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Abstract: Stretchable, skin-interfaced, and wearable strain sensors have risen in recent years due to
their wide-ranging potential applications in health-monitoring devices, human motion detection,
and soft robots. High aspect ratio (AR) silver nanowires (AgNWs) have shown great potential in
the flexible and stretchable strain sensors due to the high conductivity and flexibility of AgNW
conductive networks. Hence, this work aims to fabricate highly stretchable, sensitive, and linear
kirigami strain sensors with high AR AgNWs. The AgNW synthesis parameters and process windows
have been identified by Taguchi’s design of experiment and analysis. Long AgNWs with a high
AR of 1556 have been grown at optimized synthesis parameters using the one-pot modified polyol
method. Kirigami sensors were fabricated via full encapsulation of AgNWs with Ecoflex silicon
rubber. Kirigami-patterned strain sensors with long AgNWs show high stretchability, moderate
sensitivity, excellent linearity (R2 = 0.99) up to 70% strain and can promptly detect finger movement
without obvious hysteresis.

Keywords: strain sensor; flexible sensor; stretchable sensor; silver nanowire; piezoresistivity; human
health monitoring

1. Introduction

Stretchable and wearable strain sensors have grown to prominence in recent years due
to their wide potential applications in flexible electronics, rehabilitation and personal health-
monitoring devices, human motion detection, and soft robots [1,2]. Despite these sensors
showing great promise in future health monitoring, more studies are needed to create a
customizable yet scalable fabrication approach to improve the sensing properties. Herein,
stretchability, sensitivity, and linearity are crucial for wearable strain sensors while ensuring
excellent skin conformation for in situ health monitoring [3]. Recently, nanomaterials have
received great interest in the development of strain sensors. Carbon nanomaterials such
as graphene and carbon nanotubes have been used to fabricate strain sensors due to their
superior mechanical and electrical properties. For example, graphene on flexible substrates
has been used to fabricate high-sensitivity strain sensors [4,5]. However, these carbon-based
strain sensors show low stretchability, non-linearity, and high hysteresis.

Silver nanowires (AgNWs) are one-dimensional silver nanostructures [6]. AgNWs
have shown great potential in the fabrication of flexible and stretchable strain sensors due
to the high conductivity and flexibility of AgNW conductive networks [7,8]. However,
AgNWs embedded in the strain sensors shows surface buckling tendency, leading to
permanent loss of contact between adjacent AgNWs [9]. Therefore, repeated stretching
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of the AgNW strain sensors results in inconsistent and irreversible spikes in resistance,
leading to poor linearity. It is known that long AgNWs with a high aspect ratio (AR,
AR = Length L/diameter D) can form better resilient conductive networks, which helps to
solve the issue. However, the diameter and length of AgNWs reported in the literature are
in the range of 10–200 nm and 5–100 µm, respectively, and most of the AR values are below
1000 [6].

Kirigami-like structures, originating from Chinese traditional paper-cutting art, are
increasingly adopted as a new type of easily adjustable and deformable framework [10],
which can be applied to a variety of stretchable devices, such as solar panels [11], smart
adhesion devices [12], implantable and stretchable bio-probes [13], as well as tunable
optical gratings [14]. These kirigami strain sensors can give linear and regular resistance
change from the deformation of the created cut patterns from two to three dimensions [15].
This significantly reduces strain on the sensor material in high stretching conditions [16,17]
and alleviates the surface buckling of the AgNW network under increasing strain, hence
making the sensors more reliable.

In this work, a synergic approach combining long AgNWs conductive network and
kirigami architecture is proposed to spontaneously improve the stretchability and lin-
earity of the AgNW strain sensors. As a systematic approach to optimize the variables
to maximize performance by decreasing variability due to noise, increasing production
efficiency, the Taguchi method reduces the scale of experiments compared to the traditional
factorial approach. It is thus used to optimize the synthesis parameters for long AgNWs
with high AR. Then, the AgNWs with high AR are used to fabricate kirigami-structured
strain sensors.

2. Experiments
2.1. Materials

Polyvinylpyrrolidone (PVP) and ethylene glycol (EG) were purchased from Sigma
Aldrich. Silver nitrate (AgNO3), sodium chloride (NaCl), and potassium bromide (KBr)
were obtained from GCE Laboratory Chemicals. Ecoflex™ Silicone Rubber was obtained
from Smooth-on.

