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Abstract: Anti-counterfeiting technologies for small products are being developed. We present an
anti-counterfeiting tag, a grayscale pattern of silver nanowires (AgNWs) on a flexible substrate. The
anti-counterfeiting tag that is observable with a thermal imaging camera was fabricated using the
characteristics of silver nanowires with high visible light transmittance and high infrared emissivity.
AgNWs were patterned at microscale via a maskless lithography method using UV dicing tape
with UV patterns. By attaching and detaching an AgNW coated glass slide and UV dicing tape
irradiated with multiple levels of UV, we obtained AgNW patterns with four or more grayscales.
Peel tests confirmed that the adhesive strength of the UV dicing tape varied according to the amount
of UV irradiation, and electrical resistance and IR image intensity measurements confirmed that
the pattern obtained using this tape has multi-level AgNW concentrations. When applied for anti-
counterfeiting, the gradient-concentration AgNW micropattern could contain more information
than a single-concentration micropattern. In addition, the gradient AgNW micropattern could be
transferred to a flexible polymer substrate using a simple method and then attached to various
surfaces for use as an anti-counterfeiting tag.

Keywords: gradient pattern; maskless lithography; Ag nanowires; micropattern; UV dicing tape;
anti-counterfeiting

1. Introduction

Anti-counterfeiting technology is widely used in various applications in pharma-
ceutics, agriculture, fashion and apparel, food, winery and liquor, perfumery, cosmetics,
jewelry, and electronics [1–3]. In order to achieve anti-counterfeiting applications, various
electrical, chemical, and mechanical methods are used. With the development of IC tech-
nology in electrical approaches, small-sized electronic tags (RFID, NFC, etc.) are developed,
and remote detection systems are employed. Chemically, identifying information or codes
are stored as sequences of color synthesizing molecules or unique patterns formed through
chemical reactions or changes in physical properties. The mechanical approach has been
widely used, in which labels and tags are attached to or engraved on the products. A secu-
rity pattern appears only at a specific optical wavelength or has a unique color or pattern
that is difficult to reproduce [4–6]. In order to strengthen the identification, authentication,
or tracking functions, various functional materials are used to print the texts on products
or mark tags directly.

The materials widely used for these functions are luminescent materials. They have
the optical property of emitting light of a different wavelength when optically excited
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at a specific wavelength [7–9]. It enables visible patterns only under UV light and is
popularly used for passports and currencies. In order to create a complex anti-counterfeiting
technology, methods of expressing structural color using nanoparticles or nanostructures,
changing the shape of a pattern according to an angle, or changing reflectance and color
using a strong magnetic field are being studied [10–13]. The environmental problems of
luminescent materials and economic challenges posed by the difficulty of manufacturing
nanoparticles and nanopatterns on a large scale need further improvement and attention.

Moreover, silver nanowires (AgNWs) are used in a wide range of applications, from
transparent electrodes to temperature and pressure sensors, since they have advantages
such as low cost, high conductivity, and flexibility [14–19]. Such applications are expanding
because the manufacturing process is simple, has a relatively low cost, and patterning
can be performed using various methods such as photolithography, inkjet printing, and
molding. In the photolithography method, silver nanowires mixed with a photocurable
polymer are patterned by UV light through the photomask. Then, silver nanowires are
trapped inside the polymer using crosslinking [20,21]. The silver nanowires are dispersed
in a solution and then sprayed through a nozzle of an inkjet printer to create a pattern.
Pre-designed mold selectively holds and releases AgNW solution with the same pattern as
the mold. In these manners, the concentration of AgNW is determined as a single value
in the patterns. When different concentrations of silver nanowires can be patterned, the
anti-counterfeiting tag can be more complex containing additional information.

In this study, we fabricated AgNW micropatterns in a simple way with the aid of
UV dicing tape, which is used in semiconductor processing, and transferred the resulting
micropattern onto various polymer substrates for anti-counterfeiting applications. Because
we used a maskless lithography method, it was possible to prepare UV dicing tape with
gradient adhesion characteristics through gradational UV irradiation without undergoing
a complex process and to fabricate an AgNW gradient pattern by attaching and detaching
it to an AgNW-coated glass slide.

