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A Simple Silver Nanowire 
Patterning Method Based 
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Hydrogel-based flexible microelectrodes have garnered considerable attention recently for soft 
bioelectronic applications. We constructed silver nanowire (AgNW) micropatterns on various 
substrates, via a simple, cost-effective, and eco-friendly method without aggressive etching or lift-off 
processes. Polyethylene glycol (PEG) photolithography was employed to construct AgNW patterns with 
various shapes and sizes on the glass substrate. Based on a second hydrogel gelation process, AgNW 
patterns on glass substrate were directly transferred to the synthetic/natural hydrogel substrates. The 
resultant AgNW micropatterns on the hydrogel exhibited high conductivity (ca. 8.40 × 103 S cm−1) with 
low sheet resistance (7.51 ± 1.11 Ω/sq), excellent bending durability (increases in resistance of only 
~3 and ~13% after 40 and 160 bending cycles, respectively), and good stability in wet conditions (an 
increase in resistance of only ~6% after 4 h). Considering both biocompatibility of hydrogel and high 
conductivity of AgNWs, we anticipate that the AgNW micropatterned hydrogels described here will be 
particularly valuable as highly efficient and mechanically stable microelectrodes for the development of 
next-generation bioelectronic devices, especially for implantable biomedical devices.

Recent advancements in the fabrication of flexible and stretchable microelectrodes based on various conductive 
materials (i.e. graphenes, carbon nanotubes (CNTs), metals, conductive polymer, etc.)1, 2 and novel patterning 
techniques3, 4 have led to the development of novel bioelectronics5 such as wearable and implantable devices. In 
particular, hydrogel-based, molecularly-permeable microelectrodes are potentially valuable for soft bioelectron-
ics applications. This is the case because hydrogels are well suited for interfacing with dynamic human tissues due 
to their biocompatibility, molecular permeability, and tunable mechanical properties6–8. Additionally, microe-
lectrodes are amendable to rapidly detecting disorder in biological signals originating from various diseases9, 10.  
Despite the innovative utilization of hydrogel-based microelectrodes, there are fewer reports investigating 
hydrogel-based microelectrodes compared to glass- or silicone-based microelectrodes11–13. This discrepancy is 
related to the difficulty associated with constructing conductive patterns on wet hydrogel substrates.

Among various conductive materials, including conductive polymers14–16, carbonaceous materials (i.e. CNTs 
and graphenes)17, 18, and metal (Ag, Cu, Au etc.) nanomaterials19–23, the silver nanowires (AgNWs)24–26 show 
considerable promise for flexible microelectrodes due to their excellent electrical properties, flexibility, mechan-
ical robustness, and low-cost processing27. Importantly, AgNWs have been demonstrated to exhibit an excellent 
long-term stability under ambient atmosphere, high temperature, and external force28–30. Because the performance 
of bioelectronic devices is highly dependent on the properties of electrodes consisting of the conductive materials, 
it is important to choose a highly conductive material. In general, carbon nanotubes, graphenes and conductive 
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polymers are limited due to their low conductivity (100–1000 Ω/sq)17, 31, 32 and restricted processes. From these 
reasons, many researches have focused on the studies for patterning of metal nanowires. Jeong et al. reported 
reliable micropatterning method of AgNWs by the combination of lift-off process and spray coating process33.  
In addition, Ahn et al. reported a simple laminating process for the fabrication of AgNW patterns on paper sub-
strate34. Recently, development of Cu nanowires (CuNWs) has been intensively carried out due to its low cost 
compared to AgNWs35–40. However, the coating process of CuNWs is very critical issue due to easy oxidation 
of Cu under air and wet conditions23. To utilize the CuNWs as an electrode material, therefore, further uses of 
an inert-gas or vacuum environment are required41–44. From these backgrounds, till now, solution-processable 
AgNWs under ambient condition can be considered as a proper candidate in conductive materials for the devel-
opment of high-performance bioelectronic devices, especially, exposing to wet environments. Thus, the ability to 
pattern AgNWs on hydrogels is necessary in order to design new hydrogel-based microelectrodes with improved 
performance. Recently, Lee et al. reported a micropatterning technique for depositing AgNWs on a hydrogel 
substrate11. They constructed AgNW patterns on a glass substrate through a photolithographic process with a 
photoresist and then transferred the patterns to a hydrogel substrate via a direct transfer process. However, the 
photolithographic method is a time-consuming process that requires aggressive etching with toxic chemicals that 
can damage the electrical and mechanical properties of the AgNWs. More recently, our group demonstrated that 
a conductive polymer, organic conductor, i.e., poly(3,4-ethylenedioxythiophene) (PEDOT), can be successfully 
patterned on hydrogel substrates via only solution-based processes comprising solution phase monomer casting 
and oxidative polymerization and PEG photolithography45.

In this study, we successfully constructed highly conductive, flexible, AgNW-based microelectrodes on var-
ious substrates (i.e., glass, synthetic/natural hydrogels (PEG, polyacrylamide, and agarose), and polydimethyl-
siloxane (PDMS)) via a solution-based method. This method involves three steps: (1) AgNWs with various 
thicknesses and concentrations were deposited on a glass substrate by spin coating, (2) AgNW patterns were 
constructed on a glass substrate by poly(ethylene glycol) (PEG) photolithography, and (3) AgNW patterns on the 
glass were transferred to various flexible substrates, such as hydrogels, using a gelation process. After confirming 
the successful construction of AgNW patterns on both the glass and hydrogels, we investigated the electrical 
properties of the AgNW-based microelectrodes as a function of AgNW concentration and spin-coating speed. 
Our investigation revealed that these silver nanowire-based microelectrodes on hydrogels exhibited good electri-
cal properties, excellent bending durability, and long-term stability in wet conditions.

