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Characterization of 3D Printed Re-entrant Strips Using Shape Memory Thermoplastic
Polyurethane with Various Infill Density
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Abstract: This study proposes to develop a 3D printed re-entrant(RE) strip by shape memory thermoplastic poly-
urethane that can be deformed and recovered by thermal stimulation. The most suitable 3D printing infill density con-
dition and temperature condition during shape recovery for mechanical behavior were confirmed. As the poisson’s ratio
indicated, the higher the recovery temperature, the closer the poisson's ratio to zero and the better the auxetic properties.
After recovery testing for five minutes, it appeared that the shape recovery ratio was the highest at 70°C. The tem-
perature range when the shape recovery ratio appeared to be more than 90% was a recovery temperature of more than
50°C and 60°C when deformed under a constant load of 100 gf and 300 gf, respectively. This indicated that further defor-
mation occurred after maximum recovery when recovered at a temperature of 80°C, which is above the glass transition
temperature range. As for REstrip by infill density, a shape recovery properties of 100% was superior than 50%. Addi-
tionally, as the re-entrant structure exhibited a shape recovery ratio of more than 90%, and exhibited auxetic properties.
It was confirmed that the infill density condition of 100% and the temperature condition of 70°C are suitable for REstrips

for applying the actuator.
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et al, 2020; Xi et al, 2021). &
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al,, 2018). Simons et al.(2019)2] AFIXE
Z-g-st RE7-ZA|S TPU FeHHER 3D =g
g3l g5k Hrte 133IeH, Jung et al(2022a) 9]
TFAME ZE &o] &zl 7P AEs 2ElEs Yolr
2t sttt F(cap) ¥ RE FXAE H&3 ZEF(strip)
f8 R &t 23E 298] s, & Lﬂ 7H &2

&7k B4 Ao] Aadle] m2a

1=,

4715

3718 AP v, RETEAL A8 2EY 439 2712
wo] F7] £540) A AL %‘J%}%‘D}.

4 719 ZEA(shape memory polymers, SMP)= |4
A5 9.4d met F4 Ee B4 HSAE A g
R 350l 7hedt AR, A ArE v 22y
E(programmable) 22 HHE 7|2 o} 9% A=
A7, A7) A=, 2%, 9, #A4 §H Fol Utk 53] _%
A=l Whgsle SMPE 54 250 &, fg %]
transition temperature, T,)9} &8 =(melting temperature,
T, Atele]l 2=diellr F4 wist 9 3]& ifo] L€t
(Momeni et al., 2017; Wang et al, 2014). 53], AT E3 &

[
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2% (glass
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WS Sl A A7t 7hseh, He 2k

LA B3 WsP Thselal, AT e B@S 71
d7tad  E2]-$-d e (thermoplastic polyurethane, TPU)<

g 719] E7kAAd E2]-9-@Ek(shape memory thermoplastic

polyurethane, SMTPU)S. 2 7l'd5le] 283 A7} thegslA

=3 ATHAbrisham et al., 2020; Gorbunova et al., 2020;
Gu & Mather, 2012). 2ol AZES dZFoolg T Al
AME Azxst7] 98 SMTPUE A8-ahs A7 A E AL ¢
t}. Song et al(2015a, 2015b)914E TPUSH PLA(polylactic
acidyg @/dsteo] AFoolHE Axst] kol e o]
B 83 7%% BAE, Ji et al(2021) & TPUSF PLAS
A PES Azl Lz uEl A 3]Eo] 7Ess
olF TERAZ NLSACH, Xu et al2018014E TPUS}

PCL(polycaprolactone) ® MWCNTs(multi-wall carbon nano-

tubes)E TSI 70°C 2= ZAAM I& 7l 2% 73
A Zo||o]E] S 7|23l 53] Dong et al.(2021)914+= PLA/