The optical properties of AgNWs have received relatively less attention in previous
studies. As AgNWs have low emissivity in the IR region and high light transmittance in
the visible region, they can be observed only in the IR region. In addition, in the IR region,
a gradational pattern can be observed depending on the concentration of the AgNWs. We
exploited these optical properties of the AgNW for anti-counterfeiting.

Further, we transferred the AgNW micropattern to a flexible polymer for attaching it
to various substrates for use as an anti-counterfeiting tag. It could be easily transferred to a
thermosetting polymer such as Polydimethylsiloxane (PDMS) or a photocurable polymer
such as Poly(ethylene glycol) diacrylate (PEGDA) [22,23], and the size of the substrate
could be varied from micro- to macro-scale. We demonstrated that it could be attached to a
variety of substrates such as metal, paper, and glass.

2. Materials and Methods
2.1. Materials

AgNWs (Average diameter: ~30 nm, average length: ~30 µm, dispersion solvent:
Ethanol, concentration: 10 mg/mL) were purchase from 4 Science, Seongnam-si, Korea.
UV dicing tape (DU 390EH) was purchased from ADTECH CO., Ltd., Gimpo-si, Korea.
The PDMS elastomer for transferring the AgNWs pattern (Sylgard 184) was purchased
from Dow Corning Co., Ltd., Midland, MI, USA. The poly(ethylene glycol) diacrylate 700
(Sigma-Aldrich, St. Louis, MI, USA) and 10 vol% Irgacure 1173 (BASF) as a photoinitiator
was used for transferring the AgNWs pattern.

2.2. UV Patterning Method of UV Dicing Tape

An optical microscope (IX71, Olympus, Tokyo, Japan), UV light source (365 nm,
Lightningcure LC8, Hg-Xe lamp, Hamamatsu, Shizuoka, Japan), and digital micromirror
device (DMD, Texas Instruments, Dallas, TX, USA, 1024 × 768 pixels) were used for UV
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patterning. Various micropatterns were synthesized by projecting the patterned UV light
through a 4× (NA 0.13) objective lens onto the UV dicing tape attached to a glass slide.

2.3. Measurement

The AgNWs pattern was imaged using an IR camera (PI640i, Optris, Berlin, Germany).
A 4-point measurement method (CMT-100S, AIT Co., Ltd., Suwon-si, Korea) was used to
measure the sheet resistance of AgNWs patterns.

3. Results and Discussion

Figure 1 illustrates the overall process of patterning the AgNWs on a glass slide
using the UV dicing tape and then transferring it to a flexible substrate. We used a UV
dicing tape, whose adhesion decreases when exposed to UV light of 365 nm wavelength at
100 mW s/cm2. First, the UV dicing tape was photopatterned. For this, it was temporarily
attached to a glass slide, and it remained flat during the UV-patterning process. In this
process, the UV light from the objective lens passes through the glass slide and irradiates
the UV dicing tape, during which the photocurable adhesive applied to the UV dicing tape
cures according to the pattern shape.
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Figure 1. Overall process of fabricating an AgNW micropattern using UV dicing tape and transferring
it to a flexible substrate. (a) Micropatterning of the UV tape by maskless lithography. (b) Micropat-
terning of the AgNW on a glass slide by attaching and detaching the micropatterned UV tape and
AgNW-coated glass slide. (c) Fabrication method of the gradationally patterned AgNW on a glass
slide. (d) Transfer of the AgNW micropattern to a flexible substrate.

By using an Optofluidic maskless lithography (OFML) system [24], the UV tape
attached to the glass slide was patterned to reduce the adhesiveness only in the desired
area. During this process, the shape of the AgNW micropattern to be fabricated later was
determined by using a digital micromirror device (DMD) mask (Figure 1a). As shown in
Figure 1b, after the completion of the patterning of the UV dicing tape, the glass slide was
detached from the tape.

