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Abstract

Numerous studies have been conducted on colorimetric strain sensors, which can
detect and visualize the human motion in real time. However, achieving
quantification and easy manufacturing with high flexibility is still a great challenge.
Here, we develop an easily fabricated strain sensor embedded with linearly
aggregated colloidal gold nanoparticles on a thermoplastic polyurethane (TPU) film.
This strain sensor is highly flexible, quantitatively sensitive, and durable. When
tension is applied to the linearly aggregated colloidal gold nanoparticles embedded
in the TPU film, a plasmonic shift occurs due to a change in the distance of inter-
particles, which induces a color change in TPU film. The characteristics of the linear
gold nanoparticles and the strain sensor were identified using the UV-vis
spectroscopy, SEM, and TEM. Results show a significant color change at 300%
tensile strength and a durable strain response through repeated testing over 1000

cycles. In addition, the strain sensor attached to the finger shows a color change



by bending of the finger, indicating that the human body motion can be visualized.
The developed technology is expected to make a significant contribution in
deformation detection such as motion detection, human-machine interface, and soft

robotics.

Keywords : Strain sensor; Colorimetric; Self-powered; Polyurethane; Gold nanoparticle;

Plasmonic effect

- 10 -



=2 AE7

=

AllL 12

#1012

M ™
IE{ | O]

ol
—

o

F

—

Zteof et eiMel mFo HE Ztset Hofes EA
7

M e

oK = L|||
- 4w xS Wy &¢x® g 20T |+
T D S L Bl
R0 ol . - 4 X Bl £ O 5 = - - o o=
N T U R0 AP IR PTG
M _ ._|mﬂ 5 ol K K | _L ._.A._ _._._._ 20 ,.lnw % —_— 101 |_.__LI M._.M A_I
T <o S == R L Ly
5 . 2 S "EFErR T qumex o TETON
= ol © T W ur 0 & . R0 [ S~
1o, ol R T B o o — = A M - o 1o RO
o K = = = @ o T &t 5 o X T o
S = — H o ™ W o =r c O = afl
A N Tl 0 = 1of C_ K & 5 9 < =3 NI
w = 0 2 = S O R ©O o R
o o mw F M = Ol N 3 g © S & m <
0 OF 0 R0 B S 2 L ool ®
Kir 80 non g T E Ho o~ O W _ N
7o it L~ noF Ul od &3y ol
< 0T m_ye%m_.WWogoﬂ_.Tz)A_mo%%PH
op RO g 2@ < 18 R 3 < o U
e forl = 8RR Lo 2 g 8 < <l
[l o T g B LK B H > © s
_ ot © T3 2 K om )m_m_(amo__ml&%
AT Kk wl K KO 0 > E —_ e M J =
or ™ - 2 KM s 2 <0 K
Fo= | IH <0 W K = = T & S 0lJ =
<4 ol A =L S B w S — O fu o K
1 - M = o U © Kk T o £ 2 N
N 1l ~ I Mo = = © o =r N e)
T o0 o= oo%0 W5 T = S )
= o1 ™ H orl O 1o ) - o T ol 10
< . S KX of ¢4 € oF = § = oo X = X
ol U K oF KX = K o S ] 2 Y =2 = oA _MA &
> © - =, O N X0 — g 8 ot - TV K v
m ujJ o « od =1 [ - £ % = a S E o = S
u g o g g @ " % o < HoH Y E
I = Tomou oy Hom o B X T E
i D - ™ N U TR oz e M © ©
N M e . = oo on = KoM o = of E
m oo [} ol 5 © © < mn H o E ol o §
- <0 o LT KO = ofu S % > %
S 0 — & N m oo - ol S S
o M= K & . © N o Ik hd o 2= 2 X = =
T U =2 g S HpumEmlE T Sof @
— T o/ S I = 3 ol 5 sy T £ < e
N X o ° B T <ol 5 2 o
v ol wl Bl S o B g w8 T & - 8
fo- H & ¢ g s 2 & % ogF .- ol
T K 3 T 5 %e B a5 N T oau
g % ol N O w T F

-11 -



1o
Alm
2z
i}
2
X

84S LIEFLX|2E 3-demensional MAQ| O2{&nt 2|aTzym|

o
(lithography)E St S&et M &8 S 4ol o24Z0] TS| EXfetLt.