TPU/CNT(carbon nano tube)s /sl FpHER A 2312

FDM F3 22 auxetic chiral 7-FAS S3H3l] 2nlE t)w}p
01*01] A g3lara} shdtk. ®3k 4D Z3IE FAY = SMTPU

g3te] theFst A7t FEAEA ik 4D Z-E-L 3D

% " AFEo] Ak wgh 222 BAolt S wstd

U= 7152 UW3th(Nugroho et al, 2021; Sadasivuni et
al., 2020; Valvez et al, 2021). Raasch et al.(2015)2] Ao

A= SMTPUE Alx F &§& HIF 7F(fused deposition

modeling, FDM)2.2 AZ-2- A|Z35t] &4 7] EAS F<l
31A3L, Villacres et al.(2020)2] AollX= SMTPUE thdsh

28 2702 3D ZAHS 1o w2 N 35 ENS &
213t} Kabir et al.(2020)2] ATl E smusmdal TEAE
Agsle] TPU 2 SMTPU ZEHIER &8 & 47| F7]

2 593 548 BAsien, Kablr and Lee(2020)2]

A= sinusoidal TFAE SMTPU Y’JE]—”* ER ¥ 3 U

E A& gxste] F 719 B9S g vt i

£ Aol x= SMTPU &A1& ﬂhokﬁl ol A&

Ay WEZAE NS A5 Tl itk o1& fg 7]
TPU & A8 AFEE 4HE FJoZ Axd 4K 4
7173 TPU HEHIES] 7|AA B4 E o5 ARE3] re-

entrant EHE2] XolFH|E FAE AFH(Kim & Lee, 2020),

TPU HEHIE 4% 2 2| §4 TPU ZHIE 259 3D =
A"ore] A8 7hsAdS ERIgE A (Jung et al, 2022b),

FDM 3D Z#E-E TPU HHIEE A3 A (Shin et al,

2022a; Shin et al, 2022b)5 33ttt TPU B RE +32A)|
= 83 M3 AFEE TPU SHE MR BRI E 7t

2 Ae H7EE M3 AF(Kim et al, 2021; Jung et al,

2021)7F e, 2k AJfSKabir et al.(2020) ' Kabir and

Lee(2020)2] AollX= SMTPUEARES sinusoidal 34| &
HEo] 4 719 BA4E g1 vk qdnh Ax] B Y Fof|o]E]
AZE I3 A8 AFZE A auxetic 7-FAE TPU &}

ot I oE HI
—‘_O’
o
H

y

—h (Kl mlm

é
1m_1

F

FORe (K

Yy 3y 7]9 TPU 3D ZEY Re-entrant ZEFS] 5% #4813

HEZ #|Z § CWPU(caster-oil-based waterborne polyurethane)
/graphene &0 2 FHSIS] 2EYQ] AME AR AT
(Choi et al,, 2022) 2 Jung et al.(2022a)°lM= &2t &
Fo &vle mAYe ARSI RE 72A| 2G| APIS
sielgt At odck. Egk 3D ZAY FA TS 913 Jung
et al2021)2] ATSNAE A7) e B A7) W )
o] ¢k EAJS AdTale] 297 2A¢ W 3D Ty A
b stk

ATAME G 719 TPUE AHBSIel 2= 45
3|5 7Fs3t RE 7324 JEHO AFofolE= 2
e Sk ik RE 2=ge A7) Us 2
50% 2 100%=Z 3D XY 3tk T3k, Z8¥E RE
He 100gf 3 300 gfe] sleo® Hoks vPS s
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REstrip AIZE 98 A|E+= SMTPU ZHE (SMP Techno-
logy Inc., Japan)& AF&3I%ith. SMTPU EetWlE= 27H
175 mmE 7™ A3 FodS ARg-sigict. rEg Hajdl

Ex f2 do] 2k 50-75°C WY 2 &8 2k 150-
175°C A 9JellA YERH o]= Fig. 19 YRR

2.2. Re-entrant 2AEg|o| mHd o 3D =&IE =A
Fig. 2= RE 2E¢9| 3D Rd& ¥ 3D ZY A9 o]

2nd

Endo. Exo.