Subsequently, the UV tape was attached to an AgNW-coated glass slide and then
detached to complete the patterning in a simple manner. In the UV dicing tape, the
adhesion strength of the UV-irradiated area is lower than that of the non-irradiated area,
and the adhesion strength differs according to the pattern shape. Thus, the strength when
the AgNWs attach to the UV-irradiated portion of the tape is weaker, and the AgNWs
remain on the glass slide. The remaining AgNWs adhere to the UV dicing tape and are
detached from the glass slide.
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While attaching the UV-patterned UV dicing tape to the AgNW-coated glass slide, a
felt squeegee was used to fix the tape uniformly without air bubbles. Thus, the tape and
the glass slide spin-coated with AgNWs were attached by applying uniform pressure to
the UV-patterned UV dicing tape without damage. Attaching the UV dicing tape to the
AgNW-coated glass slide without air bubbles is critical for transferring patterns properly.
The UV dicing tape can be attached by pressing it manually or using a load; however,
if the applied strength is not uniform, the AgNWs may not detach properly, or bubbles
may form.

In this study, the AgNWs were spin-coated on the glass slides. The thickness could be
controlled by varying the concentration of the AgNW suspension used for spin coating or
the spin-coating speed [25]. Various solvents such as ethanol, water, or isopropyl alcohol
(IPA) can be used to disperse the AgNW. As the spin-coated AgNWs are not chemically
bound to the glass slide, they can be easily peeled off by external adhesion. After spin
coating, the solvent should be sufficiently evaporated for 1–2 h or longer. If the solvent is
not removed completely, the AgNW could easily separate from the glass slide, even under
a small friction force.

Figure 1c illustrates the method used for fabricating the gradient AgNW micropattern.
By controlling the UV irradiation intensity of the UV dicing tape within a certain range, the
curing degree of the adhesive applied to the tape could be controlled, and thus the degree
of its adhesion to the AgNWs could be modulated. This control enabled the fabrication of
gradational AgNW patterns.

The AgNW pattern on the glass slide can be transferred to both thermosetting and
photocurable polymers. We succeeded in transferring the AgNW pattern to a polymer
substrate through the following process: first, a prepolymer was loaded between the AgNW-
patterned glass slide and a PDMS-coated glass slide. In this process, the thickness of the
polymer substrate can be controlled using a spacer or changing the spin-coating speed
used for polymer coating. After the prepolymer is loaded, the AgNW can be transferred to
the polymer substrate by thermosetting or photocuring, depending on the polymer type.
As the prepolymer permeates between the AgNW arrays on the glass slide and cures, the
AgNW pattern is transferred to it. The AgNW pattern is located on the surface of the cured
polymer. However, as the polymer permeates into the AgNW network and the system is
cured together, the durability of the AgNW pattern is higher than when it is applied on a
glass slide. The AgNWs could not be separated from the polymer using external force, and
they did not separate even under bending or stretching (Figure 1d).

Figure 2 shows the microscopy images of the UV dicing tape and glass slide after the
attaching and detaching of the UV dicing tape micropatterned using UV from the AgNW-
coated glass slide, and also shows the image of the polymer after the micropattern transfer.

Figure 2a(i) shows a bright-field image of the UV dicing tape after patterning. The area
observed in a relatively dark contrast contains AgNWs; it corresponds to the non-irradiated
area with unaltered adhesion. On the other hand, the UV-irradiated area with reduced
adhesion appears relatively bright because the amount of AgNWs attached to this area is
not significant.

Figure 2a(ii) shows a bright-field image of the glass slide after the attachment/
detachment process. The region that was underneath the UV-irradiated area of the tape
had a relatively dark color because many AgNWs remained. Meanwhile, the region that
was underneath the non-irradiated area of the UV tape appeared relatively bright because
it contained fewer AgNWs.

