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Abstract: Improved pressure sensing is of great interest to enable the next-generation of bioelectronics
systems. This paper describes the development of a transparent, flexible, highly sensitive pressure
sensor, having a composite sandwich structure of elastic silver nanowires (AgNWs) and poly(ethylene
glycol) (PEG). A simple PEG photolithography was employed to construct elastic AgNW-PEG
composite patterns on flexible polyethylene terephthalate (PET) film. A porous PEG hydrogel
structure enabled the use of conductive AgNW patterns while maintaining the elasticity of
the composite material, features that are both essential for high-performance pressure sensing.
The transparency and electrical properties of AgNW-PEG composite could be precisely controlled by
varying the AgNW concentration. An elastic AgNW-PEG composite hydrogel with 0.6 wt % AgNW
concentration exhibited high transmittance including Tssonm, of around 86%, low sheet resistance of
22.69 Q:sq~ !, and excellent bending durability (only 5.8% resistance increase under bending to 10 mm
radius). A flexible resistive pressure sensor based on our highly transparent AgNW-PEG composite
showed stable and reproducible response, high sensitivity (69.7 kPa~!), low sensing threshold
(~2 kPa), and fast response time (20-40 ms), demonstrating the effectiveness of the AgNW-PEG
composite material as an elastic conductor.

Keywords: silver nanowire (AgNW); hydrogel; PEG photolithography; nanocomposite; electronics;
pressure sensor

1. Introduction

Recently, flexible electronic devices capable of transducing physical phenomena, such as pressure,
strain, and temperature, into electrical signals have received considerable attention for use in
next-generation wearable electronics for health monitoring [1-8]. Particularly, a number of research
groups have been pursuing the development of high-performance pressure sensors with high flexibility,
optical transparency, and ultrahigh sensitivity, because of their wide range of potential applications
in robotics and medicine, and applications to specific devices including smart phones, touch screen
devices, and electronic skin [9-17]. Various types of pressure sensors exist, and are typically categorized
by their transduction mechanisms. In this article, we focus on the piezoresistive transducing
type (which has a number of advantages over the piezoelectric), capacitance, and triboelectric
types (including low cost, convenient readout, faster response time, lower power consumption,
small temperature dependence, and simple device structure) [18-21]. Most piezoresistive pressure
sensors have simple sandwich structures in which conductive materials are embedded into insulated
elastomeric polymer matrices. The elastic material is an essential component of such devices to
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accomplish high sensitivity and stable contact in the ultralow pressure region [22-24]. Therefore, it is
reasonable to expect that properties of the elastic matrix play an important role in the performance of
pressure sensors.

Several research groups have been utilized either polydimethylsiloxane (PDMS) or polyurethane
(PU) as elastic matrices for highly sensitive, flexible pressure sensors, allowing tailoring of their shapes
and structures [16,25-29]. However, elastic matrices, such as PDMS and PU, have the major limitation of
poor processability (poor adhesion) originating from their low surface energies, making these polymers
difficult to use in practical applications [30,31]. Contrastingly, elastic hydrogels having highly porous
and three-dimensional polymer networks have significantly lower elastic modulus and good flexibility
similar to that of natural tissues, making them more suitable for use as elastic matrices in pressure sensing
applications [23,32-35]. Several studies have demonstrated the use of conductive composite hydrogels to
improve sensitivity while maintaining good reproducibility in pressure/strain sensors [22,36,37].

Herein we describe the development of a novel type of transparent, flexible, and highly sensitive
piezoresistive pressure sensor based on silver nanowires (AgNWs) as the conductive material and
PEG hydrogel as the elastic matrix. We chose to use these materials because (1) AgNWs have
excellent electrical properties, flexibility, and mechanical robustness, and their use allows cost-efficient
solution processing [38-43]; and (2) PEG allows a simple patterning process including control over
shape and dimension [44—47]. An important design criterion for us was to construct a simple but
powerful active layer in which highly conductive materials were embedded into soft hydrogel matrices.
Our experiments showed that this piezoresistive pressure sensor based on the silver nanowires and
poly(ethylene glycol) (AgNW-PEG) sandwich structure exhibited good electrical properties, excellent
flexibility, good transparency, high sensitivity, and fast response time.

2. Materials and Methods

2.1. Materials

Silver nanowires of diameter 2040 nm and length 20-30 pm were purchased from NANOPYXIS
(Jeonju-si, Korea). Poly(ethylene glycol) diacrylate (PEG-DA; MW 575) and polyethylene terephthalate
(PET; film thickness 0.175 mm) were purchased from Aldrich Chemicals (Gillingham, UK) and used
without further purification. 4-(2-Hydroxyethoxy) phenyl-(2-hydroxy-2-propyl) ketone (Irgacure
2959) was purchased from BASF (Ludwigshafen, Germany). 3-Acryloxy-propyl trichlorosilane was
obtained from Gelest, Inc. (Morrisville, PA, USA). Toluene and ethanol were purchased from Duksan
Pure Chemicals Company Co., Ltd. (Ansan, Korea). Phosphate-buffered saline solution (PBS) was
purchased from Life Technologies (Shanghai, China).

