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Abstract: A ‘button-shaped’ three-dimensional (3D) radio-frequency identification (RFID) tag combining 3D printing and
inkjet printing technologies in fabrication for the first time is proposed. The button shape facilitates the tag’'s
integration with clothes for the purposes of identification and access control. The proposed tag features a compact size
(radius 15 mm, height 7.5 mm) and a good performance with a measured maximum reading range of 2.1 m (4.0 W
equivalent isotropically radiated power) in the RFID Federal Communications Commission band (902-928 MHz).
Furthermore, the combination of the 3D printing and inkjet printing technologies reduces the fabrication time and cost.

1 Introduction

Radio-frequency identification (RFID) technology is a remote
automatic  identification technology, which enables target
recognition and relevant data acquisition through RFID. In a
typical RFID system, the tag antenna is a vital part and its
performance greatly affects the reading range and error rate of the
whole RFID system.

RFID’s have already found numerous applications in identification
authentication, access control and even digital payment [1, 2].
However, in these applications, the RFID tags often have planar
structures and function similar to bar-code identification cards.
Tags with three-dimensional (3D) structures (such as buttons or
accessories on clothes) can easily get integrated with common
wearable items and enhance the applicability of RFID systems to
Internet of things and smart wearable systems.

3D printing is the technology of building physical objects up layer
by layer, based on detailed digital blueprints [3]. Although the
previous use of 3D printing technology to RF structures has been
relatively limited, the introduction of open-source 3D printing
softwares, low-cost 3D printers and advanced and reliable 3D
printable materials have led to an increasing number of very
promising 3D printed RF devices. The advantages of the 3D printing
technology, include time-saving and the capability to fabricate
complex structures with arbitrary 3D multimaterial configurations,
are typically difficult to realise with traditional fabrication methods.

One of the most common methods of digital printing has been
implemented through the use of inkjet printers. Inkjet printing is a
direct-write technology by which the design pattern is transferred
directly to the substrate. Inkjet printing has been enhanced with
the capability of printing new functional materials in the past
decade, such as nanoparticle based conductive inks [4-6], leading
to its development in printed electronics, such as RFIDs, sensors
and antennas [7].

In this paper, we introduce the first 3D RFID tag that has been
fabricated by combining 3D and inkjet printing technologies.
Unlike traditional RFID tags with planar structures, this tag has a
button shape and can be easily used on clothes as a fixed button
or a detachable ornament (such as a badge). The advantage of the
proposed 3D shape is that it enables its easy ‘smart clothes’
integration in uniforms as well as in badges of museum visitors
and conference participants, as a means for identification
authentication and access control, as shown in Fig. 1. The
substrate utilised for the 3D printed prototype was made of
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acrylonitrile butadiene styren (ABS) while the antenna was inkjet
printed with silver nanoparticle (SNP) and diamine silver acetate
(DSA). With a compact size featuring a radius of 15 mm and a
height of 7.5 mm, the printed antenna prototype achieved a
simulated maximum gain of —5.6 dB and a maximum measured
reading range of 2.1 m with a total transmitted power of 4.0 W
equivalent isotropically radiated power.

2 Antenna configuration and physical mechanism

The geometry of the proposed 3D tag antenna is depicted in Fig. 2.
The button-shaped substrate is an annular sector with a flat top
surface made of ABS (&,=2.8) [8]. The most widely used antenna
in RFID tag design is dipole antenna [9], and this is adopted in
this design. To accommodate an increased electrical length in a
very miniaturised volume, the dipole antenna is designed in an arc
configuration and wrapped along the substrate on both top and
bottom surfaces. Since the adjusting room for the dipole is limited,
an inductively coupled feeding loop is used to perform efficient
wide-band conjugate impedance matching between the antenna
and the chip without additional matching network [10]. The
feeding loop and the middle part of the dipole antenna are placed
on the bottom surface, as indicated in black colour in Fig. 2, while
the dipole antenna stretches through the side surface to the top
surface, as indicated in grey. The dipole and the feeding loop are
both inkjet printed with SNP and DSA, an approach that features a
high-conductivity value. The feeding loop and the largest part of
the dipole are placed on the flat bottom and top planar surfaces to
make its high-conductivity inkjet printing. The RFID application
specific integrated circuit chip indicated in red colour in Fig. 2 is
placed in the middle of the long side of the feeding loop which is
away from the dipole.