Results and Discussion
This study highlights how highly conductive AgNW materials can be micropatterned onto flexible substrates, 
such as natural/synthetic hydrogels, to construct hydrogel-based, biocompatible, molecularly-permeable micro-
electrodes. To accomplish this, we performed consecutive solution processes, as shown in the schematic illustra-
tion (Fig. 1A) and step-by-step photographic images (Fig. 1B). First, AgNW solutions of various concentrations 
(0.4, 0.7, 1.0, and 1.3%) were dropped and uniformly spin-coated onto a glass substrate at different spin-coating 
speeds (500, 700, 800, 900, and 1100 rpm) (Fig. 1A–i). Next, PEG photolithography was employed to construct 
AgNW patterns with various shapes (circles and lines) and sizes (500 μm and 200 μm) on a glass substrate 

Figure 1.  Fabrication of AgNW patterns on various substrates via two consecutive solution-only processes. 
(A) Schematic illustration for fabrication of AgNW-based micropatterns on the hydrogel: (i) AgNW dispersion 
solution was spin-coated on a glass substrate; (ii) PEG photolithography process using UV light via a 
photomask; (iii) peeling off of the PEG hydrogel layer by detaching the silane-treated cover glass to construct 
AgNW patterns on the glass substrate; (iv) second gel precursor solution (agarose or polyethylene glycol, or 
polyacrylamide) was poured onto the AgNW-patterned glass, and a second gelation process was conducted; 
and (v) peeling off of the second gel layer and transfer of the AgNW patterns from the glass to the hydrogel 
substrate. (B) Photographs showing the procedure used to fabricate AgNW-based micropatterns: (a) peeling 
off of the PEG hydrogel layer by detaching the silane-treated cover glass; (b) AgNW micropatterns on the glass 
substrate; (c) peeling off of the second gel layer; and (d) transfer of the AgNW patterns from the glass to the 
hydrogel substrate.



www.nature.com/scientificreports/

3Scientific Reports | 7: 2282  | DOI:10.1038/s41598-017-02511-8

(Fig. 2A,C). The PEG precursor solution was dropped onto the AgNW-coated glass, and then a silane-treated 
cover glass was placed over the PEG precursor solution. After UV-induced PEG gelation through the photomask, 
the PEG hydrogel was peeled off to detach the AgNWs from the glass substrate. Acrylate moieties present at the 
silane-treated cover glass were used to anchor the PEG hydrogel to the cover glass. The non-UV exposed AgNW 
region remained intact on the glass substrate, leading to the construction of AgNW patterns on the glass sub-
strate. The AgNW detachment along with PEG hydrogel from the glass may be attributed to the strong adhesion 
between the PEG hydrogel and the AgNW film; this may originate from the strong cross-linking between poly-
mer chains in the hydrogel and AgNW network structures (Fig. 1A–ii and B–a,b). In the final step, we directly 
transferred the micropatterned AgNWs from the glass to the hydrogel substrate via a second round of hydrogel 
gelation. In similar manner to the strong adhesion between the first PEG hydrogel and the AgNW film, a second 
synthetic (PEG, PAMM) or natural (agarose) hydrogel gelation process was employed to transfer the AgNW 
patterns from the glass to the biocompatible, flexible, molecularly-permeable hydrogel substrates (Fig. 1A–i–
iii,iv,v and B–c,d). This strong adhesion between the AgNW network structures and hydrogels might lead to the 
successful AgNW pattern transfer from the glass to the hydrogel substrate. As seen from the photographic, optical 
microscopic images in Fig. 2, AgNW patterns with a dot width of 500 μm (Fig. 2A) and a line width of 200 μm 
(Fig. 2C) were successfully constructed on glass substrates via PEG photolithography. Furthermore, these AgNW 
patterns on the glass substrates were clearly transferred to hydrogel substrates by a transfer process based on the 
second gelation process (Fig. 2B,D). The SEM images presented in Fig. 3 revealed that the AgNWs patterns with 
line width of 200 μm were successfully constructed on the glass and hydrogel. Also, it means that the microelec-
trodes on the glass or the hydrogel are substantially no difference. Additionally, the resultant AgNW micropat-
terns can be completely transferred to hydrogel substrates without any damage to the AgNW patterns. Upon 
confirming the successful fabrication of AgNW patterns on both the glass and hydrogel substrates, we investi-
gated the electrical properties of AgNW micropatterns as a function of spin-coating speeds and AgNW concen-
trations; these variables can determine the AgNW network density. We prepared AgNW-based micropatterns 
(700 μm in width and 2 cm in length) on the glass substrate using the PEG photolithography process described 
above and then measured I–V curves and electrical resistances with a two-point probe station. As shown in 
Fig. 4A and B, the electrical resistance of AgNW micropatterns increased from 1110 to 10 kΩ as the spin-coating 
speed increased from 500 to 1100 rpm, indicating that lower spin- coating speeds led to an increase in AgNW 
network density. Also, we demonstrated that the electrical resistance of AgNW micropatterns gradually increased 
from 1110 Ω to 2400 Ω as the AgNW concentration decreased from 1.3% to 0.4% (Fig. 4C,D). This suggests that 
higher AgNW concentrations in solution gave rise to higher AgNW network densities. These observations are 
consistent with previous reports indicating that denser networks of AgNW-based micropatterns induced 
improved electron transport pathways11, 46. We also evaluated the I–V characteristics and sheet resistances of 
AgNW-based micropatterns on the glass and hydrogel substrates before and after the pattern transfer process in 
order to investigate the effects of the pattern transfer process on the electrical properties of AgNWs. As seen in 
Fig. 4E and F, nearly identical I–V characteristics were observed for the AgNW-based micropatterns on the glass 
and hydrogel substrates. Moreover, the sheet resistances of AgNW micropatterns on the glass were determined to 
7.4 Ω/sq and 19.4 Ω/sq at spin-coating speeds of 500 and 1100 rpm, respectively. The AgNW micropatterns on the 
PEG hydrogel had almost similar sheet resistances of 7.5 Ω/sq and 19.7 Ω/sq, respectively. These results strongly 
indicate that the pattern transfer process (from the glass to the hydrogel) does not have any detrimental effects on 
the electrical properties of the AgNW micropatterns. The AgNW patterns on the hydrogels described in this 

