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This work presents a solution-processed gravure printed antenna on robust transparent nanopaper for
potential Radio Frequency Identification (RFID) application. The nanopaper, having excellent dimensional
stability in water, was obtained by glutaraldehyde treatment with hydrochloric (HCl) acid as a catalyst.
For the first time, a device consisting of RF components for RFIDs was printed on stable nanopaper via a
well-developed scalable method: gravure printing. Insertion losses of —37.9 dB and —38.85 dB for the

20 100 lpi and 120 Ipi antennas respectively were demonstrated at the maximum gain of 683.75 MHz. The
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Accepted 30th r\?‘ay 2014 RF-based responses from the printed antenna demonstrated the feasibility of using printing technology,

such as gravure printing, to fabricate flexible RFID antennas for various electronic device applications.
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Introduction

Conventionally, fabricating electronics involves high-vacuum
and high-temperature deposition processes, including thermal
evaporation deposition, electron beam deposition, atomic layer
deposition, etc., along with multi-step photolithographic mask
patterning techniques. The entire process consumes both time
and energy while having a low throughput. These factors thus
increase the cost of manufacturing electronic devices. Printed
electronics have garnered much attention since they offer a low
cost alternative to conventional fabrication processes while
enabling large-scale manufacturing of electronic devices.
Compared to electrohydrodynamic jet (e-jet) printing and 3
dimensional printing, the large scale roll-to-roll printing of
electronics takes advantage of the well-developed and low cost
paper printing technologies to manufacture electronics and
energy storage devices on various substrates.’”

“Roll-to-roll” gravure printing is known for its high speed,
fine dimensional capabilities, use of low viscosity inks, and
vigorousness of the process. The typical gravure system
comprises of an impression roll, an engraved gravure roll
(image carrier), a doctor blade, and an ink pan. The surface of
the gravure roll is engraved with the printing image and is
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biodegradable and earth abundant materials to promote greener electronics.

responsible for transferring the ink from the ink pan to the
substrate. The gravure roll is completely covered in ink and the
excess ink on the roll is wiped off by the doctor blade. The
impression roll is used to control the pressure and space
between the substrate and the gravure roll. The substrate runs
between the impression roll and the gravure roll. In this study, a
laboratory scale gravure press was utilized to print a solution-
based highly conductive silver nanoparticle ink that acts as the
electrode for the radio frequency identification (RFID) antenna.

In order to implement roll-to-roll printing, the substrates are
required to be stable and flexible, yet strong enough to be
printable. Paper is a ubiquitous substrate for traditional
printing due to its excellent printability and good flexibility. It is
by far the cheapest biodegradable material that enables large-
area printing for low cost disposable devices. However, for most
multilayered printed electronics, the substrate needs to have
minimum surface roughness or the device will result in a short
circuit. In order to satisfy this requirement, plastic films are
typically employed as the substrate for printed electronics.
However, it is important to note that the large scale use of
plastic causes build-up of non-biodegradable solid waste which
poses significant threats to the natural environment. Addi-
tionally, the coefficient of thermal expansion (CTE) of plastic is
considerably high, 20-100 ppm K, which creates a substantial
hurdle when working with high temperature fabrication
processes.

Recently, robust transparent nanopaper with minimum
surface roughness has attracted much attention as a suitable
substrate for flexible electronics.*** Nanopaper possesses
tunable optical properties, high tensile strength, and a low
surface roughness, all of which are favorable characteristics for

This journal is © The Royal Society of Chemistry 2014
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printing electronics."®™"” Moreover, when compared to plastic,
paper is biodegradable, sustainable, and recyclable. Trans-
parent nanopaper also has several other advantages such as
being low-cost, non-toxic, biocompatible for use in implantable
biomedical electronic applications, and promising for visible
packaging and biomedical sensing. However, one of the main
obstacles for using nanopaper as a substrate in solution-based
printing processes is the nanopaper's poor shape stability in
solution. In this study, for the first time, the nanopaper was
cross-linked to gain good shape stability for fully solution-based
gravure printing. This work paves the way to develop trans-
parent nanopaper which is capable of superseding plastic to
create greener electronics.

Materials and experiment

Glutaraldehyde was purchased from Sigma Aldrich and used
without further treatment. The water based silver ink HPS-
030LV was supplied from Novacentrix Corp. The gravure
printing is demonstrated with a Laboratory gravure press
K-Printing Proofer (by Testing Machines Inc.)