Figure 2a(iii–v) shows the bright-field images of the UV dicing tape, glass slide, and
polymer. Figure 2b shows a scanning electron microscopy (SEM) image of the AgNW
micropattern on the glass slide. The enlarged image shows the well-formed QR code
pattern, indicating that the micropattern was formed with high resolution. The pattern was
found to have a line width of 10 µm or lower.
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Figure 2. Image of an AgNW pattern fabricated using UV dicing tape. Hexagram pattern, resolution
test pattern, and 2D barcode pattern were fabricated. (a) Bright-field image of the AgNW pattern.
(Scale bar: 500 µm) (i) UV-patterned UV dicing tape after attachment and detachment from the
AgNW-coated glass slide. AgNWs were attached to the UV dicing tape, except in the area where the
adhesion was reduced by UV irradiation. (ii) Residual AgNW pattern on the glass slide after the
attachment/detachment process. Images of the (iii) UV dicing tape, (iv) AgNW-patterned glass slide,
and (v) AgNW pattern transferred to the PDMS substrate. (b) SEM image of the AgNW pattern on a
glass slide, which confirms that the 2D barcode was patterned with sharp edges.

Although many studies were conducted on micropatterning AgNWs using various
methods, such as methods that use a photomask or the inkjet printing technique, the
gradient patterning of AgNWs was rarely reported. A complex fabrication process is
required for fabricating heterogeneous patterns with variable AgNW concentrations using
a photomask or inkjet printing. In our study, the amount of UV energy delivered to the UV
dicing tape was controlled within a certain range to control the adhesion properties of the
tape, and thus, AgNW patterns with varying AgNW concentrations could be fabricated in
a single step.

Figure 3 shows the physical properties of the UV dicing tape according to the amount
of UV light irradiated and the electrical and optical properties of the AgNW gradient
pattern fabricated using the UV dicing tape. Within a certain range of the UV energy (50 to
80 mW s/cm2), the adhesive strength of the tape decreased in proportion to the amount
of UV energy delivered to it. When the UV energy was lower than 50 mW s/cm2, the
adhesion of the UV dicing tape did not decrease, and no patterning occurred. In addition,
when the UV energy exceeded 80 mW s/cm2, the adhesion of the UV dicing tape was
sufficiently reduced, but there was no difference in the AgNW concentration according to
UV irradiation energy. Therefore, to fabricate a gradational AgNW pattern, the patterning
of the UV dicing tape was performed using UV energies in the range of 50–80 mW s/cm2.

Further, to evaluate the change in the adhesive strength of the UV dicing tape according
to UV irradiation, we performed a 90◦ peel test, which is a commonly used method for
measuring the adhesive strength of tapes. Thus, we confirmed that the adhesive strength of
the tape decreased after UV irradiation. The UV dicing tape not irradiated with UV had a
peel strength of 87.8 gf, while the UV-irradiated tape had peel strengths of 47.3 and 41.3 gf
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when irradiated with 50 and 100 mW s/cm2 of UV, respectively. The 90◦ peel test is used to
measure the force applied for separating the UV dicing tape at 90◦ after attaching it to a
glass slide, and this force is expected to correlate with the force applied to separate the UV
tape from the AgNW-coated glass slide (Figure 3a).
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Figure 3. Electrical and optical properties of the AgNW pattern according to the energy of UV
irradiated on the UV dicing tape. (a) Adhesion of the UV dicing tape according to the irradiated
UV energy. (b) Resistance characteristics of the AgNW pattern remaining on the glass slide after
attaching and detaching the UV dicing tape versus the irradiated UV energy. (c) Bright-field image of
the AgNW pattern according to the irradiated UV energy and irradiation time. Scale bar: 1 mm (d)
IR image of the AgNW pattern according to the irradiated UV energy and intensity.

Furthermore, the UV energy was controlled within the range of 50–80 mW s/cm2 to
fabricate a 3 cm × 3 cm square pattern. The electrical resistance of the AgNWs remaining
on the glass slide was measured using a four-probe measurement method. The electrical
resistances of the AgNW patterns fabricated using 50, 60, 70, and 80 mW s/cm2 UV energy
were 29.4, 25.6, 12.4, and 10.4 ohm, respectively. In summary, when the UV dicing tape was
irradiated with a large amount of UV, the amount of residual AgNWs on the glass slide
increased, and the electrical resistance was low (Figure 3b).

