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Strain sensor technologies have been spotlighted for their versatility for healthcare, soft robot, and human—
robot applications. Expecting large future demands for such technology, extensive studies have investigated
flexible and stretchable strain sensors based on various nanomaterials and metal films. However, it is still
challenging to simultaneously satisfy parameters such as sensitivity, stretchability, linearity, hysteresis, and
mass producibility. In this work, we demonstrate a novel approach for producing highly sensitive metal-
grid strain sensors based on an all-solution process, which is suitable for mass production. We
investigated the effects of the width of the metal grid and width/spacing ratio on the piezoresistivity of
the strain sensors. The metal grid strain sensors exhibited high sensitivity (Jauge factor of 4685.9 at 5%
strain), rapid response time (~18.6 ms), and superior strain range (=5%) compared to other metal-based

sensors. We demonstrated that the sensors could successfully convert voice signals and tiny movements
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Accepted 6th December 2018 of fingers and muscles into electrical signals. In addition, the metal-grid strain sensors were produced
using a low-cost procedure without toxic solvent via an all water-based solution process, which is

DOI: 10.1035/cBra08721k expected to allow the integration of such metal-grid strain sensors into future highly sensitive physical
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Introduction

Wearable devices with flexibility or stretchability have attracted
tremendous attention as emerging next-generation portable
electronics due to their versatility, and compatibility with other
electronic devices.' Recently, some wearable devices have been
commercialized, e.g., smart watches and eyeglasses, and wear-
able bands with additional functions for health monitoring or
detection of human body motion by various sensors within the
devices.>*” Such sensor systems, especially for detecting body
movements, need to be flexible, stretchable, and skin-
mountable, while having high sensitivity. However, conven-
tional metal- or semiconductor-based sensors are not flexible or
stretchable (typical tensile strain, ¢ = 1-2%).>*® Therefore,
alternative conducting materials and fabrication techniques are
required to overcome the limitations of conventional rigid
sensors; hence, the resulting sensor system can be used for
awide range of potential applications, such as human-machine
interfaces, soft robots, and various wearable electronics.****
Alternative materials for such sensors include carbon-based
nanomaterials, such as graphene,'**° carbon black,*** carbon
nanotubes (CNT),**?” and others,*?* which have been widely
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applied for fabrication of strain sensors to measure various
human body motions. Carbon-based strain sensor systems have
been realized using filtration,'®** multiple dip-coating,"” or
paint brush.** A promising strain sensor uses fragmented CNT
papers on polydimethylsiloxane (PDMS).>** CNT papers with
various thicknesses were fabricated by filtration using a ceramic
filtration membrane. Amjadi et al. prepared graphite films by
bar coating on Eco-flex substrate which showed surface cracks
after oxygen plasma treatment for various time periods.*

In other studies, elastomeric polymer microchannels filled
with ionic liquids or liquid metals were recently exploited as
piezo-capacitive or piezo-resistive strain sensors.*'** However,
these liquid-type strain sensors could have some of drawbacks,
including leakage under repeated deformation of the channel,
harmful effects of the leaked liquids on human skin, or rela-
tively low gauge factors (GF) compared to strain sensors with
solid conductive nanomaterials.

Metal nanoparticles are prospective materials as they are
easy to synthesize, simple to fabricate using solution-based
methods, and the diameter of nanoparticles can be
controlled.>**® An accurate mechano-electronic system was
demonstrated using a monolayer strip of gold nanoparticles (Au
NP) with diameters of 50 nm deposited on polyethylene tere-
phthalate (PET).*” The Au NP strip (width of 1-1.5 pum) was
formed using a modified convective assembly method. A
different NP-based strain sensor used Pd micro-stripes
patterned on polyimide substrate by PDMS stamping, fol-
lowed by thermal treatment to form the nanocrystals.®®
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Although numerous studies have been reported, the majority of
the devices showed low sensitivity; in the previously discussed
studies, low GF values of 70 (for the Au NP strip) and ~390 (for
semi-transparent Pd stripes) were reported.

