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1 Introduction

ABSTRACT

Recently, the fabrication of strain sensors with high sensitivity and high
stretchability, which can precisely monitor subtle strains and large mechanical
deformations exhibited by the human bodily motions, is critical for healthcare,
human-machine interfaces, and biomedical electronics. However, a great chal-
lenge still exists i.e. achieving strain sensors with both high sensitivity and high
stretchability by a facile, low-cost and scalable fabrication technique. Herein,
this work reports Silver nanowires (AgNWs)/Ecoflex based composite strain
sensors via inkjet printing technique which precisely deposits functional
materials in a rapid, non-contact and maskless approach allowing high volume
production. Noteworthily, the fabricated strain sensor display many fascinating
features, including high sensitivity (a gauge factor of 13.7), a broad strain
sensing range over 30%, excellent stability and reliability (>1000 cycles), and low
monitoring limit (<5% strain). These remarkable features allow the strain sensor
to effectively monitor various human motions. This work opens up a new path
for fabricating nanocomposite thin film-based strain sensors for wearable
electronics.

electronic devices for healthcare related applications
[11, 12]. For monitoring of human motions, the strain

Nowadays, the flexible/stretchable, wearable and
skin mountable strain sensors are attracting much
attention as they convert external strains or defor-
mations into electrical signals and are widely
employed for detecting human motion [1, 2], meta-
bolic rate [3], muscle movement [4-6], and rehabili-
tation of disabled persons [7, 8]. In recent years,
monitoring of human motions has drawn significant
research attention for the development of bionic
ligaments [9], artificial intelligence [10] and other

sensors should exhibit desirable characteristics such
as mechanical flexibility, stretchability, sensitivity,
long-term durability and detection of static as well as
dynamic mechanical deformations [13, 14]. Tradi-
tional strain sensors exhibit rigidity and exhibit
detection of minute strain (less than 5%) [15, 16]. On
the other hand, flexible/stretchable strain sensor can
sustain large-scale mechanical strains [17-20]. There
are various types of stretchable and wearable strain
sensors including resistive-type [21], resistive-
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capacitive integrated sensors [22], piezotronic sensors
[23], and so on. Among them, resistive-type strain
sensors with broad strain sensing range and high
sensitivity are highly desirable due to their ease of
fabrication, simple device structures and readout
methods [24, 25]. Moreover, resistive-type strain
sensors in the form of composites have attracted
much attention owing to their ability to combine
active sensor material and the flexible/stretchable
supporting material in order to achieve remarkable
functional properties and sensing performance and
are promising candidates for wearable and skin
mountable strain sensors. [26, 27].

The critical sensing parameter of flexible/stretch-
able resistive-type strain sensors is sensitivity or
gauge factor (GF) which is evaluated by the ratio of
relative resistance variation AR/R, to the applied
tensile strain € (GF = AR/Ry/¢) [28, 29]. As the strain
sensors are typically manufactured by combining
flexible/stretchable supporting materials with elec-
trically conductive active materials, their strain sen-
sitivity is normally enhanced by exploring novel
sensing materials such as low dimensional nanoma-
terials including metal nanowires [30], nanoparticles
[31], carbon blacks [32], and carbon nanotubes [33].
Further, flexible/stretchable strain sensors based on
thin film metal nanomaterials/elastic polymers are
extensively explored strain sensors by virtue of their
low cost and ease of fabrication. Lee et al. reported a
metal nanoparticle/PDMS based strain sensor with a
strain sensing range up to 20% through opening and
closing of microcracks but it is inapplicable for full
range human motion detection where strain levels
can reach as high as 55% [34]. In another study, strain
sensing range up to 10% have been achieved through
conductive network of ionic liquids but they exhibit
low sensitivity or gauge factors of 2.5 [35]. To achieve
strain sensors with high sensitivity and a broad
strain-sensing range simultaneously, AgNWs have
been extensively employed as active sensor materials
due to their unique electrical, mechanical and optical
characteristics [36-38]. The high aspect ratio of silver
nanowires makes the adjacent nanomaterials entan-
gled to form an electrically conductive percolative
network. When stretching strains are applied, the
network breaks down and then reconstruct when the
strain is reversed which results in measurable and
recordable electrical resistance variation. Various
investigations have been carried out on the flexible/
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stretchable resistive-type strain sensors based on sil-
ver nanowires combined with elastic polymers.

The inkjet printing method has been demonstrated
to be an efficient technology for fabricating electronic
devices [39-43]. When compared with traditional
fabrication methods such as photolithography,
stamping, vacuum deposition, electroless plating and
stencil/screen printing, inkjet printing exhibit several
advantages in high volume manufacturing and con-
trolled patterning. The inkjet printing method has
been widely used for the fabrication of various elec-
tronic devices such as sensors [44, 45], supercapaci-
tors [46, 47], thin film transistors (TFTs) [48, 49],
photodetectors [50], and optoelectronics [51, 52]
owing to its capability to endow the devices with
excellent mechanical, optical and electrical
properties.