Next, the UV tape was patterned using a DMD mask with the same pattern, and
the total irradiation time was varied between 1 and 5 s, while the UV energy was varied
between 50 and 80 mW s/cm2 (Figure 3c). It was confirmed that the AgNW patterns
contained similar AgNW contents when the total UV energy was the same, although the
UV irradiation time was different. Figure 3d shows the image of the gradational AgNW
pattern obtained using an IR camera, which reveals that the measured image intensity
varied according to the AgNW concentration in the pattern.

We previously demonstrated that the adhesive force of the UV dicing tape could be
controlled within a certain range depending on the amount of UV energy delivered to
the UV dicing tape, and it was confirmed that the concentration of the residual AgNWs
on the glass slide after the attachment/detachment process could also be controlled. By
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using these properties of the UV dicing tape, gradation was implemented within a single
pattern, as shown in Figure 4, and AgNW gradational micropatterns were fabricated using
DMD photomasks with a simple square gradation pattern and a relatively complex Lena
image pattern.
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micropattern fabricated using the mask shown in (a). (c) S SEM images of the areas with a relatively
low concentration of AgNWs (Part A) and relatively high concentration of AgNWs (Part B) in the
AgNW pattern of (b) (Scale bar: 1 µm). (d) Photomask used for micropatterning a Lena image and
the grayscale value of the image. (e) Bright-field and dark-field images of the AgNW-micropatterned
Lena image (Scale bar: 200 µm).

Figure 4b shows a bright-field image of the AgNW micropattern fabricated using the
mask shown in Figure 4a. SEM images of different regions of this pattern with different
AgNW concentrations are shown in Figure 4c, which demonstrates the difference in the
density of the AgNWs in different regions. Figure 4d shows a DMD mask with a Lena
image, which is a complex gradient pattern. The amount of UV energy irradiated varies
according to the grayscale of the mask. Both bright-field and dark-field images of the
AgNW micropattern fabricated using this DMD mask are shown in Figure 4e for clear
visualization of the pattern.

Thus, we succeeded in fabricating gradational AgNW micropatterns without a com-
plex process. Both simple and complex patterns could be generated, and the processing
time of this process is the same as that required for a single-concentration pattern.

Figure 5 illustrates a method of exploiting the flexibility of the polymer substrate
and the optical properties of AgNWs for anti-counterfeiting. We transferred the AgNW
micropatterns onto a transparent flexible polymer substrate that can be attached to a variety
of surfaces to be used as an anti-counterfeiting tag.

AgNWs have high transparency in the visible region owing to their high light trans-
mittance and low emissivity but can be clearly observed under IR light. By using these
properties, a hidden code for anti-counterfeiting or an AgNW-patterned polymer film for a
wearable device was fabricated and imaged in the visible and IR regions.

In our study, AgNW micropatterns could be fabricated in a simple way, and various
patterns, such as QR codes and Lena images could be fabricated with gradient AgNW
concentrations. The obtained micropattern could also be transferred to various types of
polymer substrates of different sizes. The substrates could have flexibility or stretchability
depending on the type of polymer. Moreover, AgNW-micropatterned polymer substrates
can be fabricated in various forms, such as microparticles or films.
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Figure 5. An example of the use of AgNW micropatterns in anti-counterfeiting. The flexibility of
the polymer substrate and the optical properties of AgNWs were used. (a) Images show an AgNW
micropattern transferred to a polymer substrate and then placed on various surfaces. Because of its
high transparency in the visible light region, the micropattern could be attached to various surfaces
for anti-counterfeiting. It was attached to a ring, passport, and display panel of a watch. (b) Images
of an AgNW-micropatterned polymer substrate before and after coating with paint. The code could
be clearly observed in the IR-irradiated area even when it was completely covered with the paint
(Scale bar: 1 mm).