2 AFOAM-= Bis(p-sulfonatophenyl)phenylphosphine (BSPP)& 0|83l 2 Z0|
E & Lt gXtel 2 /WEES s AEHe MY S8 0|8 &8
X SSEA| 0| g FFHQl M Hot AEQl HME KNZESt= 2

o
.BSPP Z|ZIEE X|St=El 220|E Z Lt X0 NaCl =8N

o
r £ 1o
2 OF
o
I
|.|-
ro
Ral
10
olo
A
mjo
-~ 40
|.|-|
ot
oo >
2 o
>z 0
:rg T
1o R
of  yo
L] o 4O o o
ATk ot
o A H N

=
ALt 2 HFAX= thermoplastic polyurethane (TPU) EEIS

A=
AEHQ MME HESIYon ME|Ff Lix X} (SI0)E HIKsH M9
7 o

0t0
=
2
A
o 2
z
re oA
fot

g8 SIAIZCL oA MEet ~EQ HME =

—

g, @2 HAl gel H A=-grSol wE SEAIZIS LERICE Eot ROX[ALE &

-12 -



2.1 A 9 T2

otad E2R2E TPUEAZ KOLONAIS| KA-4802 ARESIRAL  fumed
silica nanoparticles (SNPs, 10~16 nm diameter)= EvonikAt2| aerosol 2002 ALE
S} ALt Gold(III) chloride trihydrate (HAUCl,), Bis(p-
sulfonatophenyl)phenylphosphine  dihydrate dipotassium salt  (BSPP), N,N-
Dimethylformamide (DMF)£ Sigma-AldrichAtO Al OS] HEo| A aPd ¢
O] AHE3}IRALCE Absolute ethanol Fisher Scientific AMOIAl FLOHSIY] HEZ o] HA|
Y Q10| AFEBIRACE Sodium citrate dihydrate= CHESIZ0A OS] HHE 9
YA oY 10| ALESIRALE Sodium chlorides OCI AMOA] FO§SIY B z=o| x|
g 910l ALESIRACE =2 AFLab ARQ| B-Roupl5E AESHY HZE 3% &

o
=5 AMESHALE

2.2, AyHH
2.2.1. E20|E J Ltk AUX} e/d U 2|ZHtE X

MY

2.2.1. 1. E20|E Z Ltk Yx}

ZE0|E F Lt YXt= kinetically controlled step-growth 282
RHLCEP Scheme. 1(a)dlM 2= HIQE 20| 2.2 mM sodium citrate ==

! g
£ 100 °CE 7tgst & mM HAuCl, =2 1 mlE Y10 MXAH LEts T

2.2
OICE &Uo| Mol F2Mo=z Hot T 7 Lk XS 2kt o ddE AXSH |
Qeh 90 C2 2EE HFE1D AEXMOZ 22 mM HAuCl, =24 1 miE H7tstA

2.2.1.1. 2|ZtE x|

Scheme. 1(b)0IA E= HiQt Z0| st EZ20|E F Lt YXE 25 CE A

ol & 1FZF| BSPP (0.2 mg/mi)E E7ISH0] 24A1Zt mbtE TIMSHRALCE

_|_

- 13 -



I
rot
|
»
(@]

0
D

3

(0]

N
S
prd
Q

@)
mjo
ot
N
rot
ikl
ot
MR
Hu
o
[m

= L= 2Atel XXl STO[ TYSHH, A[ZH0] X0 et

ou
I
|.|'
re
Ral
10
ol

O
ZO| BOLZEICE

2.2.3. M H3} TPU elastomer film H|Z

TPU H2S DMFO| 1:5 (w/w) HIB2 91 130 “COIM 2AIZHE O muksjof @He

S| ZQILETPU U0 490 M SV E E22R0|E 5 Ltk XS H7bota F
X

JbMoz S TPUZL Y| S0F £ ZITHA 60 CE &
TPU B2 teflon dish0l £0{ ZIE GIAIAO[EI)A 3027t FBAEIS
HIZASITE 7|=7F 7S TPU 8HS 63 °C QEO|A 24A|ZHEQH ZH3lE 7