Some studies using nanomaterials exploit tunneling effects
where electrons can pass through very thin (<1-2 nm) noncon-
ductive barriers between conductive materials.*>** Stretching
the sensor reduces the tunneling effect by widening the barriers
through which the electrons need to pass, which increases the
electrical resistance. The studies mentioned above have shown
such low sensitivity that another approach using crack propa-
gation is attracting attention. In thin metal foils or plasma-
treated polymer substrates, cracks begin to appear in weak-
ened areas that propagate in the transversal direction as stress
is applied to the metal film.*****-** Cracks degrade conduction
paths, greatly increasing the electrical resistance. In order to
design highly sensitive sensors, crack propagation is an
outstanding mechanism. A cracked Pt metal film on a poly-
urethane acrylate (PUA) substrate has been proposed, which
shows linear behavior, low hysteresis, repeatability, and also
high deformation sensitivity (GF = 2000).** Kim et al. enhanced
this design to produce a more sensitive sensor (GF = 16 000)
and demonstrated superior signal-to-noise (SNR ~ 35) by
increasing the depth of the cracks.** Similarly, cracked Au films
on polydimethylsiloxane (PDMS) elastomers exhibited
outstanding sensitivity (GF = 5000).** Despite exceptional pie-
zoresistive behavior, the cracked metal films had extremely low
stretchability, e = ~2% and 1% for the cracked Pt and Au films,
respectively. Additionally, these metal films were formed using
relatively expensive processes under high-vacuum condi-
tions.****> Although metal thin films are promising candidates
for future high-sensitivity strain sensors, further investigation
of the stretchability, linearity, fabrication process, and hyster-
esis behavior is required.

Herein, we propose a novel approach to fabricate high-
sensitivity metal-grid strain sensors using a water-based solu-
tion process. In this process, AuNPs were deposited on a (3-
aminopropyl)triethoxysilane (APTES) monolayer which was
patterned with varied grid sizes and transferred to poly-
dimethylsiloxane (PDMS) to form the desired grid patterns.
Silver ions were reduced with AuNPs to form grid-patterned Au-
Ag conductors on the PDMS. To characterize these strain
sensors with diverse grid sizes, thorough examination of their
behavior under cyclic motion, durability tests, step tests, and
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bending tests in the concave/convex directions were performed.
In order to evaluate the sensors for potential healthcare and
human-machine interface applications, the metal-grid strain
sensors were used to detect voice signal and very small motions
of the body parts and muscles. Our sensors are expected to be
applied in wearable devices and various flexible electronic
devices in the future.

Results and discussion

A schematic diagram showing an overview of the fabrication
procedure is shown in Fig. 1a. Glass slides were treated with
a piranha solution to clean them and introduce hydroxyl
groups. The hydrophilized glass was immersed in the APTES
solution to be silanized. Glasses with the APTES coating were
annealed to promote further reaction and sonicated to remove
unreacted APTES residue. Various grid patterns were produced
by etching APTES layers through masks, such as 5 : 5, 10 : 10,
20: 20, 30:30, 50:50, 5:25, 20:100 (grid width : spacing;
pm). AuNPs were selectively deposited on the grid-patterned
APTES layer as the amine group, which is the terminal group
of APTES, attaches to AuNPs via electrostatic interactions.*¢*®
PDMS pre-polymer was cast on the glass using spin coating and
then cured. When peeled off the glass, the cured PDMS removes
the AuNPs in the form of the desired grid pattern. AuNPs, which
were embedded partly in the PDMS substrate, acted as seeds for
reducing Ag ions and forming Au-Ag core-shell structures. A
final annealing step melted the Au-Ag alloy to form a conduc-
tive layer. Further details of the fabrication process are
described in the experimental section.

Using this method, 5 um-wide metal grids with 5 pm or 25
um spacings were the smallest dimensions that could be
produced on the PDMS substrate, which is considered high-
resolution patterning on an elastomer. A photograph of the
strain sensor with a 5 : 5 metal grid is shown in Fig. 1b. Ag metal
grids with different width/spacing ratios are shown in Fig. 2,
while OM images of all specimens are shown in Fig. S1 and S2.
Wrinkles were formed during annealing due to the different
thermal expansion coefficients of PDMS and Ag, as confirmed
by FE-SEM images (Fig. 2).*°

The piezoresistive behavior of the strain sensors with various
metal grid sizes was evaluated via cyclic loading/unloading
tensile tests up to 1%, 3%, or 5% strain at a speed of
1.66 mm s~ (Fig. S3-S51). Strain sensors with 5:5, 10 : 10,

(@) Schematic illustration of fabrication process of metal grid structural strain sensor. (b) Photograph of strain sensor with 5:5

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Electron microscopy images of strain sensors with different grid sizes and spacings (grid width : spacing, pm). (a) 5 : 5(b) 5: 25(c) 20 : 20

(d) 20 : 100.