Herein, this research reports a highly sensitive,
stretchable, and biocompatible strain sensor with
remarkable durability for wearable sensing applica-
tions. Precise sensing and monitoring of human
motion has been carried out owing to the embedded
nanonetwork of silver nanowires (AgNWs) on the
surface of ecoflex elastomer in straight line type and
notched line type configurations. The fabrication
process involves the inkjet printing of thin AgNW
networks on poly(ethylene terephthalate) (PET) sub-
strates, followed by their transfer onto the top surface
of the Ecoflex film. In this work, epidermal-like eco-
flex elastomer was chosen with low Young’s modulus
(E = 125 kPa) as a stretchable substrate for the fabri-
cation of strain sensors to achieve a large dynamic
strain sensing range, flexibility, durability, biocom-
patibility and attachability onto the human epider-
mis. The key novelty and contribution of this work is
the chemistry for silver nanomaterial deposition with
inkjet printing and the systematic testing of dynamic
sensing performance of strain sensors under different
conditions has been conducted. For example, the
critical sensing properties of the wearable strain
sensors have been evaluated such as stretchability or
strain sensing range, sensitivity, linearity, hysteresis
performance, and reproducibility. The straight line
type and notched line type strain sensors exhibit a
strain sensing range over 30%, a high gauge factor of
12.3 and 13.7, high linearity (R* > 0.99 and 0.98) over
the strain sensing range, low hysteresis and long-
term durability and stable repeatability for over 1000
stretch-release cycles. Finally, the wearable device
was demonstrated for the detection and real-time
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monitoring of facial expressions, bending process of
the finger, wrist, elbow and knee joints for potential
applications in human motion/health monitoring.

2 Experimental section
2.1 Materials

The Smooth-On Inc Ecoflex 00-30 (Part A (molecular
weight = 28,000) and Part B (molecular weight =
37,000)) silicone elastomer and Skin Tite (Part A and
Part B) were purchased from ONS Impex Traders
Private Limited (Mumbai, India). Silver nitrate
(AgNOs3), potassium bromide (KBr), potassium
iodide (KI), sodium carbonate anhydrous, sodium
sulphite anhydrous, and hydroquinone were sup-
plied by S.D. Fine Chemicals (India). All the chemi-
cals were of AR grade and used as purchased
without further purification. The inkjet printer (1112)
and HP 803 black ink cartridges were purchased from
Hewlett Packard (HP, India).

2.2 Preparation of printing structure
and electrically conductive pattern

A large piece of poly(ethylene terephthalate) (PET)
was cut and secured onto a paper substrate by a
double-side tape. The rectangular and notch shaped
electrically conductive patterns of dimensions of
40 mm x 4 mm were achieved on PET substrate by
inkjet printing alternative layers of potassium halide
(KBr:KI:95:5 volume based) and silver nitrate
(AgNOs) followed by exposing the obtained silver
halide film to a commercially available halogen lamp
(Crompton Greaves, 500 W, 240 V, and luminous
intensity of 9500 cd) for 10 min and treatment with a
D-72 chemical developing agent for 10 min (Fig. 1la—
c). The obtained AgNW thin film was then rinsed
with DI water and dried in vacuum desiccators. The
A and B parts of Ecoflex silicone elastomer were
combined in a weight ratio of 1A:1B and mixed
thoroughly and poured onto the AgNW/PET com-
posite. The Ecoflex/ AgNW /PET composite was then
left to cure and dry for over 4 h at room temperature
before removing the AgNW /Ecoflex composite from
the PET substrate. Electrical wires and silver paste
electrodes were applied to the two ends of the
AgNW /Ecoflex composite to reduce to contact
resistance. The AgNW /Ecoflex composite was then
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sealed using another slab of Ecoflex to obtain Eco-
flex/AgNW /Ecoflex sandwich structured strain
sensors (Fig. 1d).

Figures 2g, h, i and 3i, j, k shows the digital pho-
tographs of inkjet printed AgBrl thin film, inkjet
printed AgNW conductive network, and Ecoflex/
AgNW /Ecoflex sandwich structured nanocomposite
based strain sensor with straight line type and not-
ched line type configurations which clearly demon-
strate the uniformity of the inkjet printed patterns of
the fabricated strain sensors which is desirable for
obtaining stable electrical resistance responses. In
order to compare the strain sensing performance or
strain sensitivity for the Ecoflex based wearable strain
sensors, two types of devices (Straight line type and
notched line type AgNW conductive network) were
fabricated. A notch was created on the AgNW con-
ductive network by changing the digital print pattern
in MS PPT. The role of notching is to restrict the
electron conduction pathway and effectively enhance
the strain sensitivity of the electrically conductive
film. With notching, the AgNW conductive network
cannot effectively absorb the mechanical strains,
which shows that notching of the electrically con-
ductive film is favourable for obtaining improved
resistance responses.