2,2,6,6-Tetramethylpiperidinyloxy (TEMPO)-mediated oxida-
tion was applied to the cellulose with NaClO and catalytic
amounts of TEMPO and NaBr according to the previously
reported methods.'®'*'*'® Bleached Kraft softwood pulp
extracted from the southern yellow pine was treated with the
TEMPO/NaBr/NaClO oxidation system. 0.5 mmol TEMPO and
5 mol NaBr were separately added into 5 g cellulose with 1%
concentration in deionized water, and the mixtures were stirred
continuously for 10 min at 700 rpm with a Turrax mixer (IKA,
RW?20 digital) to form a uniform suspension. Thirty-five milli-
liters of sodium hypochlorite (NaClO) with a concentration of
12.5 wt% was titrated into the above mentioned suspension.
The reaction time was monitored and the pH of the reaction
system was kept constant at 10.5. The reaction lasted for
approximately 3-4 h; however, the mixture was continuously
stirred at 700 rpm for an additional 4 h to ensure adequate
reaction of the wood fibers. The TEMPO-oxidized wood fiber
solution was pumped once through a Microfluidizer processor
(M110EH, Microfluidics Inc., USA) under a process pressure of
20 000 psi.

The obtained nanocellulose fiber was diluted to approxi-
mately 0.2 wt% in solution with deionized water, and 1%
glutaraldehyde was added to the nanocellulose solution. The
solution was filtered through the membrane (0.65 pm, PVDF)
and 1 ml HCI solution was added during the filtration process.
The whole crosslinking process took 1-2 h.

The nanopaper surface energy was tested by using a First Ten
Angstrom (FTA 200) dynamic contact angle measuring device.
The testing syringe was filled with the desired liquid. All the
trapped air-bubbles in the syringe were removed by pumping
out the liquid. The surface of the syringe was cleaned with a lint-
free tissue Kimwipe. For water, a needle with an outer diameter
range of 0.6 mm was used and for methylene iodide a diameter
of approx 0.5 mm was used. The surface energies for both the
substrates were calculated with the Owens-Wendt method.
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Results and discussion

Good shape stability in solution is required for the substrate in
high resolution electronic printing. In the printing process, the
substrate is typically in contact with the ink solution. If the
substrate does not have good shape stability, it will wrinkle
resulting in a short circuit. Especially with the development of
advanced nano-inks such as graphene ink or carbon nanotube
(CNT) ink, the importance of a stable substrate is evident.'*>*
Even though the transparent nanopaper offers many beneficial
properties, such as tunable optical properties and high
mechanical strength, the nanopaper is not shape stable in
water. Cellulose is hydrophilic due to the large amount of
hydroxyl groups, which adsorb and hold water efficiently.
Therefore, the shape of the nanopaper changes dramatically
after immersing in water. In this work, glutaraldehyde was used
as the crosslinking agent to block the exposure of hydroxyl
groups to the solvent, and therefore improve the shape stability
of nanopaper in water. The nanocellulose fiber was prepared
with TEMPO/NaBr/NacClO oxidation system and microfluidizer
(M110EH, Microfluidics Inc., USA) homogenization.'******® The
obtained nanocellulose fiber was diluted to approximately
0.2 wt% in deionized water, and 0.5 wt% glutaraldehyde (Sigma
Aldrich, US) was added to the nanocellulose solution. The
solution was filtered through a membrane (0.65 pm, PVDF) and
two drops of hydrochloric acid were added to yield a solution of
pH ~ 3. Crosslinking occurred when the cellulose was mixed
with glutaraldehyde in an acidic environment.

Glutaraldehyde is widely used as an agent for polymer
crosslinking.?>** Fig. 1(a) and (b) shows the nanopaper without
and with crosslinking treatment before being immersed in
water. The two nanopapers have a similar appearance with high
transmittance and a 30 pm thickness. After immersing the
nanopaper in water for 24 h, the nanopaper without the
glutaraldehyde treatment, shown in Fig. 1(c), swelled to 6 mm,
which was 200 times thicker than the original paper. However, it
was observed that the dimensions of the nanopaper with the
crosslinking treatment were stable in water. After the same 24 h
immersion in water, the paper thickness experienced a small
increase to 33 pm, as seen in Fig. 1(d). It is thus apparent that
the glutaraldehyde treatment increased the nanopaper's shape
stability in water dramatically.