2.2. Preparation of AQNW-PEG Patterns on a Flexible PET Substrate

AgNW solutions of various concentrations (1.0, 0.8, 0.6, 0.4, and 0.2 wt %; 800 pL) were spin-coated
onto glass substrates (50 mm x 50 mm) at 500 rpm for 30 s. Into PBS containing 1% w/v of a
photoinitiator (Irgacure 2959), dissolved at 70% v/v in ethanol, PEG-DA (MW 575) was mixed to
achieve a 60% w/v gel precursor solution. The PEG precursor solution (10 uL) was dropped onto
the AgNW-coated glass and then covered with silane-treated PET. Silane modification was used to
anchor the gel layer to the PET. The AgNW-coated glass was covered with silane-treated PET and then
exposed to an ultraviolet (UV) light source (INNO Cure 2000; 2.32 mW-cm~2) through a photomask
for 2 s. The UV-exposed region of the AgNW film was transferred to the silane-treated PET substrate
along with the PEG hydrogel. Finally, the AgNW-PEG patterned PET was dipped into ethanol to
remove the unexposed PEG precursor solution.

2.3. Characterization of Morphology and Transmittance of AQNW-PEG Patterns

The morphologies of the AgNW-PEG patterns were characterized using optical microscopy
(Nikon eclipse Ti-S, Nikon Inc., Tokyo, Japan) and field emission scanning electron microscopy
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(FE-SEM, Hitachi, model S-4200, Carl Zeiss, model Merlin, Hitachi, Ltd., Tokyo, Japan). To measure
the transparency of AGNW-PEG patterns, prepared using various AgNW concentrations (1.0, 0.8, 0.6,
0.4, or 0.2 wt %), ultraviolet-visible-near infrared (UV-vis-NIR) transmittance spectra of samples in the
hydrogel state, immersed in water, were collected using a CARY 300 Bio spectrophotometer (Varian,
Inc., Milpitas, CA, USA).

2.4. Measurements of Electrical Properties and Bending Stability

To measure sheet resistance, AgNW-PEG patterns (width 1 mm) were prepared on PET substrates
by using AgNW solutions of various concentrations (1.0, 0.8, 0.6, 0.4, and 0.2 wt %) and using the
PEG photolithography procedure described above. The measurement was performed by using a sheet
resistance tester (CMT-100S, Advanced Instrument Technology, Suwon, Korea). Sheet resistance values
were calculated as the averages of measurements from several different positions. To test the stability of
patterned samples transferred to a flexible substrate and their performance under bending, I-V curves
of patterned samples were tested before and after substrate transfer and under bending. The patterned
samples were of AgNW (0.6 wt %)-PEG, and had line patterns 1 mm in width and 16 mm in length, with
4 mm X 3 mm squares at both ends, and measurements were taken using a two-point probe method under
voltage from —1 to +1 V, using a PGSTAT204 electrical measurement device (Metrohm Autolab, Utrecht,
The Netherlands). In a bending stability test, a patterned sample of AgNW (0.6 wt %)-PEG was bent to the
bending radius of 10 mm on both sides of the substrate and then unbent.

2.5. Fabrication of Resistive Pressure Sensor Device Using AGQNW-PEG Electrodes on PET

Resistive pressure sensors of patterned AgNW-PEG were fabricated on flexible PET substrates
using a sandwich structure. Specifically, to fabricate each pressure sensor device, two AgNW-PEG
electrodes with the pattern width of 1 mm were assembled face to face, putting them in contact
with each other. The working and counter electrodes were connected to these electrodes. I-V curves
of these devices were obtained to demonstrate their behavior as pressure sensors under a range of
external pressures. To measure the current change of each sandwich pressure sensor, a potential was
applied from an electrochemical analysis device using a chronoamperometry technique (potential:
1 V). The relative change of resistance (RCR) of each device ((R — Rg)/Rp) was calculated by using the
resistance value obtained from the corresponding I-V curve.

3. Results and Discussion

The process used to fabricate piezoresistive pressure sensors comprising patterned AgNW-PEG
on flexible PET is schematically illustrated in Figure 1, including step-by-step photographs. A slightly
modified version of a PEG photolithography process described in our previous works [48-50] was
employed to construct each active layer of AgNW-PEG. In contrast to our previous studies the
objective of the present work was to directly study the influence of AgNWs and PEG hydrogel upon
the performance of contact resistive pressure sensors.
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Figure 1. Schematic illustration of the fabrication of a resistive pressure sensor composed of elastic
silver nanowires and poly(ethylene glycol) (AgNW-PEG) composite hydrogel patterned on flexible
polyethylene terephthalate (PET). (A) Fabrication of flexible AgNW-PEG patterns on PET substrate
via PEG photolithography. (B) Schematic illustration of the structural elasticity of the AgNW-PEG
sandwich structure in the resistive pressure sensor. (C) Photographs of (i) AgNW film on glass,
(ii) AgNWs left on glass after PEG photolithography, (iii) AgNW-PEG composite patterns on PET
substrate, and (iv) resistive pressure sensor device based on AgNW-PEG sandwich structure (1 mm
line pattern width; scale bars: 1 cm).