Figure 2.  Photographic and optical microscopic images of AgNW-based micropatterns with (A,B) dot of 
500 μm diameter and (C,D) line of 200 μm width) on the (A,C) glass and (B,D) hydrogel.
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study exhibited good electrical properties comparable to previously reported values (8~13 Ω/sq)47. AgNW pat-
terns on the hydrogel showed good electrical properties that were sufficient to turn on a light-emitting diode 
(LED) bulb (Fig. 5C). We further examined the mechanical flexibility of AgNW-based micropatterns on the 
hydrogel by analyzing the increase in electrical resistance during bending. In this test, AgNW-based micropat-
terns on the hydrogel underwent a bending strain of ~59%, with subsequent stretching; this was repeated for 160 
cycles. As a result, a very small increase in the electrical resistance of the AgNW-patterned hydrogels was 
observed (around 3 and 13% after 40 and 160 bending cycles, respectively) (Fig. 5A). This indicates that signifi-
cant cracking or fracturing of the AgNW network structures was not caused by repetitive bending cycles. The 
AgNW-patterned hydrogels were still electrically functional after 160 bending cycles. Importantly, Fig. 5C shows 
that AgNW micropatterns with bend radius of 6 mm remained functional to turn on a LED bulb. The I–V curve 
presented in Fig. 5C supported that AgNW micropatterns on hydrogel showed almost the same electrical prop-
erty at bending state compared to that at non-bending state, indicating excellent bending durability as an elec-
trode. In addition to the excellent bending durability of the AgNW-micropatterned hydrogel, these samples also 
exhibited good stability in wet conditions. As shown in Fig.  5B, the electrical resistance of the 
AgNW-micropatterned hydrogel only increased by ~6% after being immersed in water for 4 h. These flexibility 
and stability results verified that the highly conductive AgNW micropatterns on hydrogels can function as versa-
tile, hydrogel-based microelectrodes for soft bioelectronics systems. The AgNW pattern transfer process 
described here is facile and well suited for various flexible substrates. As can be seen in the photographic images 
in Fig. 6A–D, the AgNW micropatterns prepared on the glass via PEG photolithography were successfully trans-
ferred to other hydrogels (e.g., polyacrylamide) as well as to elastomer substrates (e.g., PDMS). These results show 
that this method enables to apply into various bioelectronics applications using various gel species with different 
intrinsic properties. In comparison with previous studies11, 33, 34, 48, 49, our hydrogel-based patterning method has 
several advantages such as relatively inexpensive process, easily controllable process, and importantly, environ-
mentally friendly process without toxic chemicals. This strategy described here required only common, inexpen-
sive raw materials such as polyethylene glycol diacrylate (PEG-DA) and mild solutions such as water. In addition, 
this strategy can offer enough patterning resolution for microelectrode. As a proof of concept to demonstrate 
whether AgNW electrode on hydrogel could response to low stimulus environment, the pressure-responsive 
sensor was fabricated in form of sandwich-type composed of two AgNW electrodes with pattern width of 1 mm 

Figure 3.  FE-SEM images of (A–C) AgNW-based micropatterns on a glass substrate before the pattern transfer 
process and (D–F) AgNW-based micropatterns on a hydrogel substrate after pattern transfer process. The line 
pattern width is 200 μm.
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(Fig. 7). The relative change of the resistance (RCR) value ((R − R0)/R0) was calculated by resistance value 
obtained from the I–V graph at different pressures. It can be seen that the RCR value gradually decreased with 
pressure increasing from 0 to 10 kPa. It is important to note that AgNW patterns on hydrogel were highly respon-
sive to low pressure sensing range (<2.5 kPa). It has been known that ideal blood pressure for a healthy adult is 
16 kPa (120 mmHg) systolic and 11 kPa (80 mmHg) diastolic. Overall, the novel strategy described herein can 
enhance our ability to develop highly conductive, hydrogel-based microelectrodes for next-generation bioelec-
tronics systems such as implantable blood pressure sensor.

Conclusion
In this study, we developed highly conductive AgNW-based micropatterns on various substrates of glass, hydro-
gels (agarose, PEG-DA, polyacrylamide), and polydimethylsiloxane (PDMS) via solution-based processes with-
out aggressive etching or lift-off processes. Using PEG photolithography, AgNW-based micropatterns of different 

Figure 4.  Electrical properties of AgNW-based micropatterns (700 μm in width and 2 cm in length) was 
measured by attachment of the copper tape on both sides. (A) Current-voltage (I–V) characteristics of AgNW-
based micropatterns at the different spin-coating speeds and (C) various concentrations of AgNWs dispersion 
solution. Spin-coating speeds from 500 to 1100 rpm were used to control the thickness of the micropatterns 
and concentration from 0.4 to 1.3% were used to control the quantity of AgNWs. Resistance of AgNW-based 
micropatterns on glass substrate as a function of (B) spin-coating speeds and (D) concentrations. (E) Current-
voltage (I–V) characteristics of AgNW-based micropatterns on glass before direct transfer, and hydrogel 
substrate after direct transfer process. (F) Sheet resistance of AgNW-based micropatterns on glass and hydrogel 
with the different spin-coating speeds.