In order to demonstrate the use of the optical properties of AgNWs in anti-counterfeiting,
we transferred the AgNW micropattern in the shape of a micro QR code to a PDMS sub-
strate as an example. As shown in Figure 5a, the AgNW micropattern was transferred to a
PDMS substrate and then attached to a ring, passport, and smartwatch. Figure 5b shows
images of an AgNW-micropatterned PDMS substrate before and after being painted with
aerosol paint. As AgNWs have high light transmittance in the visible region, the pattern is
relatively transparent but can be observed on a dark background. Therefore, to completely
hide the pattern from being observed under visible light, the polymer substrate can be
painted. Although the brightness of the IR image may decrease depending on the thickness
of the paint coating, the pattern could be identified, as shown in Figure 5b.

4. Conclusions

In this study, we developed a simple method for the gradient micropatterning of
AgNWs using UV dicing tape and the subsequent transfer of the micropattern to a polymer
substrate. This method does not depend on the type of substrate or the specification of the
AgNWs and provides a gradient pattern without a complex process. UV dicing tape has an
advantageous property of decreasing adhesive strength with UV irradiation, and it has been
widely used in semiconductor processes but rarely applied in micropatterning. Moreover,
compared to the patterning method using a liquid adhesive prepolymer, our method of
using UV dicing tape has the advantage of being simple and less toxic. In addition, it
was possible to prevent phenomena such as blurring or air bubbles that may occur during
UV patterning with the use of a liquid prepolymer. Moreover, this method is scalable,
and the pattern can be transferred to various types of polymers. Another advantage of
using UV dicing tape is that its adhesion can be controlled by changing the UV energy and
intensity. By using this method, we were able to fabricate gradient AgNW micropatterns
without complex processes. AgNW micropatterning is a technology that is actively studied
in various fields, such as in the development of sensors and flexible devices, in addition to
being studied for anti-counterfeiting because of the various advantages of the AgNWs, such
as low price, high flexibility, high light transmittance, and high electrical conductance. The
AgNW micropatterning technique developed in this study can be utilized in various fields.

In addition, the AgNW gradient micropattern produced in our study is expected to be
applied in the production of AgNW micropatterns with different electrical conductivities
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in addition to anti-counterfeiting tags. We patterned the UV dicing tape over an area
of several centimeters (lab scale), but it will be possible to manufacture it over a large
area through the roll-to-roll process in the future. In addition, the tape can be applied for
micropatterning various materials such as poly (3,4-ethylenedioxythiophene) PEDOT and
carbon nanofibers, in addition to AgNWs.

Author Contributions: H.K., J.Y. and W.P. initiated and designed the research. H.K., C.P., J.Y. and
W.P. wrote the manuscript. H.K. and G.K. conducted the experiment. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation (NRF) of Korea Grant
funded by the Korean Government (NRF-2018R1A6A1A03025708, NRF-2021R1A2C2012680).

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

References
1. Haghi, M.; Thurow, K. Toward a New Approach in Wearable Devices in Safety Monitoring: Miniaturization and 3D Space

Utilization. SLAS Technol. 2019, 24, 444–447. [CrossRef] [PubMed]
2. Tricoli, A.; Nasiri, N.; De, S. Wearable and Miniaturized Sensor Technologies for Personalized and Preventive Medicine. Adv.

Funct. Mater. 2017, 27, 1–19. [CrossRef]
3. Deng, J.; Deng, L.; Guan, Z.; Tao, J.; Li, G.; Li, Z.; Li, Z.; Yu, S.; Zheng, G. Multiplexed Anticounterfeiting Meta-image Displays

with Single-Sized Nanostructures. Nano Lett. 2020, 20, 1830–1838. [CrossRef] [PubMed]
4. Meng, Z.; Wu, S.; Tang, B.; Ma, W.; Zhang, S. Structurally colored polymer films with narrow stop band, high angle-dependence

and good mechanical robustness for trademark anti-counterfeiting. Nanoscale 2018, 10, 14755–14762. [CrossRef]
5. Kang, H.; Lee, J.W.; Nam, Y. Inkjet-Printed Multiwavelength Thermoplasmonic Images for Anticounterfeiting Applications. ACS

Appl. Mater. Interfaces 2018, 10, 6764–6771. [CrossRef]
6. Im, H.; Yoon, J.; Choi, J.; Kim, J.; Baek, S.; Park, D.H.; Park, W.; Kim, S. Chaotic Organic Crystal Phosphorescent Patterns for