2.3 Fabrication of adhesive component

The A and B parts of the Skin Tite with a weight ratio
of 1A:1B were mixed thoroughly and spread evenly
and thinly onto the backside of Ecoflex/AgNW/
Ecoflex sandwich structured strain sensors.

2.4 Characterization

The morphologies of the inkjet printed AgNW pat-
terns were characterized using scanning electron
microscopy (SEM, Zeiss-Ultra 55). Gold sputtering
was carried out prior to SEM observation. The devi-
ces were fixed in between the two grippers of tensile
testing machine (Mecmesin, UK) which comprised of
a static unit and an actuating part and uniform
stretch-release cycles were applied at different
applied strains and stretching frequencies. Real-time
resistance variations of the Ecoflex/AgNW /Ecoflex
sandwich structured strain sensors were measured
with a Keithley 2450 digital sourcemeter at room
temperature. Detection of various human motions
was carried out by attaching the wearable strain
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Fig. 1 A representative
diagram of the steps followed
for inkjet printing of silver
nanostructures to fabricate

Inkjet

. . . rinter
printed strain sensors a Inkjet P

printer for printing KBr/KI and
AgNO; functional materials
for achieving AgBrl thin films
on PET substrates. b Inkjet
printed AgBrl patterns on PET
substrates. ¢ The process of
photolytic reduction of AgBrl
films using a commercial
halogen lamp. d Digital
photographs of inkjet printed
skin-like stretchable, and
wearable strain sensors

sensors onto the respective joints using Skin-Tite
(Smooth-On).

3 Results and discussion

3.1 Fabrication of the AgNWs/Ecoflex
composite based highly stretchable
strain sensor

The fabrication procedure of the straight line type
and notched line type AgNW /Ecoflex nanocompos-
ite based strain sensor is schematically illustrated in
Figs. 2 and 3, and the detailed fabrication procedure
is given in the experimental section. In the first step,
the AgNW conductive network was obtained on the
poly(ethylene terephthalate) substrate by a reactive
inkjet printing process. The chemical equations for
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Inkjet printed
AgBrl patterns

Halogen lamp
exposure

the transformation of silver halide thin film into silver
nanomaterials are provided in Egs. 1, 2, and 3.

Photolytic reduction : AgX + hv — e + h* (1)
Nucleation : kink + pe~ + pAg" — kinkAg, (2)
kinkAg,

Growth : gAg* + Chemical Developer — gAg
+ Oxidized Chemical Developer +mH"

(3)

Next, the Ecoflex liquid (00-30) was transferred
onto the surface of AgNW conductive network and
cured at room temperature for 4 h to obtain the
Ecoflex elastomer in the solid form. The obtained
solid Ecoflex was then peeled off the AgNW con-
ductive network to achieve AgNW/Ecoflex
composite.

Scanning electron microscopy (SEM) analysis was
conducted to characterize the morphology and
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Fig. 2 Schematic diagram of
the fabrication process of the
straight line type strain sensor.
a Inkjet print KBr/KI onto the
PET substrate. b Inkjet print
AgNO; onto the KBr/KI *
pattern. ¢ Pour and impregnate ")
the AgNW conductive

network with uncured Ecoflex.

d Peel off the Ecoflex

substrate after the curing

process. e Attach electrical

wires with silver paste. d
f Encapsulate and seal the
whole device with Ecoflex.

g Photograph of the AgBrl
thin film. h Photograph of the
AgNW conductive network.

i Photograph of the sandwich
structured nanocomposite-
based strain sensor

PET Substrate

microstructure of the as-prepared AgNWs/Ecoflex
nanocomposites at different magnifications. As
shown in Fig. 4a, b, the sample is composed of both
nanowires and nanoparticles. After the inkjet print-
ing (Fig. 1a, b), photo-exposure (Fig. 1c), and devel-
opment procedure of AgBrl films, an electrically
conductive network comprising of nanowires was

Inkjet printed

Wiring out the
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b Inkjet printed
AgNO;

Cureecoflex
silicone elastomer

AgNW network c

-
.

.
.
.

Peel off

=

Ecoflex/AgNW/Ecoflex sandwich
structured nanocomposite based
strain sensor

|

successfully achieved. The SEM images further indi-
cate the existence of pores embedded in the AgNWs
conductive network. While stretching the wearable
device, the evolution of porous conductive network
would occur and this would be beneficial for the
enhancement of strain sensitivity.
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Fig. 3 Schematic diagram of
the fabrication process of the
notched line type strain sensor.
a Inkjet print KBr/KI onto the
PET substrate. b Inkjet print
AgNO; onto the KBr/KI
pattern. ¢ Formation of AgBrl
thin films. d Formation of
AgNW conductive network.

e Pour and impregnate the
AgNW conductive network
with uncured Ecoflex. f Peel
off and attach electrical wires
with silver paste.

g Encapsulate and seal the
whole device with Ecoflex.

h Notched line type strain
sensors. i Photograph of the
AgBrl thin film. j Photograph
of the AgNW conductive
network. k Photograph of
notched line type strain sensor

