 4. Surface topography; (a) types of wrinkling, creasing, and
buckling and (b) SEM images(Liu et al., 2016).
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Table 1. The illustration of 1D-to-nD shape-shifting types

Type [llustration

Summary

—_— o e = =

(a) 1D-to-1D

(Tt )

((EARATTAAR )
/]
(s
i
:
i
] ]
(1M
(1M
(1M
(1IN
(1Hm
(1Hm
(mnm

= 1D-to-1D shape-shifting by linear expansion/
§ contraction adapted from(Raviv et al., 2012)
E

expansion N

raming Ste | Recovery Step
/contraction s

9]

:O:

L

%{2

1D-to-1D shape-shifting by linear expansion/
contraction adapted from(Yu et al., 2015)

Final Recovered

Tnitial Shape nmm-kg Second nmkmnnd
Shape  Programing Shape Shape Shape at t,y=15mi
— e P A - -y
<% NS . B
1D-to-2D shape-shifting by self-folding(Tibbits,

(b
1D-to-2D folding
/bending

2014).

1D-to-2D sinusoidal shape-shifting by self-
bending(Tibbits et al. 2014).

(c) 1D-to-3D folding

Transformation of 1D strand to 3D wireframe cube by
self-folding (Tibbits, 2014).

,l/// Two rigid discs to tune the final folding angle for the
‘ \\\ above structure(Tibbits, 2014).

/%, 1D2D F/3/ZE, 1D-3D F3(1D-to-3D folding) > &
TSt gk Aol

3.1.1. ID-1D #%/4*% (1D-to-1D expansion/contraction)
Raviv et al.(2014)¢} Yu et al.(2015)= 4D =g FAHS

53 1DAIA 1D29] A¥ WA/4ES AAS v QITh Table
1(2)2] TS Raviv et al.(2014)2] 972, AFES FHol,
4D =AY FxA= SHS T 2TF (rigid discs)F &4 3tol
=24 Z(active hydrogelsy2 o w|g3k Zlo|t}. o] FxA)
£ B g4, sle|l=2d & B8E Ao, dddt o




3Ze H¥gle]l aE X2 Aol HFA stol=2AF
(expandable hydrogels) 3 Tdst Tj2~359] vl&S TS
2H, O 2= 87 AT dolE A¥ Y ol AT
(linear shape-shifting behavior)2 ¥ 4= It} Table 1(a)

Sl UERD Yu et al.2015)2] A7ollME AFES €S 7 1
Hto 2 1D-1D W45 A ST A=l oJgt A

BolE e F7NFNE EE F Utk 7N %8% 3

24719 A2F- A} (thermoresponsive shape memory polymers(SMP)
L RE Zagyuy 3u g S zateic)

3.12. 1D-2D H3¥ /43 (1D-to-2D folding/bending)

Table 1(b) 5] Tibbits(2014) AT = B0 =52
FE3} nEYoz Qg "MIT" Fej7} HEE A5 ¥y
AASFATE. 73 F-(rigid)2t E/3F-(active) —4 T 7K F34]
ARE AMSIE, ST slol=24S AMEsl] = 3
AERE W AEEE v, ARE B S4EA o= Al

£ ARSI o] AR F4E9 Aele AR Y
& X](stress mismatch)E |33t A 2ol 54 wak
(specific direction)2 2 HFT = J=E s}, o] = U9
71—&‘]‘:‘9,]- E]—/H‘:‘ ZHE-/] *r] ]9,]- -‘-f‘—,l.]“‘ ok3) ?_%]/\PO]E- H}sE
o2 olgd & AUEF AAY 4 AUtk Table 1(b) dhe]
Tibbits et al.(2014)2] ATl = 27| T;L o] 23+ 1D-2D A}
Q198 ¥ dols(1D-to-2D sinusoidal shape-shifting) & L}E]r
WSl o] 2= 73 84 E4S w2 wgst A8 =
Ey Fxot}. o] Fxe = 7 ARl Bgo = Wy
g glor, A7 H§3 wWFAYE(self-bending mechanism)
2= 1D-2D B4 oI55 Helth

oml

3.13. 1D-3D A3 (1D-to-3D folding)