As shown in Figure 1A, UV-induced PEG gelation at the AgNW-PEG interface through a
photomask triggered a strong crosslinking reaction between the AGNW network structures and PEG
polymer chains. As a result, AgNWSs were cleanly transferred from the glass to the PET substrate in the
UV exposed regions, along with the PEG hydrogel (Figure 1C(iii)). As shown in Figure 1B, we fabricated
resistive pressure sensors based on the AgNW-PEG sandwich structure and then investigated the
effects of using the elastic AgNW-PEG composite hydrogel upon the performance of the pressure
sensor, as discussed below.

Optical and scanning electron microscope (SEM) micrographs showed that the AgNW-PEG
patterns were successfully fabricated on the PET substrate via PEG photolithography (Figure 2).
Tiled cross-sectional SEM micrographs clearly showed that each active layer of AgNW-PEG was
composed of two distinct regions (AgNWs embedded in PEG, and pure PEG), which work together
as an elastic conductor (Figure 2C,D). In contrast to pure AgNW patterns without PEG hydrogel on
glass (Figure 2B inset), highly magnified SEM micrographs of a region of AgNWs embedded in PEG
showed that AgNW networks were embedded in the PEG surface layer, leading to good stability
and flexibility of the elastic AgNW-PEG composite hydrogel (Figure 2B,D). This structure of AgNWs
embedded in PEG likely arose from the ability of the PEG precursor solution to easily penetrate into
AgNW networks during UV-induced PEG gelation.
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Figure 2. (A) Optical micrographs of AgNW-PEG patterns of line width 1 mm on PET. (B) FE-SEM
micrographs of AgNW-PEG patterns on a PET substrate. (B inset) SEM micrograph of AgNW patterns
on glass. (C,D) Cross sectional views of AgNW-PEG patterns of line width 1 mm on substrate.

We investigated the transmittance and the sheet resistance of elastic AgNW-PEG composite
hydrogels prepared using various AgNW concentrations; the transmittance and sheet resistance
of AgNW-PEG composites decreased with increasing AgNW concentration from 0.2% to 1.0%
(Figure 3A,B). AgNW-PEG patterns of 0.6 wt % AgNWs showed high transmittance, with Ts50nm
of around 86% (Figure 3A inset), and good electrical properties with the low sheet resistance of
22.69 0-sq~! (conductivity: 15 x 10* S-cm~1). Therefore, the 0.6 wt % AgNW formulation of elastic
AgNW-PEG composite hydrogel was chosen for further experiments related to bending durability,
sensitivity, and response speed of transparent resistive pressure sensors.
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Figure 3. (A) Optical transmittance of AgNW-PEG layer on PET films prepared using various
concentrations of dispersed AgNWs in the precursor solutions. (A inset) Photograph of highly transparent
AgNW-PEG line patterns of line width 1 mm on PET film (AgNW concentration: 0.6 wt %). (B) Sheet
resistance and transmittance at 550 nm of AgNW-PEG on PET film, versus AgNW concentration of the
precursor used.
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We next evaluated the I-V characteristics of AgNW-PEG patterns on glass and PET substrates,
respectively before and after PEG photolithography. Nearly identical I-V characteristics were observed
on the glass and PET substrates (Figure 4A), indicating that the PEG photolithography process allowed
intact AgNW transfer from glass to flexible PET film. To further evaluate the mechanical flexibility
of AgNW-PEG composite hydrogel, we examined changes in I-V characteristics under folding and
bending. AgNW-PEG showed very similar I-V curves in the flat state and under bidirectional bending
at the bending radius of 1 cm (Figure 4B), suggesting its good bending durability as an electrode.
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Figure 4. (A) Current-voltage (I-V) characteristics of AgNW-PEG line patterns (i) on glass before the direct
transfer process, and (ii) on PET substrate after direct transfer (0.6 wt % AgNW concentration). (B) I-V
curves of AgNW-PEG line patterns on PET during a bending test (0.6 wt % AgNW concentration; 1 cm
bending radius).

We constructed a transparent and flexible resistive pressure sensor device composed of a sandwich
structure of the elastic AgNW-PEG composite (Figure 1B,C). Relative change of current (RCC) and the
resistance (RCR) values ((R — Rg)/Rp) were calculated using resistances obtained from the I-V data
collected in bending or non-bending state under various pressures. There was no distinct difference
between the RCR and RCC values in both states, indicating that the sensor can detect pressure even in
the bending state. These data were in line with I-V curve results shown in Figure 4B. The RCR values
with bending or non-bending state changed greatly under increasing pressures from 0 to 11.77 kPa
(1.96, 2.75, 3.92, 7.85, and 11.77 kPa; Figure 5A,B). It needs to be noted that there was no significant
difference in the values of current and resistance at pressures higher than 12 kPa.
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Figure 5. Responses of a sandwich-type pressure-responsive sensor device of elastic AgNW-PEG
composite hydrogel patterns on flexible PET (1 mm line pattern width). (A) Relative resistance change
(RCR), and (B) relative current change (RCC) of the sensor with bending or non-bending state under
various pressures (1.96, 2.75, 3.92, 7.85, and 11.77 kPa, 1.5 cm bending radius).
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The elastic AGNW-PEG based pressure sensor exhibited higher sensitivity (S = dR/dP; R,
resistance; P, applied pressure) of ~69.7 and ~1.9 kPa~! in the respective pressure ranges of 0-1.96 and
1.96-7.85 kPa, which were comparable to previous reports [36,37,51-53]. The pressure detection
threshold of this sensor was determined to be around ~2 kPa.