Fig. 4 a SEM images of
straight line type AgNWs
conductive network at a
magnification of 50,000 .

b SEM images of straight line
type AgNWs conductive
network at a magnification of
100,000 x
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3.2 Electromechanical performance
of the Ecoflex’ AgNW/Ecoflex sandwich
structured nanocomposite based strain
sensor

Figure 5a shows the relative resistance variations of
straight line type and notched line type Ecoflex/
AgNW /Ecoflex sandwich structured nanocomposite
based strain sensors. The strain sensors based on the
straight line type and notched line type configura-
tions exhibited a strain sensing range over 30% strain.
The electrically conductive film was prepared with
reactive inkjet printing process using silver nitrate
and potassium halide concentration of 1 M and 2 M,
respectively, which are described in detail in the
experimental section. It is clear that the relative
resistance signal of straight line type strain sensor is
much lower than that of notched line type device.
The notching of the electrically conductive film
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overlapped area and the interfacial bonding between
the AgNW conductive network and Ecoflex elas-
tomer. These structural changes significantly
decrease the electron conduction pathway and results
in the enhancement in electrical resistance response.
Figure 5b shows the AR/R, values at small-scale
mechanical strains.

The electromechanical characteristics of the
AgNW /Ecoflex nanocomposite strain sensors were
evaluated by gripping the electronic devices on the
tensile testing machine to investigate their sensing
performance under various stretching-releasing
dynamic strains. The strain rates and the applied
strain levels were effectively controlled, and the
electrical resistance values were recorded using a
digital sourcemeter connected to the strain sensor
(Keithley 2450). The applied dynamic tensile strain
varied from 5 to 30%, while the strain rates were
50 mm/min, 100 mm/min, 150 mm/min, and

results in the reduction in the surface area, 200 mm/min for various studies. Durability
Fig. 5 a Relative resistance a 4 . . . . . b 10 i i . i
variations of the straight line

type and notched line type 08}

Ecoflex/AgNW/Ecoflex Notched line type AgNWs Notched line type AgNWs

sandwich structured 0.6k

nanocomposite based strain

sensors while stretching. =°

b Relative resistance & 04r

variations of the straight line <

type and notched line type 0.2 Straight line (Ype AgNWs
Ecoflex/AgNW/Ecoflex

sandwich structured 0.0 ]

nanocomposite based strain
sensors under small-scale

mechanical strain. ¢ Relative Strain (%)
resistance variations of the
strain sensors based on straight c 4

line type and notched line type
Ecoflex/AgNWs/Ecoflex
sandwich structured
nanocomposites from 2.5% to
30% strain. Extraction of the

. 22
gauge factors by linearly S
fitting the plot of the relative 3
resistance variation as a 1L
function of the applied strain
0

GF =6.9

1 1 1

5 10 15 20 25 30
Strain (%)
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investigations were carried out over 1000 stretching-
releasing cycles under 10% tensile strain on the same
universal testing machine. All experiments were
conducted at room temperature. Figure 5c shows
relative resistance variations (AR/Rp) of straight line
type and notched line type Ecoflex/AgNW /Ecoflex
sandwich structured nanocomposite-based strain
sensors. The strain sensitivity was evaluated by the
gauge factor (GF), which is defined as (AR/Rp)/e,
where (AR/Ry) is the relative resistance variation and
€ is the mechanical strain. The gauge factor values of
the straight line type and notched line type Ecoflex/
AgNW /Ecoflex nanocomposite based strain sensor
are 6.9 and 9.6 (strain range: 0-15%), and 12.3 and
13.7 (strain range: 15-30%), respectively, indicating
that the notching of the electrically conductive film
has a significant influence on the strain sensing per-
formance of the wearable strain sensor. The notched
line type Ecoflex/AgNW/Ecoflex sandwich struc-
tured nanocomposite based strain sensor exhibit
higher values of gauge factors because the electron
conduction pathway and overlapped area between
Ecoflex and AgNW conductive network has been
significantly reduced. The higher gauge factor values
demonstrate that the device could have better strain
sensitivity. In this research, the largest gauge factor
value of 13.7 is obtained in the strain range of 15-30%
with the notched line type Ecoflex/AgNW /Ecoflex
sandwich structured nanocomposite based strain
Sensor.

a 6 T T H v T b . T * T
: 30%

5%: 10%:  20%

AR/Rg

0 50 100 150 200

Time (s)
Fig. 6 Relative variations in strain sensor resistance under various
dynamic strains: a Relative resistance variation under different

stretching strains for straight line type Ecoflex/AgNW/Ecoflex
sandwich structured nanocomposite based strain sensor. b Relative
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Figure 6 shows the relative resistance variations of
an Ecoflex/AgNW /Ecoflex sandwich structured
nanocomposite based strain sensor under cyclic
loading—unloading at different external strains with
the same applied strain rate. As the external strain is
increased, the change is electrical resistance value
increases but the initial electrical resistance value can
be completely recovered after each loading/unload-
ing cycle.