Figure 5.  Mechanical flexibility or stability of AgNW-based micropatterns was measured by digital multi-tester 
device and compared to the initial value. (A) Bending test of AgNW-based micropatterns (700 μm in width and 
2 cm in length) on PEG hydrogel. (B) Stability test of AgNW-based micropatterns on PEG hydrogel in DI water. 
(C) The I–V performance of the AgNW-micropatterns (500 μm in width, 2 cm in length) on hydrogel before 
bending and in bending state. The inset shows the LED emission with flexible AgNW-based micropatterns 
(500 μm in width and 2 cm in length) on agarose hydrogel.
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shapes and dimensions were successfully constructed on glass. These AgNW patterns were cleanly transferred 
to synthetic/natural hydrogel substrates via a gelation-based transfer processes. The resultant AgNW micropat-
terns on the hydrogels exhibited high conductivity with low sheet resistance, excellent mechanical durability, and 
good stability in wet conditions. We anticipate that this simple micropatterning process will enhance our ability 
to develop next-generation bioelectronics systems as well as can be easily integrated into various soft electronics 
systems. Finally, we envisaged that AgNW-based microelectrode could be further improved in electrical con-
ductivity by chemical welding process50 and patterning method described here could be applied to CuNWs for 
achieving the cost-effectiveness51 by new technologies, respectively.

Experimental
Chemical and materials.  Silver nanowires (1.3 wt %) with 20–40 nm in diameter and 20–30 μm in length 
were purchased from NANOPYXIS. Poly(ethylene glycol) diacrylate (PEG-DA, MW 575); 3,4-acrylamide/
bis-acrylamide solution (30%); ammonium persulfate (APS); and N,N,N′,N′-tetramethylethylenediamine 
(TEMED) were purchased from Aldrich Chemicals and used without further purification. 4-(2-Hydroxyethoxy) 
phenyl-(2-hydroxy-2-propyl) ketone (Irgacure 2959) was purchased from BASF. 3-Acryloxy-propyl 

Figure 6.  (A–D) Photograph images of AgNW-based micropatterns on various hydrogel or elastomer; (A) 
PEG (200 μm). (B) Polyacrylamide (PAAM) (200 μm) (C) Agarose (200 μm) and (D) PDMS (500 μm). Scale bar: 
5 mm.

Figure 7.  Fabrication of pressure-responsive device of two AgNW-microelectrodes on PEG hydrogel (1 mm 
on line pattern width) and tested the pressure response using hydrogel sandwich type. The inset shows that the 
experiments were conducted by applying pressure to the points where the line patterns with electrodes were 
engaged. The relative change of the resistance (RCR) graph of connected AgNW-microelectrode with different 
pressures (2.5, 4.5, 6.5, 8.5, and 10.5 kPa).
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trichlorosilane was obtained from Gelest, Inc. (Morrisville, PA). Agarose powder was purchased from Genomic 
Base. Toluene and ethanol were purchased from Duksan Pure Chemicals Company Co., Ltd. (Korea). Phosphate-
buffered saline (PBS) was purchased from Life Technologies. The silicone elastomer base and silicone elastomer 
curing agent were purchased from Dowhitech Silicone Co., Ltd. (Goyang-si, Korea).

Patterning of AgNWs on a glass substrate.  The AgNW solution (1.3%, 1 ml) was dropped and 
spin-coated on a glass substrate at various speeds (500, 700, 800, 900, and 1100 rpm). To prepare AgNW films 
with various concentrations, AgNW solutions (1.3, 1.0, 0.7, and 0.4%) were dropped and spin-coated at 500 rpm. 
PEG-DA (MW 575) was mixed in PBS containing 1% w/v of a photoinitiator (Irgacure 2959), which was dis-
solved in 70% v/v ethanol, to achieve a 60% w/v gel precursor solution. The PEG precursor solution was dropped 
onto the AgNW-coated glass (2.5 × 2.5 cm2) and then covered with silane-treated glass. Silane modification was 
used to anchor the gel layer to the glass52, 53. Glass slides were treated with a corona surface treater to generate 
hydroxyl groups and then placed in a 2 mM solution of 3-acryloxy-propyl trichlorosilane in anhydrous toluene 
for 1 h. The reaction was performed in a nitrogen condition. After incubation, the glass slides were rinsed with 
fresh toluene, dried under nitrogen, and cured at 100 °C for 2 h. Silane-modified slides were placed in a desiccator 
until further use. The AgNW-coated glass was exposed to a UV light source (INNO Cure 2000, 2.32 mW cm−2) 
through a photomask for 1 s. The UV-exposed region of the AgNWs film was transferred to the silane-treated 
glass along with the PEG hydrogel. The region of the AgNW film that was not exposed to UV light remained 
intact to afford the AgNW patterns. The AgNW-patterned glass was dipped into ethanol to remove the unexposed 
PEG precursor solution. The average thickness of AgNW patterns was determined to be 159 nm from atomic 
force microscope (AFM) profile.