It is important to note that the AgNW-PEG composite based pressure sensor presented herein
had much better sensitivity than a sensor based on a layer of pure AgNWs on a rigid substrate,
demonstrating the effectiveness of the elastic PEG hydrogel to enhance pressure sensitivity (Figure 6A).
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Figure 6. (A) Pressure sensing tests (pressure: 3.92 kPa) of resistive pressure sensors based on
AgNW-PEG composite (blue line) and pure AgNW without PEG (red line). (B) Chronoamperometry
curve of AgNW-PEG based pressure sensor under 3.92 kPa for 48 h. To demonstrate drift stability,
measurements were conducted for 1 h at 1, 12, 24, 36, and 48 h after exercise. (C) Cyclability and
response time curves of resistive pressure sensor based on AgNW-PEG composite hydrogel under
several pressures (1.96, 3.92, and 11.77 kPa).

The electromechanical sensors typically exhibit drift phenomena that are less accurate and
less sensitive when exposed to steady stimuli. Therefore, we investigated the current difference
of AgNW-PEG based pressure sensor under 3.92 kPa for 48 h as shown in Figure 6B. As a result,
the initial current value was decreased to only 1.8%, indicating the good stability of AgNW-PEG based
pressure sensor. Other important requirements for high-performance pressure sensors are excellent
cyclability and fast response time. Our pressure sensor produced stable and reproducible signals with
very fast response and relaxation times (2040 ms) over 1000 cycles of pressure loading/unloading
(1.96, 3.92, and 11.77 kPa) (Figure 6C). These results likely arose from the stable electrical contact and
excellent elastic deformation of the AgNW-PEG composite hydrogel under static loading.

To investigate the spatial distinguishable ability of pressure sensor array, three weights (2, 5, 10 g)
were placed on the marked sites of the 4 x 4 pixels sensing array (each is 1 mm X 1 mm, Figure 7A
inset). Figure 7 clearly shows the change in I-V curves depending on weights as well as the resistance
decrease by increasing weight. These results indicate that this sensor array based on AgNW-PEG
composite patterns can be used to detect the distribution of the applied pressure with a high sensitivity.
Overall, it is clear that the AgNW-PEG composite patterns on flexible PET substrate described herein
can enhance our ability to develop highly transparent, flexible, and ultrasensitive pressure sensors.
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Figure 7. (A) The I-V curve and (B) resistance of a sandwich-type pressure-sensor device for demonstrating
the functionality of the sensor array. (A inset) Photograph of sensor array with AGNW-PEG line patterns
(width: 1 mm) on PET substrate under several weight pressures (D2 g;@5g 310 g).

4. Conclusions

We have reported a resistive pressure sensor with high performance, including good transparency,
high flexibility, excellent sensitivity, and fast and stable response. A key design consideration for this
pressure sensor was to construct an active electrode layer composed of highly conductive AgNWs and
elastic PEG hydrogel. A simple PEG photolithography can be employed to pattern elastic AgNW-PEG
composite hydrogels on flexible PET film. A resistive pressure sensor based on a sandwich structure
of the AgNW-PEG composite had high transmittance (including 86% transmittance at 550 nm), good
flexibility (only 5.8% resistance increase under bending to the radius of 10 mm), high sensitivity (up to
69.7 kPa~ 1), low sensing threshold (~2 kPa), and fast response time (2040 ms). We foresee that the
proposed strategy to fabricate elastic composite conductors could enable diverse technologies for the
development of next-generation bioelectronics systems.

Author Contributions: Conceptualization, Y.K., ].Y.; Experiment, YK, D.K., G K Supervision, J.Y.; Writing, YK, ].Y.

Funding: This research was funded by a National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIP) (NRF-2015R1C1A1A01054258, 2018R1D1A1B07047874).

Acknowledgments: The authors acknowledge the funding from a National Research Foundation of Korea (NRF)
grant funded by the Korean government (MSIP) (NRF-2015R1C1A1A01054258, 2018R1D1A1B07047874).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kim, D.-H,; Lu, N,; Ma, R; Kim, Y.-S.; Kim, R.-H.; Wang, S.; Wu, J.; Won, S.M.; Tao, H.; Islam, A_; et al.
Epidermal electronics. Science 2011, 333, 838. [CrossRef] [PubMed]

2. Choong, C.-L.; Shim, M.-B.; Lee, B.-S; Jeon, S.; Ko, D.-S.; Kang, T.-H.; Bae, J.; Lee, S.H.; Byun, K.-E.; Im, J.; et al.
Highly stretchable resistive pressure sensors using a conductive elastomeric composite on a micropyramid
array. Adv. Mater. 2014, 26, 3451-3458. [CrossRef] [PubMed]