20 : 20, 30 : 30, and 50 : 50 metal grids (different widths, but the
same width/spacing ratio), were used to demonstrate the effect
of the metal grid width on the piezoelectric sensitivity (Fig. 3a).
A complete film without any pattern showed the lowest relative
change in resistance (lowest sensitivity), while the metal-grid
sensors with smaller widths showed the higher sensitivity.
The 5 : 5 grid strain sensor showed the highest sensitivity at 3%
strain and 5% strain both (GF = 4685.9 at 5% strain).

The correlation between width/spacing ratio of the pattern
and the sensitivity of the sensor was also investigated (Fig. 3b).
For the sensors with widths of 5 um or 20 um, lower width/
spacing ratios resulted in more sensitive sensors. Although
5:25 grid sensor showed extremely high sensitivity (GF ~
20 000 at 3% strain), it had poor stability under cyclic testing
(Fig. S5d¥). In addition, the pattern size influenced the degree of
hysteresis [DH = (As — Agr)/Ag], which is defined in a previous
work® (Fig. 3c). Metal grid strain sensors with smaller widths
showed larger hysteresis. Smaller width/spacing ratios resulted
in higher sensitivity and larger Ar values, and consequently
lower DH. Although the 5:5 grid strain sensor showed the
highest DH among all specimens, it had competitive hysteresis
(DH = 11.68). The uniform signals from cyclic motion of 5: 5
grid strain sensors are shown in Fig. S4a.f The loading/
unloading cycle (black) and the electrical signal converted to
the GF (red) as functions of strain are shown in Fig. 4a. The 5: 5
grid strain sensor showed the highest GF of 4685.9 at 5% strain.
In the one-step test performed at 0.2% strain steps, the sensor
showed a clear response and very short response time of 18.6 ms
(Fig. S6t). The detectability test using a very small deformation
(<0.2% strain) was not possible using the available equipment.
Under 10% and 15% strain, the peak electrical signals
decreased with increasing cycle number (Fig. S77).

The stair-step tests showed distinct resistance signals in
response to each step of 0.4% strain (Fig. 4b). A wrinkled
structure was observed before applying strain (Fig. 4c) and
cracks appeared as tensile strain was applied (Fig. 4d). The
major piezoelectric sensing mechanism of the metal-grid strain
sensor was crack propagation in the metal film. Some parts of
the elongated metal film became thin and even cracked in the
transversal direction to that of the applied strain (Fig. S8%).
Although electrons pass through partially connected pathways
near cracks in the conductor, grid conductor with smaller
widths showed drastic deterioration of these conductive path-
ways. Hence, metal grids with narrower widths showed higher
sensitivity. The cracks reducing the electrical conductive path

This journal is © The Royal Society of Chemistry 2018
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Fig.3 The effects of the grid width and spacing on the strain sensor
behaviour. (a) The maximum relative change in resistance of various
strain sensors with different pattern sizes but the same width/
spacing ratio for 3% strain (black) and 5% strain (red). (b) Relative
change in resistance as a function of strain with different grid sizes
and width/spacing ratio, demonstrating the effect of width/spacing
on sensitivity. (c) The influence of pattern size and width/spacing
ratio on degree of hysteresis [DH = (As — Ar)/As] under 3% cyclic
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Fig. 4 Performances of 5 : 5 strain sensors. Relative change in resis-
tance as a function of time during (a) convex and (b) concave direc-
tional bending. Insets show the bending direction of the strain sensor
with conducting (black) and PDMS (grey) substrates. (c) Durability test
of sensor with strain up to ¢ = 0.6% at a speed of 1.67 mm s%. The inset
shows the signal over cycle numbers of 500-530.

appeared in the straight sections of the grid, rather than at the
intersections (Fig. S8t). The grid patterns with lower width/
spacing ratios had larger open spaces, which could explain
the effect of the width/spacing ratio on the sensitivity.

The electrical responsivity to the bending radius as well as
tensile strain is crucial performance of a strain sensor. Metal-
grid strain sensors were tested under convex (Fig. 5a) and
concave (Fig. 5b) bending motions. Convex bending resulted in
a positive signal, i.e., an increase in the resistance due to tensile
strain applied to the sensing region. Under tensile strain, the
wavelength of the wrinkle increased and its amplitude
decreased, resulting in an increase in resistance. The electrical
response increased steeply at a comparatively low bending
radius (15 mm) due to increased cracks in the metal film. On the
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contrary, concave bending resulted in negative resistance
values. The compressive strain applied during concave bending
increases the amplitude of the wrinkle and induced a concen-
trated metal film, resulting in a decrease in electrical resistance
of the Ag conductor. In addition, the metal-grid strain sensors
showed good durability for over 1000 loading/unloading cycles
(Fig. 5c). Some flexible strain sensors recently reported is
arranged in comparison table with important characteristics
(Table S17). This work shows outstanding sensitivity and large
sensing range compared to metal-based strain sensors.