Tibbits(2014)2] AAlM= 271 3ol 23k 1D-3D M3
7S YJeER 2L Qlek o] 1D3D H3 72 7} 9jolo] =y
o] A TFZ(wireframe hinge)oll 2|3 Ao, F 7je] whek
gk t)2TFo] sto|=2A4F <t WAEe] i, o= F A
o] Teet 71eh(rigid strands)Q 2 A= o] Ut o] F <]
Gk t2ae 2 4 o]52 = (maximum degree
of free shape-shifting)s A|et 4= Ut} A& EWH, F 715
o] WS 90°0lx] HFA st AMRA BYS THEX, T 7Y
o] Tt taas o] HIFX MR HESEF ﬂu}, o]
o u

u F7449 FYe B2 & ek

3.2 2xlelollM Clxtelo=o| Salo|S

Table 2= 2xHIelA TRk 0.2 9] §itol5-S 2D-2D H3,
2D-3D WA ALY AR ARAG s E I ALY T2
= ?—v—o]—&] 7<4ﬂ€§_} 40]1—4_‘

l

3.2.1. 2D-2D #3¥ (2D-to-2D bending)
Table 2(a)= 2D-2D H38S YeERA Zolth Villar et al.

RTE ZHE 4D Z2E 27 671

(2013)& 4D Hlo| S _ﬁ_L A (droplet) UIEHZol|A 2Do
S ARSIt 4D Hvlol 9 Y oA
Efas FEe QHQEE Fe7F 2x2H a9 3E B4
T A¥om pRYo] 7 Zlolrt. olEd Pl AFe
o] AHEQF z}o](differences in osmolarity of the droplets)
£ 7ukeE gt ARl & e Hfear, o v At
=

X0 oz
3T 1T
e %f‘f‘zﬁ:}. olelsh Bae AHESE Tl (osmolarity
]_

3.2.2. 2D—3D 3 (2D-to-3D bending)

Table 2(by= 2D-3D #38 750l thek A}a%l% Ak Blo|
ok WA Wu et al 2016y 2D-3D #3 AES 53 /i
(active trestle), 553 U413 (active helix shape), 5%
E(active wave shape), 2=FIE 258 (smart insect-like structure),
ZrtE F3(smart hook) 5 ThEFEE FxA ol A-&-3151tt. ol
3 AL & AFHoR = Y Wy Zeads 285t
Zolt}. Table 2(c)e] HWHA AFE Zhang et al.(2016)2] <
T2, #2327y A 72 el 2DdA 3DE
o] 2K w§ S AT AE YERMIUTE o714 2DoA]
3DRS] A #3e @ A=2=2 JAols AsS 4T
ATk, Table 2(c)°] FHAE AT P71 %71 w7 F
A o]He] eFE FAPHA, ALRoA S ThskAY, A2
o2 yztsk PQart glo] 2D-3D ¥ AES YeERAT o
gt 4 ol AT =2 v EAS] QAT
(thermal expansion coefficients of the active and non-active
materials)e] zjolol| 2J&] 7153k Zlolt}, TS Table 2(c) FH
A I QE8E AR AR wiEY 9] 1A A= 7
4¥ 2D AEZ} 3D 7] FRAR A7) w3o] He Ao
HoFa ok 7+ A F2e shue] Y99 a9 Hakt
Fog o]Folx] Ut} o] FAelFEAT WAUSTE F =29
AR gAe] zelol] el WP = Aolrt. Table 2(c)ell= A
71230l 3 wole 22)710)d 23D WHL e A
AT}, Jamal et al.(2013) Z=2F8toll A1 sl @ W
FE ol &sIh o] Y ol S slol==AN P o]
% zpolol| oJal rhsatttal gk, wegh, RS e Ul
EYIr) o] ¥l 2 H¥EE 2D3D 2] #8 AsS o
ERf)7]= Sh=d, Villar et al.(2013)9] A HelA] A o] 4t
FF Fafel] oJa olelgt F4 WRE 7Fsskl stk

3.2.3. 2D-3D ¥ (2D-to-3D folding)

Table 2(dy= A7133) 2D-3D 4 o502 4HA gHA|
(truncated octahedron)S Y=t 7S yephd Zolt}h. Tibbits
(2014) 2 Tibbits et al.2014)IME F50A BEAS<]
E 7 9 2 247 &8 EYX ol 95 Fdolw AT
o] 713k Z1& FIEAT}. Ge et al(2013)2] AT E 2
27k Fe Wl 2D-3D H3 AsSS WERAL e, 227t
v w2 gt =, vjg)7]e] —Gé}é}’% 271 H3 AsoE Wy
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Table 2. The illustration of 2D-to-nD shape-shifting types

Type Illustration

Summary

(@
2D-to-2D bending

2D-t0-2D self-bending in which a rectangular
network transforms into a circle. Scale bar, 200
um(Villar et al., 2013).