Transferring the AgNW patterns from the glass to various substrates (PEG, agarose, PAAM, 
and PDMS).  The 3% w/w agarose gel precursor solution was heated to 90 °C to melt the agarose powder. The 
PEG precursor solution was used as described above. The polyacrylamide (PAAM) gel precursor solution was 
prepared by mixing distilled water (2.3 ml), 30% acrylamide/bis-acrylamide solution (5 ml), 10% APS solution 
(0.1 g APS + 1 ml distilled water, 100 μl), and TEMED (8 μl). The above hydrogel precursor solution (PEG, aga-
rose, PAAM) was dropped onto the AgNW-micropatterned glass substrate. Gelation of the agarose was carried 
out by allowing it to cool at room temperature. Gelation of the PEG precursor solution was conducted by UV 
exposure. After gelation, the hydrogel was carefully peeled from the glass substrate. To transfer the AgNW pat-
terns from the glass to the PDMS, the silicone elastomer base/silicone elastomer curing agent (20:1) composite 
liquid was prepared using a vacuum cylinder to eliminate air pockets in the composite liquid. The composite liq-
uid was then poured onto the AgNW-micropatterned glass substrate. This was oven-dried for 1 h, and the PDMS 
was carefully peeled from the glass substrate. As a result, the AgNW micropatterns were cleanly transferred to 
various substrates without any defects.

Measurement of pattern morphology and electrical properties.  The morphologies of the 
AgNWs patterns were imaged via optical microscopy (Nikon eclipse Ti-S) and field emission scanning 
electron microscopy (FE-SEM, Hitachi, model S-4200, Carl Zeiss, model Merlin). To measure the resist-
ance (Ω) of the AgNWs patterns, AgNW films were prepared on glass (2.5 × 2.5 cm2). After our patterning 
procedures, AgNW patterns (700 μm × 2 cm) were attached with copper tape on both sides. Measurements 
were taken using a two-point probe method from −1 V to 1 V with an electrical measurement device 
(PGSTAT204, Metrohm Autolab). In order to compare the resistance differences between AgNWs on glass 
and hydrogel substrates, AgNW films (2.5 × 1.5 cm2) on glass and hydrogel (after carrying out our pattern-
ing procedures) were measured by the two-point probe method from −0.8 V to 0.8 V. To measure the sheet 
resistance, AgNW-based micropatterns (500 μm in width) were prepared on the glass and hydrogel sub-
strates. The measurement was performed by using sheet resistance tester (CMT-100S, Advanced Instrument 
Technology).

Bending, stability, and LED bulb test.  In the bending cycle test, the AgNW pattern 
(700 μm × 2 cm)-coated PEG hydrogel (2.5 × 2.5 cm2) was bent with a bending diameter of 10 mm and sub-
sequently unbent; this was repeated for 160 cycles. The resistance of the sample was measured by a digital 
multi-tester device (HIOKI, model 3244–60) after 40, 80, 120, and 160 cycles; these values were compared to the 
initial resistance value. In the stability test, the AgNW pattern-coated PEG hydrogel was immersed in water for 
4 h. The resistance of the sample was measured by a digital multi-tester device after 1, 2, 3, and 4 h and then com-
pared to the initial value. For the LED bulb test, micropatterned AgNW films on PEG or agarose hydrogels were 
prepared. Electrodes were connected to the AgNW patterns through copper lines. A potential was applied via an 
electrochemical analysis device using chronoamperometry (potential: 2 V).

Fabrication of pressure sensor device using AgNW-microelectrodes on hydrogel.  In order to 
fabricate a pressure sensor device, two AgNW-microelectrodes with the pattern width of 1 mm were fabricated on 
PEG hydrogel and then assembled face to face with a small gap. The orientation of these two electrodes was per-
pendicular to each other. The I–V curves were obtained to demonstrate the pressure sensor at different external 
pressures. Finally, the relative change of the resistance (RCR) value ((R − R0)/R0) was calculated by the resistance 
value obtained from the I–V graph.



www.nature.com/scientificreports/

8Scientific Reports | 7: 2282  | DOI:10.1038/s41598-017-02511-8

References
	 1.	 Ganin, A. Y. et al. Bulk superconductivity at 38 K in a molecular system. Nat. Mater. 7, 367–371, doi:10.1038/nmat2179 (2008).
	 2.	 Nam, M.-S., Ardavan, A., Blundell, S. J. & Schlueter, J. A. Fluctuating superconductivity in organic molecular metals close to the 

Mott transition. Nature 449, 584–587, doi:10.1038/nature06182 (2007).
	 3.	 Edberg, J. et al. Patterning and conductivity modulation of conductive polymers by UV light exposure. Adv. Funct. Mater. 26, 

6950–6960, doi:10.1002/adfm.v26.38 (2016).
	 4.	 Yoon, S.-S. & Khang, D.-Y. Facile patterning of Ag nanowires network by micro-contact printing of siloxane. ACS Appl. Mater. 

Interfaces 8(35), 23236–23243, doi:10.1021/acsami.6b05909 (2016).
	 5.	 Shin, S. R. et al. Aligned carbon nanotube–based flexible gel substrates for engineering biohybrid tissue actuators. Adv. Funct. Mater. 

25, 4486–4495, doi:10.1002/adfm.v25.28 (2015).
	 6.	 Ma, X. et al. A biocompatible and biodegradable protein hydrogel with green and red autofluorescence: preparation, characterization 

and in vivo biodegradation tracking and modeling. Sci. Rep. 6, 19370, doi:10.1038/srep19370 (2016).
	 7.	 Lee, M. K., Rich, M. H., Baek, K., Lee, J. & Kong, H. Bioinspired tuning of hydrogel permeability-rigidity dependency for 3D cell 

culture. Sci. Rep. 5, 8948, doi:10.1038/srep08948 (2015).
	 8.	 Tse, J. R. & Engler, A. J. Preparation of hydrogel substrates with tunable mechanical properties. Curr. Prot. Cell Bio. 10, 1–16, 

doi:10.1002/0471143030.cb1016s47 (2010).
	 9.	 Roverts, T. et al. Flexible inkjet-printed multielectrode arrays for neuromuscular cartography. Adv. Healthcare Mater. 5, 1462–1470, 

doi:10.1002/adhm.201600108 (2016).
	10.	 Choi, S., Lee, H., Ghaffari, R., Hyeon, T. & Kim, D. H. Recent advances in flexible and stretchable bio-electronic devices integrated 

with nanomaterials. Adv. Mater. 28, 4203–4218, doi:10.1002/adma.v28.22 (2016).
	11.	 Ahn, Y., Lee, H., Lee, D. & Lee, Y. Highly conductive and flexible silver nanowire-based microelectrodes on biocompatible hydrogel. 