With the decrease of the fiber diameter, more hydroxyl
groups are exposed to the solvent, which causes a powerful
interaction between the cellulose and the surrounding envi-
ronment. During the glutaraldehyde treatment depicted in
Fig. 1(e), the hydroxyl groups react with the aldehydes to create a
cross-linked structure, blocking a majority of the hydroxyl
groups, and therefore have a better shape stability in water. The
paper without the crosslinking treatment is not stable in water
due to the reaction between the hydroxyl groups and water. The
cross-linked structure obtained creates enhanced shape
stability for the nanopaper, which promotes the application of
nanopaper for solution based printing of electronics.

From the FTIR spectra (Fig. 2(a)), typical vibration peak
bands were observed for the cellulose, before and after
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Fig. 1 (a) An image of transparent, flexible nanopaper without the
crosslinking treatment. (b) An image of nanopaper after the cross-
linking treatment. The nanopapers with and without crosslinking
treatment have similar appearance before being immersed in water. (c)
An image of nanopaper without the crosslinking treatment being
immersed in water for 24 h. The thickness of the nanopaper expanded
from ~30 um to ~6 mm. (d) An image of nanopaper with the cross-
linking treatment immersed in water for 24 h. (e) Schematic to show
the mechanism of shape stability improvement after glutaraldehyde
treatment.

crosslinking, in the range 2860-2900 cm™ ' assigned to C-H,

3400 cm " assigned to O-H vibrations, and 1000-1100 cm ™ *
assigned to the C-O stretch.” Meanwhile, an increased
absorption was also observed at 1710 cm ™', which can be
attributed to the acetate bridge.***® The dialdehyde group from
glutaraldehyde reacted with the hydroxyl group from cellulose
to form an acetate bridge. The peak obtained at 1710 cm™*
indicates the cross-linking reaction. Mansur et al. determined
the amount of acetate bridges with the absorption bands of
1710 ecm ' in preparing hydrogels based on glutaraldehyde-
crosslinked poly(vinyl alcohol).?® In the present study, the IR
spectra indicated that the crosslinked nanopaper was prepared
successfully. The mechanism of the crosslinking reaction was
predicted as shown in Fig. 2(b).

Fig. 3(a) shows schematic of the laboratory gravure press
K-Printing Proofer, which uses a plate instead of a cylinder
engraved with the printing pattern to transfer the ink. The
printing paper is fixed on the impression roll and the ink is
applied on the image carrier panel. During printing, the
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Fig. 2 (a) FTIR spectra of non-crosslinking and crosslinking nano-
paper. (b) Crosslinking reaction between the cellulose and
glutaraldehyde.

Fig. 3 (a) Schematic of the laboratory gravure press K-Printing
Proofer. (b) An image of the laboratory gravure press K-Printing
Proofer. (c) An image of the RFID antenna printing pattern on the
engraved plate. (d) An image of 4 RFID antennas on transparent
nanopaper. The printing video is elucidated in the ESI.

impression roll, the paper, and the doctor blade move forward
causing the pattern to transfer from the panel to the substrate
with a fine resolution of 200 lines per inch and a maximum
height of 40 pm. Simultaneously, the doctor blade wipes off the
excess ink. The printing speed can reach 40 m min ' and a
printing video is available in the ESL{ Fig. 3(b) depicts the
printing equipment in its entirety: the impression cylinder, the
doctor blade, and the image carrier panel. Fig. 3(c) shows an
engraved 4 RFID antenna pattern. The engraved plate can be
switched to compensate for different patterns for various
devices including sensors, transistors, capacitors, and batteries.
Fig. 3(d) shows the printed antennas on the transparent nano-
paper. The printed line has a sheet resistance of 0.3 ohms per
sq. The antenna has the potential to be applied in advanced

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/C4NR02036G

Published on 05 June 2014. Downloaded by Northeastern University on 30/12/2015 14:09:39.

Paper
a 60 b 30
55 25
ol ol ™
o 45 o 154
(=] (=)
£ 40 < 104
< <
35 5
—
30+ (1] T T T T T T 1
0 10 20 30 40 50 60 5 0 5 10 15 20 25 30 35
Time (S) Time (S)

Fig.4 Substrate surface energy and ink resolution characterization. (a)
The dynamic contact angles for the water droplet; (b) the dynamic
contact angles for the methylene iodide droplet; (c and d) microscopic
observation of the printed lines on the nanopaper and a magnified
image.

devices such as WiMAX applications, integrated solar modules,
CubeSats, etc.”””*> Additionally, the antenna printed on the
flexible nanopaper enables devices to be foldable for applica-
tions in origami electronics.*