Physical Unclonable Functions. Adv. Mater. 2021, 33, 1–9. [CrossRef]
7. Ren, W.; Lin, G.; Clarke, C.; Zhou, J.; Jin, D. Optical Nanomaterials and Enabling Technologies for High-Security-Level

Anticounterfeiting. Adv. Mater. 2020, 32, 1–15. [CrossRef]
8. Zhao, S.; Gao, M.; Li, J. Lanthanides-based luminescent hydrogels applied as luminescent inks for anti-counterfeiting. J. Lumin.

2021, 236, 118128. [CrossRef]
9. You, M.; Zhong, J.; Hong, Y.; Duan, Z.; Lin, M.; Xu, F. Inkjet printing of upconversion nanoparticles for anti-counterfeit

applications. Nanoscale 2015, 7, 4423–4431. [CrossRef]
10. Abdollahi, A.; Alidaei-Sharif, H.; Roghani-Mamaqani, H.; Herizchi, A. Photoswitchable fluorescent polymer nanoparticles

as high-security anticounterfeiting materials for authentication and optical patterning. J. Mater. Chem. C 2020, 8, 5476–5493.
[CrossRef]

11. Zhang, H.; Bian, C.; Jackson, J.K.; Khademolhosseini, F.; Burt, H.M.; Chiao, M. Fabrication of robust hydrogel coatings on
polydimethylsiloxane substrates using micropillar anchor structures with chemical surface modification. ACS Appl. Mater.
Interfaces 2014, 6, 9126–9133. [CrossRef] [PubMed]

12. Bae, H.J.; Bae, S.; Park, C.; Han, S.; Kim, J.; Kim, L.N.; Kim, K.; Song, S.H.; Park, W.; Kwon, S. Biomimetic microfingerprints for
anti-counterfeiting strategies. Adv. Mater. 2015, 27, 2083–2089. [CrossRef] [PubMed]

13. Park, C.; Bae, H.J.; Yoon, J.; Song, S.W.; Jeong, Y.; Kim, K.; Kwon, S.; Park, W. Gradient-Wrinkled Microparticle with Grayscale
Lithography Controlling the Cross-Linking Densities for High Security Level Anti-Counterfeiting Strategies. ACS Omega 2021, 6,
2121–2126. [CrossRef] [PubMed]

14. Wang, Y.; Bai, N.; Yang, J.; Liu, Z.; Li, G.; Cai, M.; Zhao, L.; Zhang, Y.; Zhang, J.; Li, C.; et al. Silver nanowires for anti-counterfeiting.
J. Mater. 2020, 6, 152–157. [CrossRef]

15. Chen, Y.; Carmichael, R.S.; Carmichael, T.B. Patterned, Flexible, and Stretchable Silver Nanowire/Polymer Composite Films As
Transparent Conductive Electrodes. ACS Appl. Mater. Interfaces 2019, 11, 31210–31219. [CrossRef] [PubMed]

16. Lee, C.J.; Park, K.H.; Han, C.J.; Oh, M.S.; You, B.; Kim, Y.S.; Kim, J.W. Crack-induced Ag nanowire networks for transparent,
stretchable, and highly sensitive strain sensors. Sci. Rep. 2017, 7, 1–8. [CrossRef] [PubMed]

17. Ha, B.; Jo, S. Hybrid Ag nanowire transparent conductive electrodes with randomly oriented and grid-patterned Ag nanowire
networks. Sci. Rep. 2017, 7, 1–8. [CrossRef]

18. Madaria, A.R.; Kumar, A.; Zhou, C. Large scale, highly conductive and patterned transparent films of silver nanowires on
arbitrary substrates and their application in touch screens. Nanotechnology 2011, 22, 245201. [CrossRef]

19. Sim, H.; Kim, C.; Bok, S.; Kim, M.K.; Oh, H.; Lim, G.H.; Cho, S.M.; Lim, B. Five-minute synthesis of silver nanowires and their
roll-to-roll processing for large-area organic light emitting diodes. Nanoscale 2018, 10, 12087–12092. [CrossRef]