Multi-shape memory effect from 2D to 3D by self-
bending in a smart trestle(Wu et al., 2016).

Multi-shape memory effect from 2D to 3D by self-
bending in an active helix shape(Wu et al., 2016).

(b) 2D-t0-3D bending

Multi-shape memory effect from 2D to 3D by self-
bending in an active wave shape(Wu et al., 2016).

Multi-shape memory effect from 2D to 3D by self-
bending in a smart insect-like structure(Wu et al.,
2016).

Multi-shape memory effect from 2D to 3D by self-
bending in a smart hook(Wu et al., 2016).




Table 2. Continued.

RTE ZHE 4D ZHE 23] 673

Type Illustration

Summary

Flower-like 4D structure. (a) The original flat sheet.

(b) The final flower-like structure. (c) A complex

structure created by tearing paper off of the flower-
like 3D structure(Zhang et al., 2016).

A 3D periodic structure created from a 2D sheet by
self-bending(Zhang et al., 2016).

(c) 2D-t0-3D bending

A bio-origami 2D pattern transforms into a 3D

pattern by self-bending: (a) Schematic illustration of

the self-folding of PEG bilayer. (b) A fluorescent

micrograph of a self-folded bilayer (Jamal et al.,
2013).

(a) The experiment related to 2D-to-3D self-bending

in which a flower-shaped network transforms into a

hollow sphere. Scale bar, 200 um (b) Simulation of
(a) (Villar et al., 2013).

3t & S HAFYLE v E Mao et al. (2015 &
A2 A1 4Y 203D el E A, o % E

f
Tr
s
ot
ox
3z
oft
_E
HI
i
o
o
i
—1)1
i

ol osf YL AE}.

3.2.4. 2D-3D L% (2D-to-3D twisting)
Table 2(e)= 2D-3D ZZ9Jol| oJa)] thefst o] Uit &

214 FH(helical structure)E WERH Zo]t}. Zhang et al.
(2016) H3lE fr=slr] fJal 54 A== HA/de] I3

32.5. 2D-3D #¥ ©¥ (2D-to-3D surface curling)

Table 2(ff= ¥ 2] o 203D ARIY W4 o) T
ZA|eF 79 Dol 9§ 2D-3D dlo] WY o]FS ek A
o|t}. Tibbits(2014) & Tibbits et al.2014)= oA 484
ARISFE S AT F e & 7FsE A5 T 2
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Table 2. Continued.

Type

Tllustration

Summary

(d) 2D-to-3D folding

4 -

2D to 3D shape-shifting by self-folding to make a
cube(Tibbits, 2014).

2D-to-3D self-folding to make a truncated
octahedron(Tibbits et al. , 2014).

Cooling
—_—

Coolin
=

A 2D-t0-3D alteration in which some origami

shapes, such as an origami box, pyramid, and

airplane can be generated by self-folding (Ge et al.,
2014)

2D to 3D shape-shifting with sequential self-
folding(Mao et al.,, 2015).




Table 2. Continued

Type [llustration Summary

a

Helical structures with different degrees of spiral by

(¢) 2D-t0-3D twisting 2D-10-3D twisting(Zhang et al., 2016).

An illustration of 2D-to-3D sinusoidal shape-shifting
by surface curling(Tibbits
et al., 2014)

-2
‘a
a'

Before Shape Transformation After Shape Transformation

An illustration of 2D-to-3D hair-like shape-shifting
by surface curling(Tibbits et al., 2014).

(f) 2D-to-3D surface

curling 2D-to-3D surface curling (Raviv et al., 2014).