3 Fabrication process
3.1 3D printing

Most commercial low-cost 3D printers today are using fused
deposition modelling [11]. This technology feeds a plastic filament
into a heated extruder and then precisely lays down the material
[3]. A variety of adjustable options of this technique affects the
printing quality. Important properties include layer height,
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Fig. 1 Schematic of the ‘smart clothes’ application of the proposed RFID tag

perimeters, speed, solid/infill patterns, infill densities, skirt layers,
brim width, temperatures and more [12].

All samples were fabricated on the Hyrel [13] System 30 3D
printer. This hardware uses a modified version of the Repetier
controller software [14], which still uses the common slicing CAD
software slic3r [12]. All printing parameters are set in the
controller software. The 3D printer was set up to 200 um layer
height, four perimeters and 30 mm/s for all speeds. We printed all
layers in solid infill with two skirt layers and a 2 mm brim width.

Rb

Fig. 2 Geometry of the proposed RFID tag antenna. R, =15 mm, R, =
13mm, h=7.5 mm, Wy=1mm, W=2mm, a=14mm, b=4mm, d=1mm
and S =65°
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Fig. 3 Photograph of the fabricated RFID tag prototype: bottom and top
views

The bed temperature is 75°C and extruder temperature of 230°C
for the first layer and 225°C for the rest. The fan was running on a
full duty cycle.

The finished substrate sample was characterised to evaluate
its surface roughness. The surface roughness (Ra) of the bottom
surface is the lowest, 3.34 um, the surface roughness of the top
surface is 5.63 um, while the roughness of the curved side surface
is the highest, 10.58 um. It is still a challenge for us to reduce the
roughness of the side surface during the 3D printing process.

3.2 Inkjet printing

There are two critical factors that mainly affect the printing quality:
the ink properties and the printing system settings. The most
important ink properties include viscosity, density and surface
tension. The most crucial settings of the printing system include
the nozzle size, droplet volume, droplet generation, the
temperature of the jetted and the sintering/curing mechanism
performed on the printed structures and so on [7].

In this paper, we have utilised the Dimatix Materials Printer
(DMP-2800) series material deposition system [15]. In all prints,
the utilised Dimatix 10 pl cartridges were kept at a distance of
0.5mm from the surface of substrate. The printer head was
adjusted to achieve a print resolution of 2540 dpi, which ensures
good RF conductivity up to several gigahertz. Four layers of SNP
were inkjet printed on the surface of the substrate as base layers.
Since some of the nanoparticles sunk into the tiny holes on the
substrate surface caused by the 3D printing process and
disconnected with other particles, four layers of DSA were added
upon SNP layers to reconnect all the SNPs by means of surface
tension. In this way, the conductivity got enhanced. After cured in
a thermal oven for 1 h at 90°C, the conductivity on the bottom is
3.53 x 107 S/m, while on the top is 2.36 x 107 S/m, due to the fact
that the slightly higher surface roughness of the top surface affects
the mechanical adhesion of the deposited metal.

4 Experimental results and discussions
A 3D/inkjet-printed tag prototype of the proposed 3D RFID tag is

shown in Fig. 3. The circuit works Cw2460 conductive epoxy
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Fig. 4 Photograph of the fabricated RFID tag prototype: bottom and top views

with silver colour was applied on the curved side of the
button-shaped substrate to realise the side section of the antenna
parts on top and bottom surfaces instead of inkjet printing because
it is difficult to print on the narrow curved side and the surface
roughness of the curved side is relatively high. A Higgs-4 SOT
chip with an input impedance of 13.3 —j122 Q and a threshold
power sensitivity of —18.5 dBm was used in the experiment [16].
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Fig. 5 Measured and simulated values of