2.2. Taguchi Design of Experiment

The process window for AgNW synthesis has to be determined to optimize the
synthesis parameters further and synthesize high-quality long AgNWs with high AR.
Taguchi design of experiment (DOE) is used to study the effects of synthesis parameters
on the dimension of AgNWs. Based on the literature [6–9], halide additive concentration,
molar ratio of Cl:Br, PVP concentration and growth temperature are the top four critical
factors for AgNW growth. Therefore, Taguchi DOE with four factors and three levels was
designed. The AgNO3 concentration is kept constant at 0.02 M. Table 1 shows the selected
four control factors, each with three widely spaced levels, which make up the L9 (3ˆ4)
orthogonal array with a total of nine experiments.

Table 1. The Taguchi DOE with four factors at three levels.

Factors Level 1 Level 2 Level 3

Cl−:Br− molar ratio 1:3 1:1 3:1

Total Halide concentration [Cl− + Br−], mM 0.3 0.6 1.2

PVP concentration [PVP], M 0.04 0.07 0.1

Temperature (◦C) 140 150 160

2.3. Synthesis and Characterizations of AgNWs

The AgNWs were synthesized through a modified one-pot polyol method using
AgNO3 as a source of Ag, PVP as a capping agent, ethylene glycol as both a solvent
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and reducing agent, as well as halides as seeding additives. The adding amount of each
chemical was referred to the L9 (3ˆ4) orthogonal array with a total of nine experiments
in Table 2. First, PVP powders were dissolved in 100 mL EG solvent in a 150 mL glass
bottle under magnetic stirring. Then, AgNO3 was added to the PVP EG solution. After
dissolving AgNO3, respective volumes of 0.01 M NaCl and 0.01 M KBr EG solution were
added to the PVP-AgNO3 solution. Finally, the precursor was heated to the respective
growth temperature for 4 h. The AgNW samples were cleaned with isopropanol (IPA)
three times and then stored in IPA for usage. An optical microscope and scanning electron
microscope (SEM) were used to observe the morphologies of the AgNWs. The lengths and
diameters of the AgNWs were calculated by the ImageJ image processing program.

Table 2. Synthesis parameters and dimension of the AgNWs from Taguchi L9 (3ˆ4) orthogonal array.

Experiment No. Cl−:Br−Molar
Ratio

Halide
Concentration:

[Cl− + Br−]
(mM)

PVP
Concentration:

[PVP] (M)
Temperature (◦C) AgNW Diameter,

D (nm)
AgNW Length, L

(µm)

#1 1:3 0.3 0.04 140 97.3 0

#2 1:3 0.6 0.07 150 44.1 16.3

#3 1:3 1.2 0.10 160 22.3 10.9

#4 1:1 0.3 0.10 150 71.9 0

#5 1:1 0.6 0.04 160 36.4 20.7

#6 1:1 1.2 0.07 140 62.1 15.7

#7 3:1 0.3 0.07 160 19.3 0

#8 3:1 0.6 0.10 140 69.1 10.7

#9 3:1 1.2 0.04 150 28.7 29.5

2.4. Fabrication of Kirigami Strain Sensor

The fabrication processes of the kirigami-structured strain sensors with AgNWs are
illustrated in Figure 1. First, AgNW IPA suspension was poured onto a filter paper and
a thin uniform AgNW film was obtained through vacuum filtration. The thickness and
transparency of the AgNW film can be controlled by varying the concentration and volume
of the AgNW IPA suspension used during vacuum filtration. Second, the AgNW film
on filter paper was then patterned using a Silhouette Curio machine. Third, the Ecoflex
precursor was spin-coated onto the patterned AgNW film as a stretchable substrate. After
the Ecoflex cures, the AgNW-Ecoflex composite was then detached from the underlying
filter paper. The AgNW-Ecoflex composite was then cut into small rectangle strips. Finally,
the copper tape was secured on both ends of the AgNW film with silver paste to form the
external connections of the strain sensor.