SHCE SiO,7F ®7H=l TPU filme TPU o] F2FH| (1, 3 wt%)2 H 75t SCt.

rx
Of
_['_I_
ne
2
A

i
i

0

2.3. &

Ix

AlZH Aot 2 220|E & L UXIel MY SE 2 dynamic light scattering
spectroscopy (DLS, Malvern, nano-s90), scanning electron microscopy (SEM, JEOL,
JSM-7610F)& At23t0] =I5 1, UV-vis spectroscopy (SCINCO, Mega Array)S At
835t0] plasmonic shiftE &5t RALE AuNPs, SNPsZt B 7Ll TPU filmO| straing 7t
e [ M BISH= UV-vis spectroscopy (Shimadzu, UV-2600)S A5t ZH3IR
1, BFH2 transmission electron microscopy (TEM, JEOL, JEM-2100)2 At23}0] 240l
SHUCE AuNPs®2F SNPsQ| EIHEO| M2 F&5E (water vapor permeability)= ASTM

E962| EfAlO| olst QIE{® (water method)2 2 =™ L

- 14 -



(a) HAuCl, HAuCl,
1mL (25 mM) 1mL (25 mM)

30 min

Sodium Citrate
150mL (2.2 mM),

100 °C 90 °C Citrate/AuNPs

MY (0.2 mg/mL)

(b)

24 hr

25°C
Citrate/AuNPs BSPP/AuNPs

Scheme 1. Schematic illustration of BSPP functionalized AuNPs (a) Synthesis of AUNPs
(b) Functionalizing AuNPs by addition of BSPP.
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supernatant water
—_— _— _
Centrifugation
BSPP/AUNPS Sediment
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_—
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Washed Chain-shaped AuNPs
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Scheme 2. Fabrication steps of the self-assembled AuNPs nanochains. Preparation
steps include centrifugation, removal of supernatant, washing, and addition of

aqueous NaCl.
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shaped . Remove bubbles
AuNPs Pouring
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Scheme 3. Fabrication of Au nanochain embedded TPU film (a) preparation of TPU

solution (b) preparation of Au nanochain embedded TPU film.
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Scheme 4. Schematic of color change in Au nanochain embedded TPU film under

mechanical stimulus.
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Scheme 5. Schematic of electric field distribution around (a) monomeric AuNPs (b)

dimer AuNPs.
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Scheme 6. Influence of H,O addition on the formation of AuNPs nanochains. Addition

of H,O inhibits the formation of AuNPs nanochains by reducing the ionic strength.
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Figure 1. (a) Difference in stability of citrate/AuNPs and BSPP/AuNPs, (b) color change
of BSPP/AuNPs solution by NaCl during 15h, (c) DLS spectroscopy, 9h, (d) UV-vis

spectroscopy, (e) SEM images of AuNPs nanochain
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(f) (9)

Absorbance (a.u)

— st
sl [——1000th

500 600 700

1st 1000 th Wavelength (nm)

Figure 2. (a) Photograph and TEM image of AuNPs chain embedded in TPU film. (b)
Color changes in AuNPs chain embedded TPU film in response to strain, (c) UV-vis
spectroscopy. (d) Optical image showing the local color distribution of the TPU film
after contact with the tip, (e) multi-axial color change. (f) Color change in the first

and 1000th stretching and release cycles of TPU film, (g) UV-vis spectroscopy.
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Figure 3. (a) Photograph of water and ethanol contact on a TPU film without silica
nanoparticles, and color change after water addition of AuNPs chain solution. (c)
Color change after touching the TPU film with sweaty hands with or without silica

nanoparticles. (d) TEM image of silica nanoparticles in TPU film. (e) Water vapor
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transmission rate graph of TPU film according to the addition of silica nanoparticles

and gold nanoparticles.

3. 4. TPU/AuNPs-chains film2| &£
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Figure 4. (a) Images of wearable TPU/AuNPs-chains film for the detection of various

hand gestures. (b) Recovering of damaged films through re-melting process.
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