(a)

An illustration of 2D-to-3D alteration in which a
= Foerintaming complex, non-uniform curvature sculpture is
achieved: (a) Schematic of a flat laminate. (b) The
final desired shape after the thermos-mechanical
experiment(Ge et al., 2013).

W Pure matrix material
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Table 2. Continued.

&
° An illustration of 2D-to-3D surface topographical

changes where mountains and valleys are created on
a flat surface(Tibbits et al., 2014).

(g) 2D-to-3D surface
topographical change

An illustration of 2D-to-3D shape-shifting with
surface topographical changes
(Tibbits et al., 2014).

2D-to-3D shape-shifting by the combination of
bending and twisting with complex flower
morphologies
(Gladman et al., 2016).

(h) 2D-t0-3D bending
and twisting

Various 2D-to-3D shape-shifting behavior
(Ge et al., 2013).




M M1 E(upper and lower segments of expandable
materials)’} XHNE )= T AR} FZ(surface grid structure)
£ AFBIAh o] 4 ol AT FEoA A 4 24
ANze] BEE zpolo) o) vehhs §8 BddoR 7Fset
T}, Raviv et al(2014y& ThFst 249 2D3D ¥H 2
FAE ERlg v st o] MAUEE AFe] AT zel
ofgt &8 Ewgoz A9y 4 gt ”]'X]m 2L Ge et
al.(2013)9] TR Bg3 2zto g o|Fojxl HHI A ET} B

Table 3. The illustration of 3D-to-nD shape-shifting types

RIEE ZHL 4D ZHE 23] 677

U FERYeT WA 203D WY BY WY o)
52 Uehd Zolth. o7l @4 o5 AT 9 24e)
=727} 5% W] G101 o8l B 4 3

[

O 2= 0]
= T M

G}

326. 2D-3D EH A3 W3} (2D-t0-3D surface topographical
change)

Table 2(gy= ®H APl w2 2D3D F4 olsS B

F= ARllelth A Wshs & Sollxe] AR xJol7t

Type Illustration

Summary

No swelling
Swelling

3D-to-3D self-bending in a bio-printed structure
(Kokkinis et al., 2015).

(a) 3D-to-3D bending

3D to 3D self-bending in a prosthetic finger (Mutlu
et al., 2015).

3D-to-3D shape-shifting by expansion and
contraction(Bakarich et al., 2015).

(b) 3D-to-3D linear/
nonlinear deformation

Global and local shrinkage and bending for 3D-to-
3D alterations by using two different
stimuli(Kuksenok & Balazs., 2016).
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Sl A4 Amsh 849 AR 98 Bagow Uehd
oL, Azke] R W AFol Wshe 4 ek 2% v

W A o|th(Tibbits et al., 2014).

32.7. 2D-3D #¥3 29 (2D-to-3D bending and twisting)

Table 2(hy= 53¢t £ FE7F k= 2D-3D w3+
&S U Zelty(Sydney Gladman et al, 2016).
AR EH 4D Z-E Z2A2ofA 0]83 4 It} o]
ol Ase &4 9 A EFY 55 HAT ol
UERdTh Table 2(h) aF¢ 292 thst 2D-3D w3@t
AsE RAFT YtKGe et al, 2013). ol 2k T2
I} 3E GAE A8 kAl 71 18 ol 88t
’} olF AEE YeliE Aol

K lo ot ° K
Soox il uo

£
off of m

i

3.3. 3xRIGIM CIXIEoZo| Halo|S
Table 3& 33k A Thapdo g o] A oSS 3D-3D =3
7} 3D-3D AYPMAY ATz F-Este] FeElgh Aol

I

3.3.1. 3D-3D #3 (3D-to-3D bending)

Table 3(ay= Hlole ZHYE F2A A 3D-3D F8 7
S HoFE Aoluk(Kokkinis et al., 2015). A 272 2
B WellA gal=Els AEe] 33 AsS, ok 189S Gt
A dEEEHE THE 9479] 3D-3D wE AES UERth

oL o

|

>

E

33.2. 3D-3D APM)HE As (3D-to-3D linear/nonlinear
deformation)

N‘
(6]