The gauge factor (GF) of the strain sensor relative to its strain is compared by measur-
ing its percentage change in length with a vernier caliper and the consequent resistance
change of the sensor with a multimeter. The AgNW strain sensors are then mounted onto
the fingers, and real-time detection of strain is achieved by connecting the sensor to an
Arduino and measuring the resistance change of the sensor in relation to the bending
degree of the sensor finger.
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Figure 1. Fabrication processes of the kirigami-structured strain sensor with AgNWs. With regards to the network structure
of AgNWs, the kirigami patterning was done on the AgNW film before spin-coating Eco-Flex on the network. This
patterning also significantly decreases the hysteresis of the strain sensor, showing this architecture improved the conductive
network of the AgNWs.

3. Results and Analysis

The length and diameter of AgNWs synthesized in the nine experiments of Taguchi
DOE are listed in Table 2. Due to the wide variation of the synthesis parameters, the samples
vary from Ag nanoparticles (L = 0) to AgNWs with D = 28.7–97.3 nm and L = 10.7–29.5 µm.
Among all nine experiments, Sample #9 produced long AgNWs with the highest AR = 1028.

The significance analysis is used to determine how four individual synthesis factors
affect the length and diameter of the AgNWs. As shown in Figure 2a, the AgNW length
increases continuously with increasing Cl:Br ratio and the concentration of halide and
PVP, while decreases with increasing growth temperature. Figure 2b shows that the
AgNW diameter decreases with increasing Cl:Br ratio, the concentration of halide, and
PVP. However, with a further decrease of the growth temperature below 140 ◦C, only silver
nanoparticles were obtained and no AgNWs can be synthesized. At lower temperatures
below 140 ◦C, the reducing power of EG is significantly decreased. Therefore, the Ag+

could not be driven to selectively bind on the {111} facet, causing isotropic growth and thus
forming Ag nanocrystals rather than AgNWs at lower temperatures [18]. To promote the
anisotropic growth of AgNWs, Ag+ must be reduced and driven to accumulate on the {111}
faces located on both ends, resulting in growth along both ends and resulting in anisotropic
growth along {110}. At moderately high temperatures above 140 ◦C, the driving force for
the formation of AgNWs shifts to the reduction of Ag+ ions by EG, resulting in the greater
formation of Ag nuclei. This initially leads to mild growth of ultra-long AgNWs up to
168 µm at 140 ◦C. However, with increasing growth temperature further to 160 ◦C, more
Ag nuclei are formed. The growth rate is faster due to the high Ag+ ions reduction rate,
which consumes many Ag+ ions resources and thus results in short AgNWs with large
diameters mixed with Ag nanocrystals.
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Figure 2. Significance analysis of the effects of the four synthesis parameters with three-level variations on (a) length and
(b) diameter of AgNWs synthesized by Taguchi DOE in Table 2.

Based on “the higher, the better” criteria for length and “the smaller, the better”
criteria for diameter, the optimal parameters obtained from significance analysis (Figure 2)
to synthesize long AgNWs with high AR (small diameter) are: Cl:Br ratio = 3:1, halide
concentration = 1.2 mM, [PVP] = 0.07–0.1 M, temperature = 140–150 ◦C. Therefore, the
optimal synthesis parameters were used to synthesize AgNWs for verification. As shown
in Figure 3a,b, the synthesized AgNWs are very uniform in dimension with high purity.
The length distribution of the AgNWs ranges from 60 µm to 180 µm (Figure 3c), and the
average mean length is 112 µm. The diameter of the AgNWs is in the range of 20 nm to
140 nm, with a mean diameter of 72 nm (Figure 3d). The AR calculated from the mean
L/D is 1556, which is 1.5 times the best Taguchi Sample #9. The results confirm that the
length and AR of AgNWs can be further improved by optimizing synthesis parameters
through Taguchi DOE. The AR value reported in the literature is summarized in Figure 3e.
Most of the reported AR value is below 1000, typically at around 600 [6]. Before parameter
optimization, the best AR = 1028 obtained from Taguchi Sample #9 is higher/comparable
with those reported AR values. Furthermore, after optimizing the synthesis parameter, the
AR increases remarkably to 1556, which is much higher than those reported AR value.
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(a) (b) 

  
(c) (d) 

 
(e) 

 