a Input impedance
b Reflection coefficient S11 of the 3D prototype
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The antenna prototype was connected to a Johanson
0900BL15C050 900 MHz balun with an SMA connector, as in
Fig. 4. The Balun chip is placed between the slots of the feeding
loop. The balanced ports of the chip, ports 3 and 4, are connected
directly to the feeding loop, while one of the unbalanced ports,
port 1, is connected directly to the centre pin of the SMA
connector. The other unbalanced port, port 6, and the ground pin
of the SMA connector should be connected to each other, but they
cannot get touched to each other directly because of the different
distances between ports 1 and 6 and between ground and centre
pins. Conductive epoxy (circuit works Cw2460; as shown in grey
colour in Fig. 4) was added to connect port 6 and ground pin. The
antenna was characterised with Rohde & Schwarz ZVAS8 vector
network analyser. The results of the simulated and measured input
impedance are shown in Fig. 5a. The simulated impedance is
conjugately matched to the chip at about 915 MHz, while the
measured impedance is matched at about 920 MHz. The simulated
and measured S11 results were derived from corresponding input
impedance results [17] and presented in Fig. 5b, they agree well to
each other except the small frequency deviation. The measured
resonant frequency of the antenna is 920 MHz, while its simulated
value is 915 MHz, a very small difference given the fact that 3D
printing introduces tiny gaps and holes in the printed substrate. The
3 dB bandwidth of S11 is 908-922 MHz in the simulated result
and 910-925 MHz in the measured result, both within the Federal
Communications Commission (FCC) band.

The simulated far-field maximum gain is —5.6 dBi, as shown in
Fig. 6. This simulated gain has a corresponding reading range of
6.5 m (according to expression 1 in [18]). If longer reading range is
needed, we can increase the total size of the antenna to significantly
increase the gain and the reading range according to simulation.

dB(GainTotal)

-5.6461e+000
-6.5174e+000
-7.3887e+000
-8. 2600e+000

-9.1312e+000
-1.0003e+001
-1.8874e+001
=-1.1745e+001
-1. 2616e+001
-1.3488e+001
Y -1.435%9e+001
-1,5230e+001
-1.6181e+0801
-1, 6973e+001
-1. 7844e+081
-1, 8715e+001
-1, 9586e+001

Fig. 6 Simulated radiation gain pattern of the proposed RFID tag antenna
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Fig. 7 Measured maximum reading range

The reading range of our prototype was measured with
Tagformance measurement system [19], shown in Fig. 7, with an
output power of 30 dBm and reader antenna gain of 6 dBi, for
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Fig. 8 Measured maximum reading range patterns on XZ and XY planes
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frequencies over the range from 860 to 960 MHz with a step of 5
MHz. The measured maximum reading range is 2.1 m at 920
MHz, as shown in Fig. 7. The significant decrease in the reading
range can be attributed to the experimental lower values of the
electric conductivity especially in the side surface, compared with
the conductivity of pure silver 6.1 x 107 S/m.

The measured maximum reading range patterns on XZ and XY
planes are shown in Fig. 8. It is obvious that the maximum
reading range is in the direction vertical to the button surface,
which is the direction we need in practical application. The
maximum reading range direction in the XY-plane slightly deviates
from the axes because of the impact of the adoption of feeding loop.

5 Conclusion

In this paper, we have proposed a ‘button-shaped’ RFID tag
fabricated by the combination of 3D printing and inkjet printing
technologies. The button shape makes this tag easy to be attached
on numerous wearable platforms, such as clothes, while being
used for identification authentication and access control. The tag
features a compact size and a good performance with a measured
maximum reading range of 2.1m in the FCC band. The
combination of the 3D printing and inkjet printing technologies for
the first time in the realisation of truly 3D miniaturised RF
structures drastically shortens the fabrication process, while
maintaining the accuracy allowing for the easy realisation of
virtually unlimited 3D configurations.
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