To verify the viability of the metal-grid strain sensors for
practical applications, sensing of diverse motions of the body
and voice signals was demonstrated. A sensor was mounted on
the joint of an index finger and the finger was bent at two
different angles (Fig. 6a). Due to the ultrahigh responsivity of
the sensor, slight bending resulted in a clear electrical signal
and the tiny angular movement was distinguished. The sensor
was also applied to detect even smaller body movements; jerk-
ing of the triceps muscle was detected using the sensor (Fig. 6b).
In addition, closing and opening a fist, and moving the ante-
brachial muscle between the wrist and elbow were detected. The
sensor attached to the antebrachial muscle converted rapid
motions to clear electrical signals (Fig. 6c¢).

Considering other applications, a human voice signal from
a volunteer or speaker was measured distinctively using these
sensors. The strain sensor was placed on the neck under the
Adam's apple of an adult male to sense vocal signals, as illus-
trated in Fig. 7a. The words “Chung-Ang University”, “Chair”,
“Desk”, and “Milk” were spoken and the signals were analyzed
by recording videos. The phrase “Chung-Ang University” was
divided into five parts Chung/Ang/Uni/ver/sity. The motion of
the neck and vocal cords, as well as the acoustic vibration
stimulated the sensor. Jumps in the signal were from elongation
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Fig. 5 Piezoresistive behaviour and FE-SEM images of 5:5 (grid
width : spacing, pm) metal-grid strain sensors. (a) Relative change in
resistance (black) and gauge factor (red) as a function of strainup to e =
5%. (b) The stair-step test was performed up to 4.8% strain and each
step was 0.4% strain. The inset shows the electrical signal under 2%
strain. FE-SEM images of 5 : 5 patterned strain sensor (c) before and (d)
after tensile strain test up to e = 20%. The inset images are enlarged (c)
wrinkle structure of conductor and (d) crack in the metal film.
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The target to sensing was stiffening of triceps and the resistance was expressed as a function of time. (c) The antebrachial muscle moves along to
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from movement, and vibration, while drops in the signal were
due to bending of the sensor in the concave direction (losing
tension) (Fig. 7b). The words “Chair”, “Desk”, and “Milk” were
distinguished by piezoresistive signals (Fig. 7c). The sensor was
also placed on a speaker and used to produce signals from the
sound waves. Light music composed of guitar and drums
showed insignificant fluctuations in the resistance, while heavy
sound accompanied by bass guitar, showed drastic variations in
the signal.
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Fig. 7 Applications for detecting voice and sound signals. (a) Illustra-
tion of sensor position to detect voice signals. The sensor was
attached under the Adam's apple of the volunteer. (b) The vocal
stimulus of words “Chung-Ang University” were expressed as an
electrical signal via the strain sensor. (c) The words “chair”, "desk”, and
“milk” were also distinguished by an electrical resistance signal. (d) The
strain sensor was fixed on the speaker and two kinds of music (loud
and light) were played.
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Experimental section