ACS Appl. Mater. Interfaces 6, 18401–18407, doi:10.1021/am504462f (2014).
	12.	 Sekine, S., Ido, Y., Miyake, T., Nagamine, K. & Nishizawa, M. Conducting polymer electrodes printed on hydrogel. J. Am. Chem. Soc. 

132, 13174–13175, doi:10.1021/ja1062357 (2010).
	13.	 Ido, Y. et al. Conducting polymer microelectrodes anchored to hydrogel films. ACS Macro Lett 1, 400–403, doi:10.1021/mz2002406 

(2012).
	14.	 Cai, M. et al. Extremely efficient indium–tin-oxide-free green phosphorescent organic light-emitting diodes. Adv. Mater. 24, 

4337–4342, doi:10.1002/adma.v24.31 (2012).
	15.	 Kim, Y. H. et al. Highly conductive PEDOT:PSS electrode with optimized solvent and thermal post-treatment for ITO-free organic 

solar cells. Adv. Funct. Mater. 21, 1076–1081, doi:10.1002/adfm.201002290 (2011).
	16.	 Kim, J. et al. Conductive polymers for next-generation energy storage systems: recent progress and new functions. Mater. Horiz. 3, 

517–535, doi:10.1039/C6MH00165C (2016).
	17.	 Kim, K. S. et al. Large-scale pattern growth of graphene films for stretchable transparent electrodes. Nature 457, 706–710, 

doi:10.1038/nature07719 (2009).
	18.	 Xiao, P. et al. Integration of a patterned conductive carbon nanotube thin film with an insulating hydrophobic polymer carpet into 

robust 2D Janus hybrid flexible electronics. J. Mater. Chem. C 4, 9750–9755, doi:10.1039/C6TC03358J (2016).
	19.	 Hu, L., Kim, H. S., Lee, J.-Y., Peumans, P. & Cui, Y. Scalable coating and properties of transparent, flexible, silver nanowire electrodes. 

ACS Nano 4(5), 2955–2963, doi:10.1021/nn1005232 (2010).
	20.	 Garnett, E. C. et al. Self-limited plasmonic welding of silver nanowire junctions. Nat. Mater. 11, 241–249, doi:10.1038/nmat3238 

(2012).
	21.	 Cui, F. et al. Synthesis of ultrathin copper nanowires using tris(trimethylsilyl) silane for high-performance and low-haze transparent 

conductors. Nano Lett. 15(11), 7610–7615, doi:10.1021/acs.nanolett.5b03422 (2015).
	22.	 Yu, Y., Cui, F., Sun, J. & Yang, P. Atomic structure of ultrathin gold nanowires. Nano Lett. 16(5), 3078–3084, doi:10.1021/acs.

nanolett.6b00233 (2016).
	23.	 Zhong, Z. et al. Roll-to-roll-compatible, flexible, transparent electrodes based on self-nanoembedded Cu nanowires using intense 

pulsed light irradiation. Nanoscale 8, 8995–9003, doi:10.1039/c6nr00444j (2016).
	24.	 Kim, S., Kim, S. Y., Chung, M. H., Kim, J. & Kim, J. H. A one-step roll-to-roll process of stable AgNW/PEDOT:PSS solution using 

imidazole as a mild base for highly conductive and transparent films: optimizations and mechanisms. J. Mater. Chem. C 3, 
5859–5868, doi:10.1039/C5TC00801H (2015).

	25.	 Kim, B. S. et al. Reversibly stretchable, optically transparent radio-frequency antennas based on wavy Ag nanowire networks. ACS 
Appl. Mater. Interfaces 8(4), 2582–2590, doi:10.1021/acsami.5b10317 (2016).

	26.	 Kim, S., Kim, S. Y., Kim, J. & Kim, J. H. Highly reliable AgNW/PEDOT:PSS hybrid films: efficient methods for enhancing 
transparency and lowering resistance and haziness. J. Mater. Chem. C 2, 5636–5643, doi:10.1039/c4tc00686k (2014).

	27.	 Reit, R. et al. Thiol–epoxy/maleimide ternary networks as softening substrates for flexible electronics. J. Mater. Chem. B 4, 
5367–5374, doi:10.1039/C6TB01082B (2016).

	28.	 Mayousse, C., Celle, C., Fraczkiewicz, A. & Simonato, J.-P. Stability of silver nanowire based electrodes under environmental and 
electrical stresses. Nanoscale 7, 2107–2115, doi:10.1039/c4nr06783e (2015).

	29.	 Chen, S. et al. X. Neutral-PH PEDOT:PSS as over-coating layer for stable silver nanowire flexible transparent conductive films. Org. 
Electron. 15, 3654–3659, doi:10.1016/j.orgel.2014.09.047 (2014).

	30.	 Lee, D. et al. Highly stable and flexible silver nanowire–graphene hybrid transparent conducting electrodes for emerging 
optoelectronic devices. Nanoscale 5, 7750–7755, doi:10.1039/c3nr02320f (2013).