Fast responsiveness to external mechanical stimuli
is another criterion for consideration for practical
wearable sensors and devices. The response time of
the straight line type and notched line type Ecoflex/
AgNW /Ecoflex sandwich structured nanocomposite
based strain sensor was also investigated and the
corresponding results are shown in Fig. 7. The
experimental results reveal that the response time of
the straight line type and notched line type Ecoflex/
AgNW /Ecoflex sandwich structured nanocomposite
based strain sensors could be lower than 600 ms and
500 ms, respectively which demonstrate the fast
responsiveness of the fabricated strain sensors.

Figure 8 shows the hysteresis curves of the straight
line type and notched line type Ecoflex/AgNW/
Ecoflex sandwich structured nanocomposite based
strain sensor. The hysteresis is relatively small when
external strain is 5% for a loading/unloading cycle.
For larger external strains (¢ = 10%, 20%, and 30%),
the hysteresis error is slightly larger but the electrical
resistance can still be regained to its original resis-
tance value after a loading/unloading cycle which

b 6 . l: T :I T
5% 10%:  20% 30%

AR/Rg

o W VVVVV V V, .
0 50 100 150 200
Time (s)

resistance variation under different stretching strains for notched
line type Ecoflex/AgNW/Ecoflex
nanocomposite based strain sensor

sandwich  structured
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Fig. 7 Relative variations in a 08 - . s b . T T T r
strain sensor resistance under
. . . 600 ms
various dynamic strains: 0.6
a Instant strain responsiveness ’
to small-scale stretching, i.e., 2
. . (=]
the relative resistance of the s 04 °:«
straight line type strain sensor < E
for 0-10% strain. b The 02+ | @
applied tensile strain profile.
¢ Instant strain responsiveness
. . 0.0 —— J
to small-scale stretching, i.e., L L L L L 1 L L
. . 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
the relative resistance of the
notched line type strain sensor Time (s) Time (s)
—10° i
for 0 10% s.traln. d The c 06 ' ‘ ' . . d . ' . . .
applied tensile strain profile
0.5} L
500 ms
0.4+
&
g 03} 3
2 £
< £
0.2+ 3
0.1+ 1
0.0 ————7 | A . . A A A A
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Time (s)

demonstrates the remarkable strain sensing perfor-
mance of the Ecoflex/AgNW/Ecoflex sandwich
structured nanocomposite based strain sensors.

The peculiar hysteretic characteristics of the
AgNW /Ecoflex nanocomposite is observed where
the sensor deforms linearly as the applied strain
increases and the unloading curve finally regains its
original value with negligible plastic impairment,
indicating that the strain sensor can withstand
extensive mechanical deformations. The loop
observed in the electrical response denotes the energy
dissipation during the dynamic stretch-release cycles.
The ability of energy dissipation results from the
disentanglement of elastomer chains and sensor net-
works as well as rupturing of cross-linking regions
[53, 54]. Hysteretic characteristics majorly occur on
account of the viscoelasticity of elastomeric matrix
and as a result of interfacial sliding between the
sensor networks and elastic polymers [55-57], as well
as thermal conductivity of the composite materials
[58]. The interaction between active materials and
elastomer chains occur due to the van der Waals
forces and the interfacial slippage happen during the

Time (s)

dynamic stretch-release cycles leading to the dissi-
pation of frictional energy. [59].

To investigate the strain-sensing performance of
AgNWs/Ecoflex nanocomposite strain sensors at
different tensile strain rates, the devices were sub-
jected to 10% strain in stretch-release cycles as shown
in Fig. 9a, b. When the applied strain rate varies from
50 mm/min to 200 mm/min, the shape of the rela-
tive resistance signal conforms well, that is, the per-
formance characteristics is not deteriorated with the
increase in tensile strain rate, indicating that the
output electrical signal is frequency independent.
Figure 10a, b compares the performance characteris-
tics for different applied strain rates. The data plots
demonstrate negligible hysteretic characteristics for
each strain rate and represent independency of elec-
trical signal output to the applied strain rates in the
range of de/dt = 50-200 mm/min.

For practical and real-life applications, a wearable
strain sensor is required to maintain its strain sensing
performance without significant fatigue failure. In
order to investigate the stability, reliability and long
term durability of the wearable strain sensor, 1000
cycles of repeated loading/unloading cycles with a

@ Springer
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Fig. 8 Relative variations in
the strain sensor resistances
based on straight (red) and
notched line type (black)
Ecoflex/AgNWs/Ecoflex
sandwich structured
nanocomposite based strain
sensor under a stretching and
releasing cycle. a strain from
0% to 5% to 0%. b strain from
0% to 10% to 0%. c strain
from 0% to 20% to 0%.

d strain from 0% to 30% to
0%. In the plots, S denotes
stretching and R denotes
releasing