Fabrication of strain sensors

Glass substrates (Paul Marienfeld GmbH & Co. KR) of 25.4 mm
x 76.2 mm were cleaned using a piranha solution at 180 °C for
5 h. Then, the glasses were washed with DI water (Human
Power II+, Human Corporation) several times and dried in
a flow of nitrogen gas. Subsequently, the glasses were placed in
0.1 vol% APTES (440140, Sigma Aldrich) solution at the room
temperature for 1 h.*” The silanized glasses were annealed on
a hot plate at 120 °C for 20 min and sonicated (CPX5800H-E,
Branson) in ethanol for 30 min. Then, the glasses were
rinsed with ethanol and dried under nitrogen gas. The surface-
modified glasses were exposed to UV light through a quartz
chrome mask to etch the APTES layer and form a grid pattern.
To deposit the AuNPs, another glass substrate was air-plasma
treated (PDC-32G, Harrick Plasma) for 1 min and fixed on the
APTES patterned glass with a 100 pm gap. The AuNP solution
prepared in advance was injected into the gap between the two
plates.*®*®5* After 15 min, the glasses were rinsed with DI water
and dried with nitrogen gas. Polydimethylsiloxane (PDMS)
pre-polymer (Silgard 184, Dow Corning) with a base-to-curing
agent ratio of 10 : 1 was coated on the AuNP-coated glasses
with a thickness of 750 pm using a spin-coating technique.
Then, the PDMS coated glasses were immediately cured on the
hot plate at 80 °C for 2 h. Cured PDMS was cut into a sample
size of 12.5 mm X >50 mm and carefully peeled off the glass
substrate. Another glass substrate (rinsed with DI water and
dried) was fixed on the PDMS substrate with a 250 pm gap for
silver enhancing. Solution A and B of the silver enhancing kit
SE-100 (Sigma Aldrich) were mixed in a 1 : 1 ratio and injected
into the gap between PDMS and glass.>* After 15 min, the
PDMS substrate was washed with DI water and dried under
nitrogen gas. Ag/Au conductor with grid structure was
annealed on a hot plate at 180 °C for 1 h. Copper tape was
attached to both edges of the sensing region and E-gain
(495425, Sigma Aldrich) was cast on the border between the
Cu tape and sensing region.

RSC Adv., 2018, 8, 42153-42159 | 42157
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Characterization of strain sensors

The grid widths and spacings were measured using optical
microscopy (BX-51, Olympus) with a charge-coupled device
(CCD) camera (ProgRes CF Scan, Jenoptik). The morphology of
the metal grid sensor was scanned using FE-SEM (SIGMA, Carl
Zeiss).

Preparation of AuNP solution

The glassware and other equipment were thoroughly cleaned to
remove dust to prevent aggregation of the AuNPs, which were
produced using a modified Turkevich method.*® Sodium citrate
solution was made with 40 ml DI water and 0.456 g sodium
citrate (1613859, Sigma Aldrich). We added 138 pl of gold(m)
chloride solution (484385, Sigma Aldrich) and preheated
sodium citrate solution to 400 ml of boiling DI water, stirring
vigorously. After 45 min of continuous stirring, the reactor was
covered to prevent dust entering and the hot plate was cooled to
25 °C. The AuNP solution was concentrated using an Amicon®
Stirred Cell (Merck KGaA). The desired concentration was
quantitated using UV-vis-NIR spectrophotometry (V-670, Jasco)
by diluting the filtered solution.

Sensor performance

One side of the strain sensor was clamped to a motorized
motion stage (AL1-1515-3S, Micro Motion Technology, Valley
Center), while the other side was fixed to a motion translation
stage (TS-40-2M, Science Town). Each of the two anchored
points was separated from the sensing region by >10 mm and
the stress applied to the sensor from clamping was negligible.
The motion stage moved various distances (0.1-10 mm) back
and forth at a rate of 1.67 mm s~ or 41.7 mm s~ to assess the
cyclic performance of the sensors. In addition, a sensor was
attached to the neck (under the Adam's apple), finger, and arm
of a volunteer to obtain signals from the motion of a body. This
experiment was performed in compliance with the institutional
guideline of the Chung-Ang University and was approved by the
Chung-Ang University Institutional Review Board (IRB) and all
participants provided written informed consent. We also
attached the sensor to a speaker to monitor sound waves. The
electrical signals were measured using a digital multimeter
(344014, Keysight) combined with a custom-built LabVIEW
program for real time analysis.

Conclusions

We proposed a novel approach for fabricating highly sensitive
and inexpensive metal-grid strain sensors based on a water-
based solution process. Highly sensitive strain sensors were
produced by adjusting the width of the metal-grid and the
width/spacing ratio. Excellent performance was demonstrated,
characterized by a high sensitivity (GF = 4685.9 at 5% strain)
and stretchability (¢ = 5%), short response time (=18.6 ms),
and low hysteresis (DH = 11.68 for 3% strain motion). Addi-
tionally, the repeatability, durability, and responsivity to various
strains were demonstrated. The viability of such sensors for
practical applications was confirmed; the metal-grid strain
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sensors produced readable signals from very small human body
motions and vocal signals. Furthermore, the all water-based
solution process is environmentally friendly and inexpensive.
Hence, our proposed technology has great potential for appli-
cations such as healthcare, human-machine interfaces, soft
robots, and a wide range of next-generation electrical devices.
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