20. Kim, D.; Ko, Y.; Kwon, G.; Kim, U.J.; You, J. Micropatterning Silver Nanowire Networks on Cellulose Nanopaper for Transparent
Paper Electronics. ACS Appl. Mater. Interfaces 2018, 10, 38517–38525. [CrossRef]

http://doi.org/10.1177/2472630319846873
http://www.ncbi.nlm.nih.gov/pubmed/31075999
http://doi.org/10.1002/adfm.201605271
http://doi.org/10.1021/acs.nanolett.9b05053
http://www.ncbi.nlm.nih.gov/pubmed/32031823
http://doi.org/10.1039/C8NR04058C
http://doi.org/10.1021/acsami.7b19342
http://doi.org/10.1002/adma.202102542
http://doi.org/10.1002/adma.201901430
http://doi.org/10.1016/j.jlumin.2021.118128
http://doi.org/10.1039/C4NR06944G
http://doi.org/10.1039/D0TC00937G
http://doi.org/10.1021/am501167x
http://www.ncbi.nlm.nih.gov/pubmed/24853631
http://doi.org/10.1002/adma.201405483
http://www.ncbi.nlm.nih.gov/pubmed/25656227
http://doi.org/10.1021/acsomega.0c05207
http://www.ncbi.nlm.nih.gov/pubmed/33521451
http://doi.org/10.1016/j.jmat.2020.01.008
http://doi.org/10.1021/acsami.9b11149
http://www.ncbi.nlm.nih.gov/pubmed/31373786
http://doi.org/10.1038/s41598-017-08484-y
http://www.ncbi.nlm.nih.gov/pubmed/28801657
http://doi.org/10.1038/s41598-017-11964-w
http://doi.org/10.1088/0957-4484/22/24/245201
http://doi.org/10.1039/C8NR02242A
http://doi.org/10.1021/acsami.8b15230


Micromachines 2022, 13, 168 10 of 10

21. Huang, Q.; Al-Milaji, K.N.; Zhao, H. Inkjet Printing of Silver Nanowires for Stretchable Heaters. ACS Appl. Nano Mater. 2018, 1,
4528–4536. [CrossRef]

22. Ko, Y.; Kim, J.; Kim, D.; Yamauchi, Y.; Kim, J.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, 1–9. [CrossRef] [PubMed]

23. Ko, Y.; Kim, D.; Kwon, G.; You, J. High-performance resistive pressure sensor based on elastic composite hydrogel of silver
nanowires and poly(ethylene glycol). Micromachines 2018, 9, 438. [CrossRef] [PubMed]

24. Choi, Y.; Park, C.; Lee, A.C.; Bae, J.; Kim, H.; Choi, H.; Song, S.W.; Jeong, Y.; Choi, J.; Lee, H.; et al. Photopatterned microswimmers
with programmable motion without external stimuli. Nat. Commun. 2021, 12, 6–13. [CrossRef] [PubMed]

25. Li, X.; Zhou, J.; Yan, D.; Peng, Y.; Wang, Y.; Zhou, Q.; Wang, K. Effects of concentration and spin speed on the optical and electrical
properties of silver nanowire transparent electrodes. Materials 2021, 14, 2219. [CrossRef] [PubMed]

http://doi.org/10.1021/acsanm.8b00830
http://doi.org/10.1038/s41598-017-02511-8
http://www.ncbi.nlm.nih.gov/pubmed/28536475
http://doi.org/10.3390/mi9090438
http://www.ncbi.nlm.nih.gov/pubmed/30424371
http://doi.org/10.1038/s41467-021-24996-8
http://www.ncbi.nlm.nih.gov/pubmed/34354060
http://doi.org/10.3390/ma14092219
http://www.ncbi.nlm.nih.gov/pubmed/33925839

	Introduction 
	Materials and Methods 
	Materials 
	UV Patterning Method of UV Dicing Tape 
	Measurement 

	Results and Discussion 
	Conclusions 
	References