Table 3(by=3D-3D A& HES HolF= Zolt}. A 18
A Ve Fdols AT Wg 32 270lx] gk st
ol=2Ae] A AF AE TL FFo| s AL HAFE
o}, whA slgke] Tge 3D3D BIAE ARl Ay Fo 4

Aog d&o 3D3D #
T s

A w53 759 7sS HolF
A

RN

o
= 7
O

3 AL, LEHL 3D-3D MY

5 AT L

|

4. 4D =2IE o{ONE F=X|

A2 A=A gle oA A T A A A

= -
8 Ll
(a) (b) (c) (d) (e)

Fig. 5. Five fabricated unit of planar and spatial transformation. (a) the
basic unit; (b) planar transformation of uniform scaling; (c) planar
transformation of shearing; (d) spatial transformation of bending; (e)
spatial transformation of twisting(Ou et al., 2018).

£ 7)EOE 3= KinetiX 72A|(Ou et al, 2018)9} 712]7}
o FERAS R o FUY o2AY A (Eguchi et
al, 20228 2Nstaat @k, Zhzke] B, 3D =Y &3,
g AH 52 FAo = ol goFsiT)

4.1. 81X Q| KinetiX T=A|

S| w77 @ ] 2] M3 (single unit’s deformation)S
Aok WHE ZlsistA o R AW 4 AL, old WES
12] %3 (hinge foldability)} © DoF(degree of freedom)
KinetiX AlZHl9] 71Zo|t}. WY 7k 25 AAE o o]
H3 wi7fHFe] ES F7ER G2 f5) 3D Z™Ee
2 @Y DoFE fAIsHHA ol2lg B9= el deo|dE BE

AES NAFoR AL 4 ok

o (T

¢

4.1.1. @& (Single unit)
Fig. 5= %4

B gl 37 wgke] gl 3l deAE A 3

4.1.2. & &9 el o)A (Single unit tessellation)
M=12 A3k DoFE FAsHaA T Mg @918 o
q

Fig. 6. A 15 by 15 identical unit KinetiX panel can be fabricated by simple propagation. The piece exhibits the known auxetic effect. (a) Printed piece;

(b) After compression; (c) The hinge configuration(Ou et al., 2018).



(a) (b)

Fig. 7. An 8 by 8 gradient unit KinetiX panel. The hinges gradually shift their position from left to right. (a) Printed piece; (b) After compression; (c)

The hinge configuration.(Ou et al., 2018)

Fig. 62 @ &9 "HAdg ooz € Ul KinetiX 3d
< HoJFEr) 3R] X5 AT EY WAoo Akl 3
71221 M3 W3}(gradual change of the transformation)S Tt
g T 3k
Fig. 72 25 9 93004 9%z ddHes 725 Ue

ok, 7 gk e ® Hou 31 F2E Hdsted Wi/
7 wgk w9l Agdsliof gtk 2 o= F 7S frulol]
e FROA shte] WMol b shte] wFS v Wike
2 fEsh7] WEolth

©

s}

©

= +

) bending ~  twisting

e ) + -

g uniform ¥ bending

© scaling

o

uniform +twisting
scaling

4.13. ths &9 "HAd# o] (Multiple Units tessellation)

Fig. 8& KinetiXg& WeR Zolth. Kinetixe ¥W % 37
HES w5 SoldA SIEE, Ou et al(2018) F 712 A
2 T KinetiX ZXE Adste] 2 4 9 59 vyl
< ks AP sk APS 98 7 A |l 91X
(hinge in-plane position), ¥1%] A 3|4 (hinge in-plane rotation)
EE 3% H9) 3)A(hinge out-of-plane rotation)2] 1S th
£ 999 AR ¢ e rFse T uel HAgedE v

Att.

: + :
uniform shearing

scaling

Fig. 8 KinetiX transformable unit composite table. Spatial transformation includes bending and twisting. Planar transformation includes uniform scaling

and shearing(Ou et al., 2018).
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Table. 4. Prototypes of various 1D and 2D tessellations(Ou et al., 2018)

(@)

A 1D tessellation of spatial transformation of bending and twisting.

This tessellation creates a curling strip.

(b)

A 1D tessellation of spatial transformation of bending and basic
units.
This tessellation creates a bending strip.

©

A 1D tessellation of spatial transformation of twisting and basic
units.
This tessellation creates a twisting strip.

