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F����� �: (a) �D microdispensing system with an ink syringe and a ceramic nozzle tip and (b) schematic process of antenna fabrication.
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F����� �: (a) �D-printed RFID tag antenna (one layer) on wood and (b) image of printing direction.

prototypes are presented on textile, wood, and cardboard
substrates, and the e�ects of the two curing methods on the
tag performance are studied.

2. Direct Write Microdispensing

We used nScrypt tabletop series �D direct write microdis-
pensing system to fabricate the graphene-based UHF RFID
tags on di�erent substrates. �e system was equipped with
a positive pressure pump with a high-precision computer
actuated valve coupled with a nozzle. �e air pressure was
applied to the ink-�lled syringe (See Figure �(a) for the �D
printing system), which was pushed into themain valve body,
�nally through the ceramic nozzle tip. By adjusting a constant
material pressure and running a customizable computer-
controlled valve �open and close� process, it can produce a
controllable and consistent material 	ow rate, precise starts
and stops, and the ability to utilize a wide range of material
viscosities [��]. Furthermore, other critical parameters are the
adjustment of the distance between the ceramic tip and the
substrate, the speed of the tip, and the diameter of the nozzle
tip. �e latter was chosen according to the printed material
and the �nal printing feature size.

In this work, the used ink was functionalized Graphene
Nanoplatelets (GNPs) ink (HDPlas� IGSC�����; Haydale
Ltd., UK [��]), which was used to fabricate antennas on
a ���% cotton fabric (thickness of �.�mm), normal rough
packaging cardboard (thickness of �.�mm), and thin wood
veneer (thickness of �.�
mm). �e printed antennas were
then cured by a continuous pulsed light or in an oven, as
shown in Figure �.

In this study, the tag antenna was selected to be a simple
dipole as shown in Figure �(a). �e used ceramic tip in the
direct writing system had an inner diameter/outer diameter
of ��
 �m/��
�m, and the pressure for the material�s feed
was adjusted to �� psi. �e printing spacing and angle were
�
� microns and ��, respectively, and the printing direction
was parallel to the wood veneer as shown in Figure �(a).
Figure �(b) shows that printing was carried out in two parts,
as well as the starting and ending points.

�e printing resolution generally depends on the ceramic
tip diameter, the substrate material, and the used ink. �e
wetting and absorption of the ink are a�ected by the substrate
material properties. For instance, thewidth of a single printed
graphene line (having a length of ��mm) on cardboard,
textile, and wood was approximately �
�, 

�, and �
� �m,
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T���� �: Resistance of a printed graphene line on cardboard with di�erent curing parameters.
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F����� �: Optical microscopic image of a single, one-layer graphene line deposited by �D microdispenser on (a) wood, (b) cardboard, and
(c) textile (magni�cation ×
).

respectively. �ese printed lines are presented in Figure �. As
can be easily observed, the printed line on cardboard shows
the best quality in terms of ink spreading and keeping �ne
boundaries compared to wood and fabric.

3. Curing: Conventional Oven
versus Photonic Curing

�e printed sample lines were subjected to a series of 	ashes
from a Xenon sintering system (Sinteron ����-L, Xenon
Corp.), where the distance from the test sample to thewindow
of the lamp housing was �
mm. �e used operating mode
was continuous mode, as a single pulse was not su�cient
to cure the graphene layer, and eventually le� it wet. In
the continuous mode, three parameters are adjustable: high
voltage (HV) value, pulse width, and period.�e principle of
the continuous 	ash mode is presented in Figure �. A static
pulse width and period were used, and the HV value and the
number of pulses were adjusted to �nd out the optimized
parameters for the printed graphene layers. Initially, the
optimized parameters for the printed ��mm long lines were
studied on the cardboard substrate. For comparison, samples
were also cured in an oven at ���C for �� minutes, as
presented in the ink datasheet [��], and in normal o�ce
conditions for �� hours.