0 50 100 150 200 250 300
Temperature (C)

Fig. 1. DSC curves of SMTPU filament.
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Table 1. Sample code of REstrip

Sample code Infill density(%) Constant load(gf)
REstrip- 50/100 100
REstrip- 50/300 %0 300
REstrip-100/100 100 100
REstrip-100/300 300

v E Yepd ZAolth RE #2419 3 whE @98 712 2
AR Aol 120x 120 mm'E AAEHL, AEHOE A%}
98 RE F2AZ 15702 o]0 2D 2d¥ % Fusion 360
(Autodesk Inc., USA)S &3] FAE Fosle F 120x
1784 x 2.0 mm’ Z7]2 3xpo 2 Rug 33 st A5

th 3D Rd#e] =¥E 93 Cubicreator v44 ZEI1H
(Cubicon Co. Ltd., Korea)® 2 g-code HdS A &
g 20e =2 2% 235°C, W= 2k e, YUY &5 50
mm/sec, A$7] e Zigzag, 47 BEE 50% 2 100%2
47319 RE 2EYL2 8§ 35 W2(Fused deposition
modeling, FDM)2] 3D ZZE{(Cubicon single plus, Cubicon
Co. Ltd., Korea)ollX 04 mm F7Z9 =22 UG &
Al 168 40x B EHE MF FAE < 4g0=2 3RIs
Aom, ME F== Table 19] eERATH

2.3 g@a 3l5 AlE =
A¢7] Y= REstrip®] 374 315 A1) /Mg=s Fig. 3

T +00 £0 @

GEeULE® ¥ FOUPE+mn o = o I

(c)

(d)

Fig. 2. 3D printing process image of REstrip; (a) 2D modeling, (b) .stl file, (c) g-code file, and (d) 3D printed REstrip.

- 12 x78 x2mm
- Infill density of
50, 100%

»

T

(b) STEP 2

(a) STEP 1

50 °C
- 10 min
- 100, 300 gf

40,50,60,70,80 °C

L?Tfig“"

- Cooling for 24h

[ (e IJ]

(c) STEP 3

Fig. 3. Scheme of shape recovery process of REstrip with various infill density.
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GAE 3D ZHEsle] RE 2EY dFdolEHE FH|5k= &
fe=]

o] =

Aolth. 23AE 124 WES EF AX7(WOF-155,
Daihan Scientific Co. Ltd., Korea)s /\]-Qﬁl*ﬁ 50°ColA 10
7+ et MEshke WAlolth Aaks
300 gfs Foste] Wdsiqict Fats
B el iﬂro}@lﬂ} 3= 29 *,E ﬁo*& 3|55}
= WAlelth ¥4 3E2 40°C, 50°C, 60°C, 70°C, 80°c 5
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2.4.1. EolH]

A-7] U=E REstrip AAE9] auxetic 54& &1starA},
FolFHIE S8t FokdHlE 58 35 Alfo] X1dy]
= Foto] Holxl FelM RE g @919 o

S A (DR ARttt @42 HAE 7zl (VCXU-
123M.K06, Gom, Germany)E GOM Snap 2D 2020(Gom,
Germany) Z2 130 AZAsle] #3193, Gom Correlate
2020(Gom, Germany) Z=Z 7oA S H3lsle] Q1519
th 278 91X Fig. 40 JERASITE
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Where, v: Poisson’s ratio
&: The average of transverse strain

&: The average of longitudinal stain

&} i <
golsigit. FA B 527 P 3 HFS 95 T
AZ Aol 194 AZ Zol9} vjwsle 2 2oz ALls)

e g3k 7]9) TPU 3D Z21Y Re-entrant JEFHS =4 #4815

(a) (h)

Fig. 5. Measurement position; (a) sample length of REstrip and (b) RE
structure.