(d

A 2D tessellation of spatial transformation of bending and basic
units.
This tessellation creates a bending sheet.

©

A 2D tessellation of spatial transformation of bending and planar
transformation of shearing.
This tessellation creates a curling sheet.

Table 4= 2%+9] ©
23] e Aol %

Adgelde] 28 AlE Qo Zlolth

F e HE TE ©elE shte] aRl=
Alzgle] w2] gl ke XM Mz e HEks o
= 7 ok 299 "ol S THe s dske HEke B
at7] fef ol @9E Zes A9d s= Utk Ou et
al.(2018) ol gt HA oS olgslo] 5 Al MEH=
Nel IS AAste] YR, ofefjeh 22 RS BT
At

- 31X W] B + @

(Table 4(a))

< A 7o) B + A Wl RS AR 5 A A

(Table 4(b))

< A AW B+ A A RIS ARl WiEE A A

(Table 4(c))

)
s)

A SR8 AMle] 3 W A
(Table 4(d))

« A we] 3 + 3] vl HR1E ARSsie] 2R EE A

(Table 4(e))



4.14. ZAXHE &5l (Conformable helmet)

KinetiXe] Mg 24 7Fs/d2 BolF7] el Axn

AZ3L AAEES A SISt Table 5). WL &
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(2 HYFEE £ £ FolE
2 FHE 4 F U=

(3) KinetiX F4, Wlgd 4 2 712 {F4e B FAF +

Bl whe o 52 7
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o
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i

Table 5. Conformable helmet(Ou et al., 2018)

Zzz Ag3}
4) 3D 2d¥ SIS AlEeold Alzgel fHsial 3

(5) AgAoE AnE Ao we) AAS W
(©) #9] W2 B AR 27)9] 2ERE velo] A @
£ e Az

4.2 328 0JOXEl A=A (phnuematic auxetic structure)

42.1. 39% olzA9 ="

F=2 2271 (origami)7] 7H] (kirigami) TER S0 Foli
HIE Zke 2= QAo o7l AIFTE A, 307%E

Type Illustration

Summary

(a) KinetiX for helmet

A prototype of foldable helmet based on the structures of
KinetiX. (a) Simulation of the helmet folding; (b)
Fabricated helmet.

(b) Prototype

The helmet fit on a male styrofoam head.

Conventional
“Origami”

Conventional
“Kirigami”

Our Approach

Fig. 9. Three Different Approach of morphing (Eguchi et al, 2022).
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design)

Table 6= 34F ol—AlY Bd, 3D 2 EEF, I
g olzAE AE 5L He Rl

L
59
.H
&
o
Py
)
\r‘[’r
=
eyl
b
u
o
f
S
=
W
q 9

I
r
o
[
i
)

Eolt}. o] W 0.15mme] TPU #HEHCloF

FHLe 719Z ot} Table 6(by= TPU WHlow FAHH
D Zdy 2AYE MZo|t}l. TPU HWHHYRQS &9 2
Joll A

AN

2, Ay7)E2 Btk 500mm 2719 A,
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No Undulations Appeared

Little Undulations Appeared

Fig. 11 The extruded kirigami simulated model with no thickness does not deform as expected(Eguchi et al., 2022).

\
[

Fig. 12 Pneumatic Auxetics provides support when deflated and can be adapted to the scanned surface of the patient’s knee(Eguchi et al., 2022).
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Table 5. A work of morphing desingn, fabrication and applied(Eguchi et al., 2022)

Type [llustration

Summary

_—— TPU Membrane

/ s TPE Skeleton

(a) Morphing design

Vacuum

The 3D printed skeleton in TPE is sealed inside
a TPU membrane (right). When the air is
removed, it transforms into the target shape and
when the air is released, it returns to a flat
surface.

DEGATS
Ll AT
N

Release

0kPa
(b) 3D printed
phnematic structure

-42kPa
Actuate process of Pneumatic Auxetics

prototype.

(c) Design and
phnematic samples

From left to right: input design surface,
optimized linkage in folded state, data edited for
3D printing, actuated shell sample.
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AT ARCRYIEHESAIT)] AldeR srdATe
A Qg Wl F8E AU (NRF-2021R1A4A1022059).
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