AR/Rg

AR/Rg

0.30

J] Mater Sci: Mater Electron (2022) 33:3465-3484

1 L 1 1 1

1 2 3 4 5
Strain (%)

Strain (%)

AR/Rg

AR/Rg

Il 1 1 1 b/

2 4 6 8

0.4+

AR/Rg

50 mm/min

100 mm/min

il b 0-8

200.5nm/min
|

0.6

50 mm/min

|
150 mm/mjn .
[

AR/Rg

100 mm/min ilSO mm/nﬁn

1 1 . il

Fig. 9 The relative resistance variation of AgNWs/Ecoflex
nanocomposite based strain sensor under dynamic strains.
a Relative resistance variation of straight line type AgNWs/
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Time (s)

Ecoflex device under different strain rates. b Relative resistance
variation of notched line type AgNWs/Ecoflex device under
different strain rates
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Fig. 10 The relative resistance variation of AgNWs/Ecoflex strain
sensor under small-scale dynamic stimuli. a Relative resistance
variation of the straight line type AgNWs/Ecoflex strain sensor
under a stretching and releasing cycle for different stretching strain
rates. In the plot, S denotes stretching and R denotes releasing.

large strain of &€ = 10% were applied to the straight
line type and notched line type Ecoflex/AgNW/
Ecoflex sandwich structured nanocomposite based
strain sensor at a stretching frequency of 0.25 Hz. The
corresponding results are shown in Figs. 11 and 12.
The wearable strain sensor displays remarkable sta-
bility with low drift during 1000 cycles of loading/
unloading without failure due to fatigue. For practi-
cal applications, the first 50 stretch-release cycles can
be considered as a device “aging” process. From these
investigations, we could observe that the sandwich
structured strain sensors exhibit superior mechanical
durability and stability for repeated stretching and
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b 0060 T T 1 1

0.45

0.30

AR/Rg

=50 mm/min
« + «100 mm/min -
=== 150 mm/min
= ++200 mm/min

0.15

2 4 6 8 10
Strain (%)

0.00 ==
0

b Relative resistance variation in the notched line type AgNWs/
Ecoflex strain sensor under a stretching and releasing cycle for
different stretching strain rates. In the plot, S denotes stretching
and R denotes releasing

In this research, it is worth to mention that the
Ecoflex/ AgNW /Ecoflex sandwich structured
nanocomposite based strain sensor exhibit high sen-
sitivity or gauge factor, a broad strain sensing range
or stretchability, low hysteresis, fast responsiveness
and prominent long-term durability.

In addition to stretching strains, the relative resis-
tance variation of wearable strain sensors during the
application of bending strains was also carried out.
For the cyclic bending test, the stepper was propelled
on one end of the strain sensor with the other end
gripped and secured firmly. The bending angle (6)
was defined as the external angle of the both ends.

releasing external strains. The relative resistance variation enhanced
2.0 . . . T ' ' ' ‘ '
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Fig. 11 Stability and durability test of the straight line type Ecoflex/AgNW/Ecoflex sandwich structured nanocomposite based strain

sensor under 10% strain for 1000 cycles

@ Springer



J] Mater Sci: Mater Electron (2022) 33:3465-3484

3476
2.0 v
1.5+¢
o 10+
&
=
<4

0 200

400

600

800 500

Number of stretching cycle

510

515

Number of stretching cycle

520

525

530

Fig. 12 Stability and durability test of the notched line type Ecoflex/AgNW/Ecoflex sandwich structured nanocomposite based strain
sensor under 10% strain for 1000 cycles

prominently with compression bending. For instance,
the relative resistance variation is 0.072 £ 0.011 for
compression bending under the bending angle of
110° (Fig. 13a). The compression bending disconnects

Fig. 13 a Relative resistance
variation to bending
deformation, compression
(inward bending) of the strain
sensor under bending angle of
65°, 85°, 95°, and 110°. (b-
d) Relative resistance
variations of the strain sensor
during cyclic compression
bending tests under bending
angle of 65°, 85°, and 95°
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the adjacent nanomaterials significantly, resulting in
an enhanced electrical resistance. The wearable strain
sensor exhibits a reversible electrical response for
bending deformations (Fig. 13b-d).
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3.3 Working mechanisms

Figure 14 shows the field emission scanning electron
microscopy (FESEM) images of microstructures of the
Ecoflex after embedding with AgNW conductive
network and the surface morphologies of the AgNW
conductive network. The AgNW particles are
agglomerated and form a cluster on the Ecoflex sur-
face with many pores in between. The surface of
AgNW /Ecoflex exhibit many wrinkles which signif-
icantly enhance the specific surface areas and results
in accommodating more AgNW particles onto the
surface. The formation of wrinkle structure could be
attributed to the shrinkage and stretching of Ecoflex
during the peeling off stage from the poly(ethylene
terephthalate) substrate. Moreover, due to the wrin-
Kkles, the thickness of the electrically conductive layer
typically increases which results in lower original
resistance of AgNW /Ecoflex nanocomposites.