	31.	 Zhang, Y. et al. Polymer-embedded carbon nanotube ribbons for stretchable conductors. Adv. Mater. 22, 3027–3031, doi:10.1002/
adma.v22:28 (2010).

	32.	 Li, J. et al. Organic light-emitting diodes having carbon nanotube anodes. Nano Lett. 6, 2472–2477, doi:10.1021/nl061616a (2006).
	33.	 Jeong, D.-W., Jang, N.-S., Kim, K.-H. & Kim, J.-M. A stretchable sensor platform based on simple and scalable lift-off micropatterning 

of metal nanowire network. RSC Adv. 6, 74418–74425, doi:10.1039/C6RA15385B (2016).
	34.	 Ahn, J. et al. Extremely robust and patternable electrodes for copy-paper-based electronics. ACS Appl. Mater. Interfaces 8, 

19031–19037, doi:10.1021/acsami.6b05296 (2016).
	35.	 Stewart, I. E., Ye, S., Chen, Z., Flowers, P. F. & Wiley, B. J. Synthesis of Cu–Ag, Cu–Au, and Cu–Pt core–shell nanowires and their use 

in transparent conducting films. Chem. Mater. 27, 7788–7794, doi:10.1021/acs.chemmater.5b03709 (2015).
	36.	 Kumar, D. V., Woo, K. & Moon, J. Promising wet chemical strategies to synthesize Cu nanowires for emerging electronic applications. 

Nanoscale 7, 17195–17210, doi:10.1039/C5NR05138J (2015).
	37.	 Zhu, Z. et al. Ultrahigh aspect ratio copper-nanowire-based hybrid transparent conductive electrodes with PEDOT:PSS and reduced 

graphene oxide exhibiting reduced surface roughness and improved stability. ACS Appl. Mater. Interfaces 7, 16223–16230, 
doi:10.1021/acsami.5b01379 (2015).

	38.	 Yin, Z. et al. Novel synthesis, coating, and networking of curved copper nanowires for flexible transparent conductive electrodes. 
Small 11, 4576–4583, doi:10.1002/smll.v11.35 (2015).

	39.	 Ahn, Y., Jeong, Y., Lee, D. & Lee, Y. Copper nanowire–graphene core–shell nanostructure for highly stable transparent conducting 
electrodes. ACS Nano 9, 3125–3133, doi:10.1021/acsnano.5b00053 (2015).

	40.	 Zhong, Z. et al. Continuous patterning of copper nanowire-based transparent conducting electrodes for use in flexible electronic 
applications. ACS Nano 10, 7847–7854, doi:10.1021/acsnano.6b03626 (2016).

http://dx.doi.org/10.1038/nmat2179
http://dx.doi.org/10.1038/nature06182
http://dx.doi.org/10.1002/adfm.v26.38
http://dx.doi.org/10.1021/acsami.6b05909
http://dx.doi.org/10.1002/adfm.v25.28
http://dx.doi.org/10.1038/srep19370
http://dx.doi.org/10.1038/srep08948
http://dx.doi.org/10.1002/0471143030.cb1016s47
http://dx.doi.org/10.1002/adhm.201600108
http://dx.doi.org/10.1002/adma.v28.22
http://dx.doi.org/10.1021/am504462f
http://dx.doi.org/10.1021/ja1062357
http://dx.doi.org/10.1021/mz2002406
http://dx.doi.org/10.1002/adma.v24.31
http://dx.doi.org/10.1002/adfm.201002290
http://dx.doi.org/10.1039/C6MH00165C
http://dx.doi.org/10.1038/nature07719
http://dx.doi.org/10.1039/C6TC03358J
http://dx.doi.org/10.1021/nn1005232
http://dx.doi.org/10.1038/nmat3238
http://dx.doi.org/10.1021/acs.nanolett.5b03422
http://dx.doi.org/10.1021/acs.nanolett.6b00233
http://dx.doi.org/10.1021/acs.nanolett.6b00233
http://dx.doi.org/10.1039/c6nr00444j
http://dx.doi.org/10.1039/C5TC00801H
http://dx.doi.org/10.1021/acsami.5b10317
http://dx.doi.org/10.1039/c4tc00686k
http://dx.doi.org/10.1039/C6TB01082B
http://dx.doi.org/10.1039/c4nr06783e
http://dx.doi.org/10.1016/j.orgel.2014.09.047
http://dx.doi.org/10.1039/c3nr02320f
http://dx.doi.org/10.1002/adma.v22:28
http://dx.doi.org/10.1002/adma.v22:28
http://dx.doi.org/10.1021/nl061616a
http://dx.doi.org/10.1039/C6RA15385B
http://dx.doi.org/10.1021/acsami.6b05296
http://dx.doi.org/10.1021/acs.chemmater.5b03709
http://dx.doi.org/10.1039/C5NR05138J
http://dx.doi.org/10.1021/acsami.5b01379
http://dx.doi.org/10.1002/smll.v11.35
http://dx.doi.org/10.1021/acsnano.5b00053
http://dx.doi.org/10.1021/acsnano.6b03626


www.nature.com/scientificreports/

9Scientific Reports | 7: 2282  | DOI:10.1038/s41598-017-02511-8

	41.	 Guo, H. et al. Copper nanowires as fully transparent conductive electrodes. Sci. Rep. 3, 2323, doi:10.1038/srep02323 (2013).
	42.	 Sachse, C. et al. ITO-free, small-molecule organic solar cells on spray-coated copper-nanowire-based transparent electrodes. Adv. 