3. Shao, Q.; Niu, Z,; Hirtz, M.; Jiang, L.; Liu, Y.; Wang, Z.; Chen, X. High-performance and tailorable pressure
sensor based on ultrathin conductive polymer film. Small 2014, 10, 1466-1472. [CrossRef] [PubMed]

4. Karmakar, R.S.; Lu, Y.-J.; Fu, Y,; Wei, K.-C.; Chan, S.-H.; Wu, M.-C,; Lee, J.-W,; Lin, T.-K.; Wang, ].-C.
Cross-talk immunity of PEDOT:PSS pressure sensing arrays with gold nanoparticle incorporation. Sci. Rep.
2017, 7, 12252. [CrossRef] [PubMed]

5. Yao, S.; Zhu, Y. Wearable multifunctional sensors using printed stretchable conductors made of silver
nanowires. Nanoscale 2014, 6, 2345-2352. [CrossRef] [PubMed]

6. Lee, J.; Kwon, H.; Seo, J.; Shin, S.; Koo, J.H.; Pang, C.; Son, S.; Kim, J.H.; Jang, YH.; Kim, D.E.; et al.
Conductive fiber-based ultrasensitive textile pressure sensor for wearable electronics. Adv. Mater. 2015, 27,
2433-2439. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.1206157
http://www.ncbi.nlm.nih.gov/pubmed/21836009
http://dx.doi.org/10.1002/adma.201305182
http://www.ncbi.nlm.nih.gov/pubmed/24536023
http://dx.doi.org/10.1002/smll.201303601
http://www.ncbi.nlm.nih.gov/pubmed/24851243
http://dx.doi.org/10.1038/s41598-017-12420-5
http://www.ncbi.nlm.nih.gov/pubmed/28947743
http://dx.doi.org/10.1039/c3nr05496a
http://www.ncbi.nlm.nih.gov/pubmed/24424201
http://dx.doi.org/10.1002/adma.201500009
http://www.ncbi.nlm.nih.gov/pubmed/25692572

Micromachines 2018, 9, 438 9of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nishizawa, M. Soft, wet and ionic microelectrode systems. Bull. Chem. Soc. Jpn. 2018, 91, 1141-1149.
[CrossRef]

Liu, Z.; Zhai, D.; Pan, L.; Qiu, H.; Li, W,; Ding, X.; Shi, Y. Template synthesis of freestanding nanostructural
membrane of polyaniline. Chem. Lett. 2011, 40, 644—-645. [CrossRef]

Fan, E-R.; Lin, L.; Zhu, G.; Wu, W.; Zhang, R.; Wang, Z.L. Transparent triboelectric nanogenerators and
self-powered pressure sensors based on micropatterned plastic films. Nano Lett. 2012, 12, 3109-3114.
[CrossRef] [PubMed]

Eltaib, M.E.H.; Hewit, ].R. Tactile sensing technology for minimal access surgery—A review. Mechatronics
2003, 13, 1163-1177. [CrossRef]

Li, C.G; Lee, K,; Lee, C.Y,; Dangol, M.; Jung, H. A minimally invasive blood-extraction system: Elastic
self-recovery actuator integrated with an ultrahigh-aspect-ratio microneedle. Adv. Mater. 2012, 24, 4583-4586.
[CrossRef] [PubMed]

Livage, J. Actuator materials: Towards smart artificial muscle. Nat. Mater. 2003, 2, 297-299. [CrossRef] [PubMed]
Boland, ].J. Flexible electronics: Within touch of artificial skin. Nat. Mater. 2010, 9, 790-792. [CrossRef] [PubMed]
Ma, Z. An electronic second skin. Science 2011, 333, 830-831. [CrossRef] [PubMed]

Orthner, M.P,; Buetefisch, S.; Magda, J.; Rieth, L.W.; Solzbacher, F. Development, fabrication,
and characterization of hydrogel based piezoresistive pressure sensors with perforated diaphragms.
Sens. Actuators A Phys. 2010, 161, 29-38. [CrossRef] [PubMed]

Gong, S.; Schwalb, W.; Wang, Y.; Chen, Y.; Tang, Y.; Si, J.; Shirinzadeh, B.; Cheng, W. A wearable and highly
sensitive pressure sensor with ultrathin gold nanowires. Nat. Commun. 2014, 5, 3132. [CrossRef] [PubMed]
Zou, X.; Liang, T.; Lopez, N.; Ahmed, M.; Ajayan, A.; Mazzeo, A.D. Arrayed force sensors made of paper,
elastomer, and hydrogel particles. Micromachines 2017, 8, 356. [CrossRef]

Liang, B.; Chen, W,; He, Z.; Yang, R,; Lin, Z.; Du, H.; Shang, Y.; Cao, A.; Tang, Z.; Gui, X. Highly sensitive, flexible
MEMS based pressure sensor with photoresist insulation layer. Small 2017, 13, 1702422. [CrossRef] [PubMed]
Wei, Y; Chen, S; Lin, Y.; Yuan, X,; Liu, L. Silver nanowires coated on cotton for flexible pressure sensors.
J. Mater. Chem. C 2016, 4, 935-943. [CrossRef]