The working mechanism of the Ecoflex/AgNW/
Ecoflex sandwich structured strain sensor is based on
the formation of percolating conductive network and
mechanical deformation induced disconnection of
adjacent AgNW particles, reduction in overlapped
area and variations in the tunneling resistance of
adjacent AgNW particles. As shown in Fig. 14a, at 0%
strain, the surface of Ecoflex elastomer is embedded
by many closely spaced AgNW particles in cluster
form. Due to this, a good percolating and conductive
network is obtained which results in high conduc-
tivity or low value of electrical resistance. When
mechanical deformations are gradually applied
(Fig. 14b), this conductive network is gradually
deformed and elongation of porous structure occurs
and finally results in a broken conductive network.

Fig. 14 SEM images of the
AgNW/Ecoflex composite
strain sensor under different
strains: a 0%, and b 10%. The
scale bar is 1 pm

3477

This results in increment of spacing of the adjacent
AgNW particles which in turn results in the
enhancement of electrical resistance of nanocompos-
ite based strain sensor. The junctions between two
adjacent AgNW particles can be categorized into
three classes depending on their distances, for
instance, a complete contact, a tunneling conductive
junction within a cut-off distance and a full discon-
nection of AgNW particles. The AgNW particles are
said to be in complete contact when the shortest
distance d between the centrelines of two adjacent
AgNW particles is lesser or equal to the AgNW
particle diameter D. When mechanically deformed,
the electrons can cross through the elastomeric sup-
porting material which triggers the tunneling of
electrical currents in between the two noncontact
AgNW particles and results in the formation of
quantum conductive junction. This occurs when the
distance d is larger than D but lower than the cut-off
distance C. When the wearable strain sensor is
deformed further, the distance among adjacent
AgNW particles exceeds the cut-off distance C and in
this case, the electrical connection is completely dis-
connected and electrons cannot cross through
neighbouring or adjacent AgNW particles.

The strain sensitivity of the electrically conductive
Ecoflex/ AgNW /Ecoflex nanocomposite based strain
sensor can be described as follows. Initially at an
unstrained condition, a perfect electrically conductive
percolative conductive network is present and the
surface of elastomeric supporting material is covered
by agglomerated clusters of AgNW particles. At this
stage, the strain sensor exhibit low initial resistance
and there is a complete contact between two adjacent
AgNW particles. When the wearable strain sensor is
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Fig. 15 a Schematic representation of the human activity and the
corresponding strain scales involved. b-d Detection of small-scale

human body deformations by the Ecoflex’/AgNW/Ecoflex

stretched or mechanically deformed with a relatively
minute strain, the closely spaced or packed AgNW
particles are disconnected and nanogaps of several
nanometers are formed which in turn results in the
flow of tunneling currents. Within these minute
strain limits, the junctions in between neighbouring
AgNW particles exhibit a quantum conductive junc-
tion which results in the increment of electrical
resistance of nanocomposite based strain sensor
minutely as a function of external mechanical strain.
When strained more, gradual disconnection of more
AgNW particle occur which results in the alteration
of junctions from complete contact mode to quantum
tunneling junction. At this stage, the main conductive
pathways for crossing of electrons are tunneling
junctions which results in significant enhancement in
electrical resistance. With further increase in external
strain, more AgNW particles are further separated
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which results in the increment of distance beyond the
cut-off distance between adjacent AgNW particles
and the electrical pathway is fully disconnected and
the electrical resistance increases to a very large
value. The electrical resistance recovers its original
value once the Ecoflex/AgNW/Ecoflex nanocom-
posite is reversed from the strained conditions and
returns to its original state. This occurs due to the
recovery of initial distance between adjacent AgNW
particles after releasing the strain sensor from the
strained state. Therefore, when the external strain is
increased gradually, the junctions between neigh-
bouring AgNW particles will be changed from a
complete contact state to the formation of quantum
tunneling junction followed by the full disconnection
state. Correspondingly, the nanocomposite based
strain sensor exhibit different strain sensitivity in
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Fig. 16 Using the Ecoflex/ a 05

3479

AgNW/Ecoflex sandwich

structured nanocomposite 04+ P , |
based strain sensor for human 3

motion detection. a The

relative variation in the strain ° 031
sensor resistance mounted on &
elbow joint. b The relative % 0.2

variation in the strain sensor

resistance mounted on wrist 0.1+
joint. ¢ The relative variation /
in the strain sensor resistance 0.0

mounted on finger joint to

monitor bending process of a

finger. d The relative variation

in the strain sensor resistance c

for monitoring walking,
running, and squatting of a
knee joint

AR/Rg

Time (s)

AR/Rq

Time (s)
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terms of gauge factors at different ranges of external
strain.