�e printed lines on cardboard were subjected to a 	ash
created with HV in the range of ����V to ����V, and a
di�erent number of pulses were used with the pulse width

Duration of photonical curing process 

Period

Pulse width

F����� �: Continuous 	ash mode.

of ���� �s and a period of ����ms. �e resistances of the
cured samples were measured by a multimeter and they are
presented in Table �. It was noticed that the cardboard starts
burning when subjected to pulses with a HV more than
����V. As can be seen from Table �, there is a threshold,
that is, ����V and ����V with 
 pulses, both producing a
resistance of ���.�e resistance started to decreasewhen the
voltage was increased to ����V and more pulses were used.
However, there is a risk of bumps creation and delamination
by further increasing the number of pulses. In general, using
a high HV and a large number (above 
) of pulses decreases
the resistance value, unless it ends up to substrate burning or
to the creation of undesired bumps.

By using continuous pulses (with a HV of ����V and
overall eight pulses), the resistance of the sample line is about
�
�, which is close to the resistance of a sample cured in an
oven. �e highest resistance was achieved when the samples
were le� to cool o� in o�ce conditions.
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F����� 
: (a, b) Laser microscope and �D topography images of oven-cured C� and (c, d) photonic-cured C�.

In the case of the fabric and wood substrates, a lower HV,
of about ����V, is needed, due to the 	ammability of those
substrates. �e optimized pulsed Xenon 	ash parameters
for curing graphene ink on di�erent substrate materials are
presented in Table �.

4. Materials Characterization

�e graphene UHF RFID tags printed on wood, cardboard,
and fabric, and then cured in an oven, are referred to as
samples W�, C�, and F�, respectively. �e tags on wood,
cardboard, and fabric, which were subjected to Xenon 	ash
pulses, are referred to as samples W�, C�, and F�.

A �D laser microscope (VK-X���/X���) was used to
analyze the morphology andmicrostructure of the fabricated
samples. According to the results presented in Figures 
��
and Table �, the di�erence between the microstructures
and the �D topography of the oven-cured and photonic-
cured samples is obvious. C�, W�, and F� have a uniform
microstructure and only a small di�erence between the
highest and lowest thickness values. However, C�, W�, and

F� show a larger thickness gradient and a less uniform
microstructure.

Furthermore, the �-point sheet resistances of the tags
were measured by a manual probe station (Wentworth Labs)
and a Keithley multimeter. Despite the fact that oven-cured
samples are more uniform, the sheet resistances of the oven-
cured samples are higher than those of the photonic-cured
samples. �e reason is probably related to the fact that the
printed layer is quite thick, so the nonuniformity of surface
did not have dramatic e�ect on the sheet resistance. See
Table � for these results.

Figure 
 shows the scanning electron microscope images
of a cross-section of sample C� (photonically cured antenna
on cardboard), demonstrating that a ���m thick layer of
ink has penetrated. �is shows excellent adhesion between
the dispensed ink and substrate and leads to remarkable
durability.

A�er the antenna manufacturing, the tag integrated
circuits (IC) were attached.�e utilized ICwas NXPUCODE
G�iL series RFID IC with a wake-up power of ��
 dBm
(�
.
 �W) that was provided by the manufacturer in a strap



International Journal of Antennas and Propagation 


100 ��

(a)

60.0

50.0

40.0

30.0

20.0

10.0

0.0

(�
m

)

(b)

100 ��

(c)

80.0

70.0

60.0

50.0

40.0

30.0

20.0

10.0

0.0

(�
m

)

(d)

F����� �: (a, b) Laser microscope and �D topography images of oven-cured W� and (c, d) photonic-cured W�.

T���� �: Optimized photonic curing parameters for di�erent substrate materials.

Substrate High voltage (V) Pulse width
(�s) Number of pulses Period

(ms)
Duration of whole
curing process (s)

Cardboard ���� ���� 
 ���� �

Wood ���� ���� � ���� ��
Fabric ���� ���� � ���� ��

T���� �:�e peak read range of each tag antenna together with the corresponding thickness, average thickness gradient, and sheet resistance.

Substrate Curing method Read range (m) Average thickness
(�m)

�ickness gradient
(�m)

�-point sheet
resistance (�/sq)

C� Cardboard Oven �.
 ��.� �
 ��.
�
C� Photonic 
.� �� ��� ��.�

F� Fabric Oven �.� ��.� �� ��.��
F� Photonic � �� ��� ��.�

W� Wood Oven �.
 ��.� �� �
.��
W� Photonic �.� 
�.� 
� �
.
�
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F����� �: (a, b) Laser microscope and �D topography images of oven-cured F� and (c, d) photonic-cured F�.