R(%) = (e-¢, /&) x 100 @)

Where, R: Shape recovery ratio

g:the sample length at Step 1

&.: the recovery length at Step 3

gl iH—or7] U= REstrip AZ2] 8 38 & auxetic
el BEE S F 7hedl f171% RE 7=
101-2 sRleka, G4 35ES Vasisith. RE
A Y HBES 3% Age] 9RH 3] RE 7=
Al AolE 1971¢] RE 724 Aole} vlasiglon, 4 3)5
e AT 7 o] 54 9= Fig. 5o e

_30_1'

Rip(%0) = (&rp—é&, /&p) x 100 3)

Where, Rpg: Shape recovery ratio of RE structure
we: : the length of RE structure at Step 1
&.: the recovered length of RE structure at Step 3

3. &3 3 o

3.1. 97| Y=Y REstripe] ZoksH| SM

Table 2-52 A7) B= 2 3tz ¥E 7o e
REstrip?] 373 38 A52 302 D9E Yeor, Fig 6
A¢-7] U= REstrip2| i‘ﬂ%“ﬂ% YeRA ezolt), Eo}
FHE 1502714 102 991= s,

REstrip®] 34 38 A% A3 v 2T} REstrip-50
g REstrip-100 &5 38 2% 40°CollA= 4 38 750]
YA giskom) 318 2% 50°Col e 60%o] FA 3
71Ee] YEhd F 120% olFelle Ak YElkT BlE 2
T 60°CollAE 600 T4 3]Eale] 90% o]FE FAKEIITE
3 2% 70°C 2 80°ColX= 30% odellx B4 3l A
TS HolH 60x o|F FARIATE Eg HulkEs 20 JA
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Table 2. Shape recovery images of REstrip-50/100 with various infill densities applied various recovery temperature

REstrip-50/100

Recovery
temp. (°C) 40 50
Time (sec)

60 70 80

30

60

90

120

150

35 T 300gfz MPE AER G IEE olfdle
100 gf= AFE A8 AR A3 vehlie 2oz 29l
i3k,

olo] @ 3|5 Asel whE AEokdH] Aiks thEt Atk
S 257} 40°C1 A5 EokSHlE oF —gollA 8 Alole] H
PR rel 7P AR S0l HA] X3l auxetic 5] U
B edotth. Z18u REstip-50/1009] 73 80% ©]F,
REstrip-50/300 130%, REstrip-100/100-& 130%, REstrip-
100/3002 150% o] —1°14 1 Aele] Wel= vehes 2o
2 slsiglnh. 315 2=7F 50°Ce] A Eokgle oF -5
A5 Atole] H91E UERH S, REstrip-50/1009] 739~ 60,

REstrip-50/300-2 403, REstrip-100/100-2 03, REstrip-100/
3008 603 o]Fox —0.79014 7 Alole] WMYE Zro] £Hs}
Atk 60°Cet 70°CY ASol= oF 5014 5 Alole] YR
eRgth 28y BE AEo] 30% o]Fol #hel 05914 0.5
ool z+e Uelth 53], 80T A$ollE —1014 1 Aol
o] HSlelA EolpH] Fo 2 YeRt 7P auxetic 5/30]
e, 30% o]F —0.20014 0.2 o9 #e 7K e Ao

2 Uehte Zlog ISy, 88 e5rt 1 58 A7
o F7VAFE, FE AT ol 29 GelA] Jo| ghoz 37}

5 0504 05 Alle] Mol ergEel Fe) fAHE 7
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Table 3. Shape recovery images of REstrip-50/300 with various infill densities applied various recovery temperature