3.4 Sensing demonstrations

The mechanical strains involved in human body
deformations can be roughly categorised into two
categories including small scale (<5%) and large scale
mechanical deformations (~ 50%) as shown in
Fig. 15a. In the further discussion, the Ecoflex/
AgNW /Ecoflex sandwich structured nanocomposite
based strain sensor is employed for multiscale sens-
ing for real time monitoring of human body motions
by attaching the sensor onto various human joints
using Skin-Tite bioadhesive. The electrical response
of the strain sensor was recorded every 80 ms using a
digital sourcemeter (DSM). The wearable strain sen-
sor was employed for monitoring the minute
mechanical deformation of the human skin such as
facial expressions. Apart from a substantial change in
strain sensor resistance, the device should also
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Table 1 Comparisons of the GFs against the maximum strain sensing range for previously reported strain sensors

Materials Gauge factor (sensitivity) Strain range (%) Authors
CB/PDMS 5.5 10 Kong et al. [60]
Graphene/Glove 14 7.1 Bae et al. [61]
CNT/Polyurethane 6.42 0.8 Wang et al. [62]
CNT yarn 0.5 1 Zhao et al. [63]
CNT/Polyimide 6 1 Li et al. [64]
AgNP 2.8 0.1 Lee et al. [65]
PEDOT:PSS 0.53 0.3 Thompson et al. [66]
AgNP/Polyimide 6 1 Le et al. [67]
Ag flake/Polyimide 2.24 1.6 Park et al. [68]
AuNW/PDMS 7.38 25 Gong et al. [69]
AgNP/PDMS 2.05 20 Lee et al. [70]
AgNW/PDMS 20 35 Kim et al. [71]
AgNW/PEDOT:PSS 3.31 20 Eom et al. [72]
Pt/PUA/PDMS 11.5 5 Pang et al. [73]
Straight line type AgNW/Ecoflex 12.3 30 This Work
Notched line type AgNW/Ecoflex 13.7 30 This Work

exhibit mechanical deformation for a small scale
strain. The elastomeric substrates such as Ecoflex
elastic polymer typically exhibit low Young's modu-
lus which results in sensitive reaction to applied
strains. The internal muscle motions in the eyes,
mouth and face express the human emotional state.
For small scale sensing such as monitoring facial
expressions, the device was mounted on a human
canthus, mouth and forehead as shown in Fig. 15b, c,
and d. For these motions, the wearable strain sensor
can detect and monitor the small scale face motions
by exhibiting an increase in electrical resistance. For
monitoring different human body posture, the
wearable strain sensor was integrated onto the finger
joint as shown in Fig. 16¢c. As the finger bending angle
increases, the resistance change increases in a step-
wise fashion. The open and close finger positions can
also be monitored by attaching the wearable strain
sensor in between the two fingers (Fig. 17) using
Skin-Tite (Smooth-On). Moreover, based on the
amplitude and frequency of the motions, the strain
sensor can also be attached onto the knee joint as
shown in Fig. 16d for the detection and monitoring of
human leg motion. Furthermore, in order to monitor
the middle scale deformation, the wearable strain
sensor was mounted on elbow (Fig. 16a), wrist
(Fig. 16b) and knee joint (Fig. 16d) in order to record
and monitor the bending process of each joint. Dur-
ing the cyclic bending process, the fabricated strain

@ Springer

sensor exhibit favourable reproducibility and fast
responsiveness. In this work, the noises due to
external temperature change and type of surface
were minimized by achieving a conformal contact
with the human epidermis surface.

Finally, the strain sensing performance for previ-
ously reported strain sensors have been compared
with the proposed strain sensors in Table 1.

4 Conclusions

In summary, this work demonstrated the construc-
tion of stretchable strain sensors with straight line
type and notched line type AgNW conductive net-
work incorporated within epidermis-like Ecoflex
matrix. The AgNW conductive networks were
achieved through a simple and scalable inkjet print-
ing of silver nitrate and potassium halide solutions
without the need for sintering or thermal processing.
With regard to the sensing performance, in the strain
range from 0% to 15%, the straight line type and
notched line type stretchable strain sensors exhibit
gauge factors of 6.9 and 9.6 under tensile strains and
demonstrate a larger strain sensitivity with gauge
factor values of 12.3 and 13.7 in the strain range from
15% to 30%. The inkjet printed stretchable strain
sensors presented in this work demonstrate higher
gauge factors than the strain sensors fabricated by
different ~manufacturing processes and low



] Mater Sci: Mater Electron (2022) 33:3465-3484

dimensional nanomaterials. The resistance variation,
AR/R, of the wearable strain sensors can be attrib-
uted to the intrinsic piezoresistive response, rear-
rangement of AgNW contacts and the variation of
tunneling distance between the AgNWs caused due
to the mechanical strain. The device demonstrate
long term durability and reproducibility during
multiple stretching cycles (~ 1000 cycles) at 10%
strain. The fabricated AgNW conductive network
strain sensors are then applied to detect various
human motions in real time. Moreover, the inkjet
printing approach using silver nitrate and potassium
halide precursor solutions can be effectively applied
to manufacture stretchable AgNW strain sensors for
emerging applications in biomedical engineering,
electronic skin, touch sensing and beyond.
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