Cardboard

F����� 
: SEM image of a cross-section area of C�, which shows the
graphene layer and cardboard interface.

structure with � × �mm2 pads. �e pads were attached to
the antenna with conductive silver epoxy (Circuit Works
CW����).

5. Wireless Measurements

�e tags� performances were wirelessly measured with a Voy-
antic Tagformance system [��]. It contains an RFID reader
with an adjustable transmission frequency (�.
� � � � GHz) and
output power (up to �� dBm) and providing the recording of
the backscattered signal strength (down to �
� dBm) from
the tag under test.

�e tag�s lowest continuous-wave transmission power
(threshold power: �th) was recorded. Here �th is de�ned as
the lowest power at which a valid ��-bit randomnumber from
the tag is received as a response to the query command in ISO
�
���-�C communication standard. In addition, the wireless
channel from the reader antenna to the location of the tag
under test was �rst characterized using a system reference
tag with known properties. As has been detailed in [��], this
enabled us to estimate the attainable read range of the tag
(�tag) versus frequency from

�tag =
	
4

�EIRP
�
�th�

�th
, (�)
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C1: Oven-cured tag 
on cardboard
C2: Photonic-cured tag 
on cardboard
W1: Oven-cured tag 
on wood

W2: Photonic-cured tag 
on wood
F1: Oven-cured tag 
on fabric
F2: Photonic-cured tag 
on fabric

F����� �: Read range values of oven- and photonic-cured graphene
tags on cardboard (C�, C�), wood (W�, W�), and fabric (F�, F�).

where 	 is the wavelength transmitted from the reader
antenna, �th is the measured threshold power of the tag, �
is a known constant describing the sensitivity of the system
reference tag, �th� is the measured threshold power of the
RFID system reference tag, and EIRP is the emission limit of
an RFID reader, given as equivalent isotropic radiated power.
Here EIRP = �.�
W, which is the emission limit in European
countries.

Figure � shows the read range values of the �D printed
graphene RFID tags (from 
��MHz to ����MHz) on card-
board, wood, and textile, fabricated by using the two di�erent
curing methods. According to the results shown in Figure �
andTable �, all photonic-cured tags feature longer read ranges
compared to similar oven-cured samples. For instance, the
read range peak for a photonic-cured tag on cardboard (C�)
is about 
.� meters, while it is about �.
 meters for the oven-
cured tag (C�). �e tags on cardboard show longest read
ranges, compared to tags on fabric and wood substrates. �e
reason lies on the properties of the substrate materials and
depends on, for example, spreading of the ink on the substrate
and absorption of the ink into the substrate, along with the
photonic curing limitations of the antennas on fabric and
wood, where a lower HV value and pulse numbers had to be
used, compared to the cardboard samples (see Table � for the
used curing/drying parameters).

�e same tag antenna design has been previously fabri-
cated from copper tape. �is tag is a good reference for the
fabricated graphene tags, and it showed peak read ranges of
approximately �� meters [�
]. �e same tag design has also
been reported to be �D-printed using silver and copper inks
[��].�e achieved peak read ranges for the copper- and silver-
based tagswere around � and ��meters, respectively.�us, the
graphene tags cannot yet o�er comparable read ranges, due to
the higher sheet resistance of the dispensed graphene layer.

�e results achieved in this study show the e�ectiveness of
photonic curing, which, based on these achieved outcomes,

could replace the heating in case of printed graphene struc-
tures. �is would signi�cantly cut down the manufacturing
time.

6. Conclusion

Using �D printing and subsequent photonic curing intro-
duces a fast and cost-e�ective way for graphene-based
antenna manufacturing on versatile substrates. In this study,
photonic-cured tags showed longer read ranges, from � to 
.�
meters, compared to similar oven-cured samples on all three
studied substrates, textile, cardboard, and wood. To the best
of our knowledge, these results are the �rst ones presenting
�D printed and photonically cured graphene antennas.
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