Wang, J.-C.; Karmakar, R.S.; Lu, Y.-J.; Huang, C.-Y.; Wei, K.-C. Characterization of piezoresistive PEDOT:PSS
pressure sensors with inter-digitated and cross-point electrode structures. Sensors 2015, 15, 818-831.
[CrossRef] [PubMed]

Park, H.; Jeong, YR; Yun, J.; Hong, S.Y.; Jin, S.; Lee, S.-].; Zi, G.; Ha, ].S. Stretchable array of highly sensitive
pressure sensors consisting of polyaniline nanofibers and Au-coated polydimethylsiloxane micropillars.
ACS Nano 2015, 9, 9974-9985. [CrossRef] [PubMed]

Pan, L.; Chortos, A.; Yu, G.; Wang, Y.; Isaacson, S.; Allen, R.; Shi, Y.; Dauskardt, R.; Bao, Z. An ultra-sensitive
resistive pressure sensor based on hollow-sphere microstructure induced elasticity in conducting polymer
film. Nat. Commun. 2014, 5, 3002. [CrossRef] [PubMed]

Yin, M.-].; Zhang, Y.; Yin, Z.; Zheng, Q.; Zhang, A.P. Micropatterned elastic gold-nanowire/polyacrylamide
composite hydrogels for wearable pressure sensors. Adv. Mater. Technol. 2018, 3, 1800051. [CrossRef]
Wang, J.; Jiu, J.; Nogi, M.; Sugahara, T.; Nagao, S.; Koga, H.; He, P.; Suganuma, K. A highly sensitive and
flexible pressure sensor with electrodes and elastomeric interlayer containing silver nanowires. Nanoscale
2015, 7, 2926-2932. [CrossRef] [PubMed]

Joo, Y,; Byun, J; Seong, N.,; Ha, ], Kim, H; Kim, S; Kim, T; Im, H; Kim, D.; Hong, Y.
Silver nanowire-embedded PDMS with a multiscale structure for a highly sensitive and robust flexible
pressure sensor. Nanoscale 2015, 7, 6208-6215. [CrossRef] [PubMed]

Pan, J.; Liu, S.; Yang, Y.; Lu, J. A highly sensitive resistive pressure sensor based on a carbon nanotube-liquid
crystal-PDMS composite. Nanomaterials 2018, 8, 413. [CrossRef] [PubMed]

Lee, D.; Lee, H.; Jeong, Y.; Ahn, Y.; Nam, G.; Lee, Y. Highly sensitive, transparent, and durable pressure sensors
based on sea-urchin shaped metal nanoparticles. Adv. Mater. 2016, 28, 9364-9369. [CrossRef] [PubMed]

Ariga, K.; Ji, Q.; Hill, ].P; Bando, Y.; Aono, M. Forming nanomaterials as layered functional structures toward
materials nanoarchitectonics. NPG Asia Mater. 2012, 4, e17. [CrossRef]

Gao, N.; Zhang, X.; Liao, S.; Jia, H.; Wang, Y. Polymer swelling induced conductive wrinkles for an
ultrasensitive pressure sensor. ACS Macro Lett. 2016, 5, 823-827. [CrossRef]

You, B;; Han, CJ.; Kim, Y,; Ju, B.-K,; Kim, ].-W. A wearable piezocapacitive pressure sensor with a single layer of
silver nanowire-based elastomeric composite electrodes. ]. Mater. Chem. A 2016, 4, 10435-10443. [CrossRef]


http://dx.doi.org/10.1246/bcsj.20180064
http://dx.doi.org/10.1246/cl.2011.644
http://dx.doi.org/10.1021/nl300988z
http://www.ncbi.nlm.nih.gov/pubmed/22577731
http://dx.doi.org/10.1016/S0957-4158(03)00048-5
http://dx.doi.org/10.1002/adma.201201109
http://www.ncbi.nlm.nih.gov/pubmed/22807158
http://dx.doi.org/10.1038/nmat886
http://www.ncbi.nlm.nih.gov/pubmed/12728233
http://dx.doi.org/10.1038/nmat2861
http://www.ncbi.nlm.nih.gov/pubmed/20835233
http://dx.doi.org/10.1126/science.1209094
http://www.ncbi.nlm.nih.gov/pubmed/21836004
http://dx.doi.org/10.1016/j.sna.2010.05.023
http://www.ncbi.nlm.nih.gov/pubmed/20657810
http://dx.doi.org/10.1038/ncomms4132
http://www.ncbi.nlm.nih.gov/pubmed/24495897
http://dx.doi.org/10.3390/mi8120356
http://dx.doi.org/10.1002/smll.201702422
http://www.ncbi.nlm.nih.gov/pubmed/28961373
http://dx.doi.org/10.1039/C5TC03419A
http://dx.doi.org/10.3390/s150100818
http://www.ncbi.nlm.nih.gov/pubmed/25569756
http://dx.doi.org/10.1021/acsnano.5b03510
http://www.ncbi.nlm.nih.gov/pubmed/26381467
http://dx.doi.org/10.1038/ncomms4002
http://www.ncbi.nlm.nih.gov/pubmed/24389734
http://dx.doi.org/10.1002/admt.201800051
http://dx.doi.org/10.1039/C4NR06494A
http://www.ncbi.nlm.nih.gov/pubmed/25588044
http://dx.doi.org/10.1039/C5NR00313J
http://www.ncbi.nlm.nih.gov/pubmed/25779911
http://dx.doi.org/10.3390/nano8060413
http://www.ncbi.nlm.nih.gov/pubmed/29890633
http://dx.doi.org/10.1002/adma.201603526
http://www.ncbi.nlm.nih.gov/pubmed/27578433
http://dx.doi.org/10.1038/am.2012.30
http://dx.doi.org/10.1021/acsmacrolett.6b00338
http://dx.doi.org/10.1039/C6TA02449A