REstrip-50/300

Recovery
temp. (°C) 40 50 60 70 80
Time (sec)
0
30
p o
60 1
)
Xa
90 "l,_v(
120
150
A auxetic S4E Hole AFoR velth Hsks =49 3.2. X7| UEH REstipe| Y 3|58
EOREHE 100 gf HFSH AR A4 1002 ovf B 300 Table 62 5E2F 35 A 94 35 542 vehd solH,
g M AI50] A 140 olel|A] Zolgu] Fho] -19] Fig. 72 3% 31555 vehd ok
A1 Abele] W9 E vERt mEb, 100 gfe M AR R 3E A 5o A Aole, 40°CellM 80°CE 3)E
7t 300 gfe WP AFHG F2 Al auxetic S8 W 2&=7F S7HEE, Al97] 2= 50% =9l 73, REstrip-

Elll= Aoz RIS 50/100 44.0+0.0 mm, 39.5+0.7mm, 37.5+0.7 mm, 37.0
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Table 4. Shape recovery images of REstrip-100/100 with various infill densities applied various recovery temperature

REstrip-100/100

Recovery
temp. (°C) 40 50
Time (sec)

60 70 80

30

60

90

120

150

£0.0mm, 38.0+0.0mm, REstrip-50/300-> 62.5+2.1 mm, 42.0
+42mm, 38.5+£0.7mm, 37.5+0.7mm, 38.0+ 14 mmZ 3
EXArh oo R AMEo A7l EETF 100%S] A5
REstrip-100/100-&  REstrip-50/100% 52 3}A 44.0+ 0.0 mm,
39.5+0.7mm, 37.5+£0.7mm, 37.0+0.0 mm, 38.0+ 1.4 mm=
3 E 5210, REstrip-100/300 57.5+0.7mm, 42.5+0.7 mm,
37.5+£0.7mm, 37.5+£0.7mm, 37.5£0.7 mmSZ 3JEF 3}
A¢7] D=9 REstrip 557 S8A1E & 358 AF Zo]
= BF 70°CAA 7FE 2 A= RIS

slEE Zole] ¥ FEES A97] EE 50% 2 100%
2% 3% 100 gf=2 HE REstrip-50/100 2 REstrip-100/
1000] A3, 77.8%, 90.3%, 95.8%, 97.2%, 944%= L}t

elutth 435 300gf2 MPE REstrip-50/3002  26.4%,
83.3%, 93.1%, 95.8%, 94.4% 2 REstrip-100/3002 40.3%,
81.9%, 94.4%, 95.8%, 95.8%= UEFNITE uwletr, x¢7] U
= 9 REstrip 38 227} 712 Solshe AEgS 1
Kow, B g suEe] 35 &= 70°CelM 7FE st
Al delttt F4 3JEEL 100 gf2 A HIAT B

H 2w 50°C o]iollA, 300 gfE AslE W A9 3u &
T 60°C odellA 90% ol B slEEo] UEht 19 4
o9} FARIA FEo] 7Fsek A oR SIS ). et FakE
100 gf2 W 39, A9 2 @ AFe] & 852
2ol & JEPNA] AN, A3 300gf= HIFT A
REstrip-100/3000] REstrip-50/3005.th T =& 3285 e}
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Table 5. Shape recovery images of REstrip-100/300 with various infill densities applied various recovery temperature
REstrip-100/300

Recovery
temp. (°C) 40 50 60 70 80
Time (sec)

30

60

90

120

150

prL= ?‘fé*@%g% 70°Col A 71 <=3 Aoz el HtH(Drobny, 2014). 22 80°CE SMTPUS] g o] &
TPU= frE] o] 258 &8k Alole] 228 718 249 T 937k Yehues &5 W9 50-75°C o422 REstrip2

ATE ATWE Byt ope) = ATHE Fow wbAgst  Hmr) dolA, 58 S|EAIZE Bt REstipe] Lol7k A 3
(semi-crystalline) AJEl7} FlB22 AP o] 71a3lH, sl = 2 3 o} WyE Aoz FolEr)
7t

el 2E7F S7tErE o AR SEE golsiAAl
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Poisson's ratio (v)