L: 60-200 μm 

Average L: 112 μm  

D: 20-140 nm 

Average D: 72 nm 

AR = ~1556 

Figure 3. (a) Optical microscope and (b) Scanning Electron Microsopy images of the AgNW, (c) length and (d) diameter
distribution of AgNWs synthesized at optimized synthesis conditions; (e) comparison of the AgNW AR of our works
with other reported values of AgNW AR. It is necessary to emphasize that these AgNWs are those synthesized from
the optimized batch, to distinguish themselves from the previous AgNWs synthesized as part of the Taguchi Design of
Experiment, which also has AgNW diameter and length mentioned.
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The strain sensors with and without kirigami patterning were successfully fabricated
with AgNW electrodes. The strain sensing performance of the non-kirigami and kirigami
patterned strain sensors are shown in Figure 4a,b, respectively. The non-kirigami strain
sensors offer a lower stretchability and linearity with an R2 value of 0.98 up to 25% strain
(Figure 4a). The non-kirigami strain sensors have a GF ~6 but tend to crack at higher strain.
On the other hand, the kirigami-structured strain sensors with long AgNWs show high
stretchability and excellent linearity (R2 ~ 0.99) up to 70% strain and good sensitivity (GF
~1.6). Furthermore, the kirigami-structured strain sensor shows no cracking after strain
testing. As shown in Figure 4c, long AgNWs with high AR exhibited a greater tendency to
curve in the conductive network. These curved silver nanowires straighten the resilience
of the AgNW networks (Figure 4d), allowing the strain sensor to maintain AgNW con-
ductive networks even at high strains, hence producing higher stretchability and linearity.
Furthermore, kirigami patterns allow out-of-plane deformations of the strain sensor, thus
increasing its stretchability and resistance to cracking but slightly compromising its sensi-
tivity. In contrast with conventional strain sensors (GF ~ 2 with maximum stretchability
of 5% and linear response), Carbon nanotube (CNT)/polymer composite (GF ~ 0.82 with
stretchability of 40% and linear response) [19], graphene/polymer composite (GF > 1000
with stretchability of 5% and nonlinear response) [4], and carbon black/polymer composite
(GF ~ 20 with stretchability of 80% but nonlinear response) [20], our strain sensors with
long AgNWs outperform most of the strain sensors mentioned above by offering high
sensitivity, stretchability, and linearity simultaneously.
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Upon successful fabrication of AgNW strain sensors, the kirigami strain sensors were
mounted on the glove’s fingers, and successive bending tests were conducted (Figure 5a).
The bending of the forefinger results in a sharp spike of the signal, while relaxing the
forefinger decreases it. The AgNW strain sensors provide a coordinated signal response
to a similar angular change of the fingers. Results obtained were consistent, showing
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immediate signal change and no noticeable hysteresis after repeated bending of the fingers
at high frequency, proving its reliability after repeated bending cycles. Due to the large
signal spike, data noise is negligible, leading to almost perfect peaks upon application of
strain (Figure 5b). This further proves the sensor’s application as a wearable strain sensor
or personal health-monitoring devices and human motion detection.
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Figure 5. AgNW strain sensor response to finger bending movement for (a) five cycles and (b) a specific cycle.

4. Conclusions

AgNW synthesis parameters have been optimized by Taguchi’s design of experiments.
Long AgNWs up to 200 µm with a high average aspect ratio of 1556 have been synthesized
with optimized synthesis parameters. Kirigami-patterned strain sensors with long AgNWs
show high stretchability, moderate sensitivity, and excellent linearity (R2 = 0.99) up to 70%
strain. These strain sensors were mounted on the fingers, and the strain was measured in
real-time to detect finger bending. The AgNW strain sensors can promptly detect finger
movements without obvious hysteresis, finding wide applications in body movement and
human health monitoring. The silver-nanowire conductive network itself is not a kirigami
network. However, the term kirigami was nevertheless used as the final strain sensor was
kirigami-patterned, as the kirigami patterning process in fabricating the AgNW sensor
changes the conductive network of the AgNWs. This change in the percolation network
due to the kirigami structure is shown from the lower hysteresis of the kirigami-structured
AgNW sensor as compared to the non-kirigami patterned AgNW sensor.
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