Micromachines 2018, 9, 438 10 of 11

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Lee, D.; Yang, S. Surface modification of PDMS by atmospheric-pressure plasma-enhanced chemical vapor
deposition and analysis of long-lasting surface hydrophilicity. Sens. Actuators B Chem. 2012, 162, 425-434.
[CrossRef]

Liu, Y.-J.; Cao, W.-T.; Ma, M.-G.; Wan, P. Ultrasensitive wearable soft strain sensors of conductive, self-healing,
and elastic hydrogels with synergistic “soft and hard” hybrid networks. ACS Appl. Mater. Interfaces 2017, 9,
25559-25570. [CrossRef] [PubMed]

Kanhere, E.; Bora, M.; Miao, J.; Triantafyllou, M. Flexible hydrogel capacitive pressure sensor for underwater
applications. Proceedings 2017, 1, 360. [CrossRef]

Chen, Z.; Ren, W.; Gao, L.; Liu, B.; Pei, S.; Cheng, H.-M. Three-dimensional flexible and conductive
interconnected graphene networks grown by chemical vapour deposition. Nat. Mater. 2011, 10, 424—428.
[CrossRef] [PubMed]

Samad, Y.A.; Li, Y,; Schiffer, A.; Alhassan, S.M.; Liao, K. Graphene foam developed with a novel two-step
technique for low and high strains and pressure-sensing applications. Small 2015, 11, 2380-2385. [CrossRef]
[PubMed]

Sun, J.-Y,; Zhao, X.; llleperuma, W.RK.; Chaudhuri, O.; Oh, K.H.; Mooney, D.J.; Vlassak, J.J.; Suo, Z.
Highly stretchable and tough hydrogels. Nature 2012, 489, 133-136. [CrossRef] [PubMed]

Duan, J.; Liang, X.; Guo, J.; Zhu, K.; Zhang, L. Ultra-stretchable and force-sensitive hydrogels reinforced
with chitosan microspheres embedded in polymer networks. Adv. Mater. 2016, 28, 8037-8044. [CrossRef]
[PubMed]

Kim, S.M.; Lee, J.; In, I; Park, S.Y. Formulation of silver nanowire-polyaniline hybrid transparent electrodes
by using catechol-enriched polyaniline. Chem. Lett. 2014, 43, 1453-1455. [CrossRef]

Kim, C.-L.; Jung, C.-W.; Oh, Y.-J.; Kim, D.-E. A highly flexible transparent conductive electrode based on
nanomaterials. NPG Asia Mater. 2017, 9, e438. [CrossRef]

Kang, H.; Kim, H.; Kim, S.; Shin, H.J.; Cheon, S.; Huh, J.-H.; Lee, D.Y; Lee, S.; Kim, S.-W.; Cho, J.H.
Mechanically robust silver nanowires network for triboelectric nanogenerators. Adv. Funct. Mater. 2016, 26,
7717-7724. [CrossRef]

Xu, Q.; Song, T.; Cui, W,; Liu, Y,; Xu, W.; Lee, S.-T.; Sun, B. Solution-processed highly conductive
PEDOT:PSS/AgNW /GO transparent film for efficient organic-Si hybrid solar cells. ACS Appl.
Mater. Interfaces 2015, 7, 3272-3279. [CrossRef] [PubMed]

Acharya, S.; Hill, ].P; Ariga, K. Soft Langmuir-Blodgett technique for hard nanomaterials. Adv. Mater. 2009,
21, 2959-2981. [CrossRef]

Ariga, K.; Yamauchi, Y.; Rydzek, G.; Ji, Q; Yonamine, Y.; Wu, K.C.-W,; Hill, J.P. Layer-by-layer
nanoarchitectonics: Invention, innovation, and evolution. Chem. Lett. 2014, 43, 36—68. [CrossRef]

Revzin, A.; Russell, R.J.; Yadavalli, VK.; Koh, W.-G.; Deister, C.; Hile, D.D.; Mellott, M.B.; Pishko, M.V.
Fabrication of poly(ethylene glycol) hydrogel microstructures using photolithography. Langmuir 2001, 17,
5440-5447. [CrossRef] [PubMed]