Energy Mater. 4, 1300737, doi:10.1002/aenm.201300737 (2014).
	43.	 Song, J., Li, J., Xu, J. & Zeng, H. Superstable transparent conductive Cu@Cu4Ni nanowire elastomer composites against oxidation, 

bending, stretching, and twisting for flexible and stretchable optoelectronics. Nano Lett. 14, 6298–6305, doi:10.1021/nl502647k 
(2014).

	44.	 Stewart, I. E. et al. Solution-processed copper–nickel nanowire anodes for organic solar cells. Nanoscale 6, 5980–5988, doi:10.1039/
c4nr01024h (2014).

	45.	 Kim, D. et al. A facile approach for constructing conductive polymer patterns for application in electrochromic devices and flexible 
microelectrodes. ACS Appl. Mater. Interfaces 8, 33175–33182, doi:10.1021/acsami.6b10103 (2016).

	46.	 Liu, G.-S. et al. Electrically robust silver nanowire patterns transferrable onto various substrates. Nanoscale 8, 5507–5515, 
doi:10.1039/c5nr06237c (2016).

	47.	 De, S. et al. Silver nanowire networks as flexible, transparent, conducting films: extremely high DC to optical conductivity ratios. 
ACS Nano 3, 1767–1774, doi:10.1021/nn900348c (2009).

	48.	 Finn, D. J., Lotya, M. & Coleman, J. N. Inkjet printing of silver nanowire networks. ACS Appl. Mater. Interfaces 7, 9254–9261, 
doi:10.1021/acsami.5b01875 (2015).

	49.	 Shin, K. et al. Patterned transparent electrode with a continuous distribution of silver nanowires produced by an etching-free 
patterning method. Sci. Rep. 7, 40087, doi:10.1038/srep40087 (2017).

	50.	 Yoon, S.-S. & Khang, D.-Y. Room-temperature chemical welding and sintering of metallic nanostructures by capillary condensation. 
Nano Lett. 16(6), 3550–3556, doi:10.1021/acs.nanolett.6b00621 (2016).

	51.	 Dou, L. et al. Solution-processed copper/reduced-graphene-oxide core/shell nanowire transparent conductors. ACS Nano 10, 
2600–2606, doi:10.1021/acsnano.5b07651 (2016).

	52.	 You, J. et al. Bioactive photodegradable hydrogel for cultivation and retrieval of embryonic stem cells. Adv. Funct. Mater. 25, 
4650–4656, doi:10.1002/adfm.201501979 (2015).

	53.	 You, J., Shin, D.-S., Patel, D., Gao, Y. & Revzin, A. Multilayered heparin hydrogel microwells for cultivation of primary hepatocytes. 
Adv. Healthcare Mater. 3, 126–132, doi:10.1002/adhm.v3.1 (2014).

Acknowledgements
This study was supported by a National Research Foundation of Korea (NRF) grant funded by the Korean 
government (MSIP) (No. 2015R1C1A1A01054258).

Author Contributions
All authors joined the research and Ko, Y. & Kim, J. contributed equally to this work; K.Y., K.J., K.J.H., Y.J. 
designed the research. K.Y., K.J.K.D. prepared the samples and conducted experiments. Y.Y., K.J.H., Y.J. analyzed 
data. K.Y., K.J., K.J.H., Y.J. had written the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/srep02323
http://dx.doi.org/10.1002/aenm.201300737
http://dx.doi.org/10.1021/nl502647k
http://dx.doi.org/10.1039/c4nr01024h
http://dx.doi.org/10.1039/c4nr01024h
http://dx.doi.org/10.1021/acsami.6b10103
http://dx.doi.org/10.1039/c5nr06237c
http://dx.doi.org/10.1021/nn900348c
http://dx.doi.org/10.1021/acsami.5b01875
http://dx.doi.org/10.1038/srep40087
http://dx.doi.org/10.1021/acs.nanolett.6b00621
http://dx.doi.org/10.1021/acsnano.5b07651
http://dx.doi.org/10.1002/adfm.201501979
http://dx.doi.org/10.1002/adhm.v3.1
http://creativecommons.org/licenses/by/4.0/

	A Simple Silver Nanowire Patterning Method Based on Poly(Ethylene Glycol) Photolithography and Its Application for Soft Ele ...
	Results and Discussion

	Conclusion

	Experimental

	Chemical and materials. 
	Patterning of AgNWs on a glass substrate. 
	Transferring the AgNW patterns from the glass to various substrates (PEG, agarose, PAAM, and PDMS). 
	Measurement of pattern morphology and electrical properties. 
	Bending, stability, and LED bulb test. 
	Fabrication of pressure sensor device using AgNW-microelectrodes on hydrogel. 

	Acknowledgements

	Figure 1 Fabrication of AgNW patterns on various substrates via two consecutive solution-only processes.
	Figure 2 Photographic and optical microscopic images of AgNW-based micropatterns with (A,B) dot of 500 μm diameter and (C,D) line of 200 μm width) on the (A,C) glass and (B,D) hydrogel.
	Figure 3 FE-SEM images of (A–C) AgNW-based micropatterns on a glass substrate before the pattern transfer process and (D–F) AgNW-based micropatterns on a hydrogel substrate after pattern transfer process.
	Figure 4 Electrical properties of AgNW-based micropatterns (700 μm in width and 2 cm in length) was measured by attachment of the copper tape on both sides.
	Figure 5 Mechanical flexibility or stability of AgNW-based micropatterns was measured by digital multi-tester device and compared to the initial value.
	Figure 6 (A–D) Photograph images of AgNW-based micropatterns on various hydrogel or elastomer (A) PEG (200 μm).
	Figure 7 Fabrication of pressure-responsive device of two AgNW-microelectrodes on PEG hydrogel (1 mm on line pattern width) and tested the pressure response using hydrogel sandwich type.