-10 Il L L 1
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(a)
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50 C
60 C
—+— 70T
~—+-807T
x
iel
.‘é \‘\o\<
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c
o
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©
o
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—+— 40T
50 C
60 C
—— 70T
. N
5L 80 C

Poisson's ratio (v)

_10 A 1 " 1 n 1 I 1
60 90 120

Time (sec)

(b)

150

—+—40°C
* 50T
60 C

Poisson's ratio (v)

-10 L 1 I 1 L 1 L [l L
0 30 60 90 120 150
Time (sec)
(d)

Fig. 6. Poisson’s ratio of REstrip with various infill density; (a) REstrip-50/100, (b) REstrip-50/300, (c) REstrip-100/100, and (d) REstrip-100/300.

olcHy
=21r=

3.3. 7| REstrip2| re-entrant 7= &4t S|SE
Re-entrant T3249] §4 3|8 5442 587 3] & o
9le] Aol Wsls Sl FIBIGITE Table 72 & AlH
34 3&5E RE 7+2A9 oA E yERA FolH, Fig. 8
2} BlEEe] Tefjzolnt.

REstrip 1941¢] RE 724 120 mmz 2% 5Us 2
o1g9tl. Al WEE 29419l RE A= A$7]
50% AZ9] 7%, REstrip-50/100 2 REstrip-50/3000] Z
150£00mm 2 220+ 0.0 mm= HIFHJ M, 2]$7]
100% ME% AT 73O Z, REstrip-100/100 2 REstrip-
100/300°] Z+zF 15.0£00mm % 220+ 0.0 mm=Z HIH A
< RISkt

3AOA RE F3A|2] o), 40°ColA] 80°CE 3]&E 2

4
3

fo i

ot oftt
N =
LR

=)
o

Tt VRS, A9 UE 50%2] REstrip-50/1002] 7%
15.0+£0.0mm, 13.0+£0.0mm, 13.0+0.0 mm, 12.5+0.7 mm,
12.5+0.0mm, REstrip-50/300 20.5+0.7mm, 15.5+0.7 mm,
13.0£0.0mm, 12.8+0.4mm, 12.8+ 04 mm=Z 3|E=A. o
Soz AEe) A$-7] W=7t 100%S] REstrip-100/1002 15.3
+04mm, 13.0+£0.0mm, 128 +04 mm, 12.5+0.0 mm, 13.3
+04mmz 3] EEYOH, REstrip-100/300S 19.3+ 0.4 mm,
13.8+£04mm, 128+04mm, 123+04mm, 12.8+0.3 mm
o= 35T} UA A7) D=E REstripS] 587 3154
Y T & AE ol FUs AHeFo g wF 70°ColA 7}
Z #e Aow eyt

°|& 19719 RE FxA¢ 34 JEES AL 432,
3E 257} 57182 REstrip-50/1002 75.0-93.8%, REstrip-
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Table 6. Sample images of shape recovered REstrip with various infill densities
Stepl Step3
Sample REstrip-50 REstrip-50/100
Recovery temp. (°C) RT 40 50 60 70 80

Images
b |
Length (mm) 36.0+0.0 37.5+0.7 38.0+0.0
Sample REstrip-50 REstrip-50/300
Recovery temp. (°C) R.T 60 80

Images
Length (mm) 62.5+2.1 42.0+4.2 38.5+0.7 37.5+0.7 380+14
Sample REstrip-50 REstrip-50/300
Recovery temp. (°C) R.T 40 50 60 70 80

Images

Length (mm)

37.5+0.7

Sample

REstrip-100/100

Recovery temp. (°C)

Images
Length (mm) 36.0+0.0 57.5+0.7 425+0.7 38.0+1.4 37.5+0.7 37.5+0.7
100 |- @  REstrip- 50/100 100 |- ®  REstrip- 50/100
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Table 7. Sample images of shape recovered REstrip with various infill densities
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