Kim, M,; Lee, J.Y,; Jones, C.N.; Revzin, A.; Tae, G. Heparin-based hydrogel as a matrix for encapsulation and
cultivation of primary hepatocytes. Biomaterials 2010, 31, 3596-3603. [CrossRef] [PubMed]

You, J.; Haque, A.; Shin, D.-S.; Son, K.J.; Siltanen, C.; Revzin, A. Bioactive photodegradable hydrogel for
cultivation and retrieval of embryonic stem cells. Adv. Funct. Mater. 2015, 25, 4650-4656. [CrossRef]

You, J.; Raghunathan, VK.; Son, KJ.; Patel, D.; Haque, A.; Murphy, C.J.; Revzin, A. Impact of nanotopography,
heparin hydrogel microstructures, and encapsulated fibroblasts on phenotype of primary hepatocytes.
ACS Appl. Mater. Interfaces 2015, 7, 12299-12308. [CrossRef] [PubMed]

Kim, D.; Kim, ].; Ko, Y.; Shim, K.; Kim, J.H.; You, J. A facile approach for constructing conductive polymer
patterns for application in electrochromic devices and flexible microelectrodes. ACS Appl. Mater. Interfaces
2016, 8, 33175-33182. [CrossRef] [PubMed]

Ko, Y;; Kim, J.; Kim, D.; Yamauchi, Y.; Kim, ].H.; You, J. A simple silver nanowire patterning method based
on poly(ethylene glycol) photolithography and its application for soft electronics. Sci. Rep. 2017, 7, 2282.
[CrossRef] [PubMed]

Kim, D.; Ko, Y,; Kim, W.; Kim, D.; You, J. Highly efficient silver nanowire/ PEDPT: PSS composite microelectrodes
via poly(ethylene glycol) photolithography. Opt. Mater. Express 2017, 7, 2272-2279. [CrossRef]

Tai, Y.; Mulle, M.; Ventura, L. A.; Lubineau, G. A highly sensitive, low-cost, wearable pressure sensor based
on conductive hydrogel spheres. Nanoscale 2015, 7, 14766-14773. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.snb.2011.12.017
http://dx.doi.org/10.1021/acsami.7b07639
http://www.ncbi.nlm.nih.gov/pubmed/28696658
http://dx.doi.org/10.3390/proceedings1040360
http://dx.doi.org/10.1038/nmat3001
http://www.ncbi.nlm.nih.gov/pubmed/21478883
http://dx.doi.org/10.1002/smll.201403532
http://www.ncbi.nlm.nih.gov/pubmed/25620784
http://dx.doi.org/10.1038/nature11409
http://www.ncbi.nlm.nih.gov/pubmed/22955625
http://dx.doi.org/10.1002/adma.201602126
http://www.ncbi.nlm.nih.gov/pubmed/27380145
http://dx.doi.org/10.1246/cl.140527
http://dx.doi.org/10.1038/am.2017.177
http://dx.doi.org/10.1002/adfm.201603199
http://dx.doi.org/10.1021/am508006q
http://www.ncbi.nlm.nih.gov/pubmed/25599588
http://dx.doi.org/10.1002/adma.200802648
http://dx.doi.org/10.1246/cl.130987
http://dx.doi.org/10.1021/la010075w
http://www.ncbi.nlm.nih.gov/pubmed/12448421
http://dx.doi.org/10.1016/j.biomaterials.2010.01.068
http://www.ncbi.nlm.nih.gov/pubmed/20153045
http://dx.doi.org/10.1002/adfm.201501979
http://dx.doi.org/10.1021/am504614e
http://www.ncbi.nlm.nih.gov/pubmed/25247391
http://dx.doi.org/10.1021/acsami.6b10103
http://www.ncbi.nlm.nih.gov/pubmed/27934196
http://dx.doi.org/10.1038/s41598-017-02511-8
http://www.ncbi.nlm.nih.gov/pubmed/28536475
http://dx.doi.org/10.1364/OME.7.002272
http://dx.doi.org/10.1039/C5NR03155A
http://www.ncbi.nlm.nih.gov/pubmed/26288336

Micromachines 2018, 9, 438 11 of 11

52. Ge, G,; Zhang, Y,; Shao, J.; Wang, W.; Si, W.; Huang, W.; Dong, X. Stretchable, transparent, and self-patterned
hydrogel-based pressure sensor for human motions detection. Adv. Funct. Mater. 2018, 1802576. [CrossRef]

53. Erfkamp, ].; Guenther, M.; Gerlach, G. Hydrogel-based piezoresistive sensor for the detection of ethanol.
J. Sens. Sens. Syst. 2018, 7, 219-226. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1002/adfm.201802576
http://dx.doi.org/10.5194/jsss-7-219-2018
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of AgNW-PEG Patterns on a Flexible PET Substrate 
	Characterization of Morphology and Transmittance of AgNW-PEG Patterns 
	Measurements of Electrical Properties and Bending Stability 
	Fabrication of Resistive Pressure Sensor Device Using AgNW-PEG Electrodes on PET 

	Results and Discussion 
	Conclusions 
	References