Surface energy is a key parameter used to characterize the
printability of substrates. The surface tension of the liquid was
calculated by the pendant drop method. The surface energy and
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surface tension measurements determine the amount of
wetting and spreading, which influences the printing quality.
Fig. 4(a) shows a distinct change in the water's contact angle
against time which is indicative of substantial wetting of the
substrate. As shown in the inset image, the mean contact angle
of the water on the nanopaper is 52.9°. Comparatively, the
methylene iodide contact angle shown in Fig. 4(b) is 28.8°,
which is much lower when compared to that of water. The
surface energy of the nanopaper, calculated with Owens-Wendt
calculation, is 53.55 mN m™ ', which is much higher than
polyethylene terephthalate (PET) (36-45 mN m ™ '). Considering
this surface energy, the nanopaper will be more compatible with
water-based ink systems. If the surface energy is very high and
there is a large amount of liquid penetration, there will be a
larger amount of spreading of the ink on the substrate which
may result in unfavorable print resolutions. Thus, the ink
spread for a traditional paper-based substrate will be compar-
atively higher than our nanopaper due to more liquid penetra-
tion which may decrease the thickness of the ink film, thereby
reducing the electrical performance of the ink. Fig. 4(c) shows
the nanopaper with silver nanoparticle printed lines produced
using gravure printing. Fig. 4(d) is a magnified image that
shows the high resolution printing line with clear printing
edges.

The Alien Technology UHF RFID tag “squiggle” (2nd gener-
ation) antenna design was used as the pattern for our printed
antenna. An Agilent 4396B network analyzer was used to test the
RF performance of the printed antenna. A fixed reference
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Fig. 5 RF response of the 100 Ipi gravure printed antenna: (a) insertion loss and (b) insertion loss (S;3) in dB. RF response of the 120 lpi gravure

printed antenna: (c) insertion loss (S,1) and (d) insertion loss (S,4) in dB.
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antenna was placed at a defined distance of 3.6 m from the
printed antenna. The printed antenna was mounted on top of a
movable pedestal (DAMS 5000 Standard Measurement System
from Diamond Engineering) capable of moving in the X-Y
directions (X-azimuth: 0°-360°, Y-elevation: +45°). The Antenna
Measurement Studio 5.999X software (Diamond Engineering)
was utilized to program the movement of the movable pedestal,
as well as to acquire and analyze the RF response of the printed
antenna. The performance of the printed antenna was tested in
the RF range from 0.5 GHz to 1.5 GHz for azimuths and eleva-
tions ranging from 0° to 360° and —30° to +30°, respectively. It
was observed that the maximum gain was obtained at +20°
elevation; 210° azimuth (Fig. 5(a)) and +30° elevation; 205°
azimuth (Fig. 5(c)) for the 100 Ipi and 120 Ipi, respectively at a
resonant frequency of 683.75 MHz. These results demonstrate
that the insertion losses for the 100 Ipi and 120 Ipi were —37.9
dB (Fig. 5(b)) and —38.85 dB (Fig. 5(d)), respectively for the
maximum gains obtained at 683.75 MHz. The RF based
response of the printed antenna demonstrates the feasibility of
using large-scale printing technologies to fabricate flexible
RFID antennas suitable for various electronic applications.

Compared to conventional electronic manufacturing
processes, printing techniques not only reduce fabrication time
but also the cost to fabricate electronic devices. Reliable RFIDs
have wide applications in identification and sensing operations.
Notably, the K-proofer gravure printing process used in this study
has the potential for adaptation to large scale roll-to-roll printing
setups enabling higher outputs and larger devices. Meanwhile,
the printing process used for the stable nanopaper substrate can
be applied towards fabricating multilayered devices with other
well-developed printing methods such as screen printing and
ink-jet printing. This work presents an important advancement
towards the practical use of a transparent nanopaper substrate
for printable and flexible electronics.

Conclusions

In summary, the shape stability of the transparent nanopaper in
water was dramatically improved by using glutaraldehyde as a
crosslinking agent to block most of the hydroxyl groups. Flex-
ible antennas were fabricated by printing silver nanoparticle ink
onto the stable, transparent nanopaper via gravure printing.
The RF performance of the printed devices demonstrated their
capability to be used as RFID antenna tags. The nanopaper's
appropriate surface energy and good shape stability endow the
device a good performance, especially with water-based ink.
These results indicate the feasibility of using cross-linked
nanopaper to fabricate devices by printing techniques such as
gravure. As part of future work, further research is in progress in
our lab to better understand the sensing mechanism and to
investigate the effects of substrate bending on the performance
of the printed antenna on the nanopaper substrate.
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