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A low-cost inkjet printing method for antenna fabrication on a polyethylene terephthalate (PET) substrate is presented in this
paper. An oﬃce inkjet printer is used to have desired patterns of silver nanoparticle ink on the PET substrate without any
postprocessing. Silver nanoparticle ink cures instantly as soon as it is ejected from the printer on a chemically treated PET
substrate. The thickness of the silver nanoparticle layer was measured to be 300 nm with a sheet resistance of as low as 0.3 Ω/sq
and a conductivity around 1.11 × 107 S/m with single layer deposition. A coplanar waveguide- (CPW-) fed Z-shape planar
antenna on the PET substrate achieved the measured radiation eﬃciency of 62% and the IEEE gain of 1.44 dBi at 2.45 GHz. The
printed antenna is also tested in bending conditions to ascertain its performance for the Internet of things (IoT) conformal
applications for the future 5G network.

1. Introduction
As per the vision of IMT-2020 for the future 5G network,
the cost of Internet of things (IoT) devices needs to be
reduced to as low as 5 dollars per unit [1]. To reduce the cost
of these IoT devices, there is a dire need of a low-cost fabrication process. The production of low-cost devices is being revolutionized by the invention of inkjet printing of functional
materials like polymers/nanocomposites, carbon nanotubes,
graphene, and most recently molybdenum disulﬁde (MoS2)
nanosheets [2]. These materials are being used to fabricate
transistors, antennas, sensors, light-emitting diodes, and
many other printable devices [3]. Out of these, silver nanoparticle (AgNP) ink has been extensively used to deposit a
thin metallic ﬁlm on various substrates due to its wellknown high conductivity and being relatively low cost

compared to other noble metals such as gold and platinum
[4]. However, the printing of the antenna using the commonly used Dimatix printer 2800 series requires a subsequent thermal sintering (annealing) process which not only
makes the usage of many polymeric substrates like polyethylene terephthalate (PET) or polycarbonate impractical due to
their low glass transition temperature (100°C–200°C) but also
makes the fabrication process become complex and time
consuming [5]. Instead of heating the complete sample during the sintering process, more selective sintering techniques
were also used by various researchers, including laser sintering, low-pressure argon plasma exposure, microwave radiation, and electrical and photonic sintering [6]. However,
the fabrication process using these techniques requires
expensive equipment and proper parameter control to avoid
the damage to the substrate. Moreover, the commonly used
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Table 1: Comparison between the oﬃce inkjet printer and commercially Dimatix 2800 series.

Properties
Cost of the printer
Cost of the ink
Postprocessing
Preheating
Conductivity
Annealing temperature
Low-cost glossy paper and PET
substrate
Layer thickness
Sheet resistance of a single layer

Dimatix printer 2800 series

Oﬃce inkjet printer with AgNP ink.

Very expensive > 30,000$
Expensive > 1000$
Annealing processes for 4 hrs in an expensive
industrial oven
Heating vacuumed platen up to 60°C

Very cheap < 600$
Cheap < 400$
Instantly cured ink

Up to 120°C for 10 hours

Not required
1.11 × 10 S/m (single layer, at room
temperature)
Instantly cured

Not possible

Possible

450 nm
9 Ω/sq at 100°C after 1 hour

300 nm
0.3 Ω/sq at room temperature after 10 min

1.6 × 106 S/m (single layers, at 200°C)

inkjet printer (e.g., DMP 2800 series) is too expensive to
make this type of the fabrication process commercially viable.
In [6–10], antennas for wearable and conformal applications
are fabricated using an inkjet printer on ﬂexible substrates
like Kapton, resin-coated paper, and glossy paper achieving
reasonable conductivity up to 1e107 S/m, but, unfortunately,
it involves a long sintering process at higher temperature,
that is, 150°C for several hours. Although the conventional
oﬃce printer has also been used for printing the radiating
part of the antenna on glossy paper by using AgNP ink to
reduce the fabrication cost of the antenna, it requires long
annealing time to exhibit reasonable conductivity for the
antenna applications [11]. Some commercially available
instantly chemically cured paints and markers are also available to avoid the thermal sintering process, but the large
silver nanoparticle size (1 mm) with uneven and high sheet
resistance of up to 55 Ω/sq limits their implementation as
an instant prototyping technique [12–14]. Hence, the formation of an AgNP ink layer by an oﬃce inkjet printer is one
of the viable additive fabrication techniques which oﬀers
the advantage of being compatible with low-cost roll-toroll processing [15].
In this letter, we are using an instantly cured silver
nanoparticle ink using an oﬃce inkjet printer for antenna
application. A coplanar waveguide- (CPW-) fed Z-shape
antenna on a chemically treated PET substrate is printed
using an oﬃce printer. The ink is compatible with conventional Brother’s printers, and its conductivity for a single
printed layer reaches to a value of 1.11 × 107 S/m with
300 nm layer thickness. The electrical conductivity and
morphology analyses are done to ascertain the eﬀectiveness of our used technique for a low-cost antenna fabrication method. Moreover, antenna performance is evaluated
by measuring the reﬂection coeﬃcients, gain, and radiation
pattern of the antenna.

2. Characterizing the Printed Silver Ink Layer
2.1. Instantly Chemically Cured AgNP Layer. The silver nanoparticle ink is a special ink to work on a chemically treated
PET substrate. This special AgNP ink has been successfully
implemented to make electric circuits on a ﬂexible PET

7

substrate [16]. After inkjet printing, the polymer-conﬁned
silver nanoparticles used in the Dimatix printer series need
several hours of the heating process, called sintering, to
exhibit reasonable conductivity. The invention of chemically
cured conductive inks has opened a new era of inkjet printing
technology enabling the use of oﬃce inkjet printers without
any postprocessing of printed conductive layers [17]. Chemical curing of the AgNP ink in printed antenna fabrication
requires special treatment of the surface of the substrate so
that a conduction path could be formed instantly at room
temperature [18]. The comparison between our low-cost
printed technique and the commercially available Dimatix
printer technique is done in Table 1.
2.2. Morphological Analysis. The morphological analysis is
very crucial for the complete study of the newly proposed
technique for antenna fabrication. An SEM image was used
to evaluate the surface morphology of the printed silver
nanoparticle layer and the distribution of the silver particles
by using a ﬁeld emission scanning electron microscope
(FESEM) (Hitachi, SU8020) operating at 2 kV.
EDS spectrum, as shown in Figure 1, reveals strong signal
in the silver region and conﬁrms the formation of AgNPs
along with some traces of chemicals like chloride (Cl), carbon
(C), and aluminium (Al).
As shown in the images in Figure 2, the silver nanoparticles are agglomerated just by using a chemical sintering
method which eliminates the development of “hot spots”
due to diﬀerences in the conductivity within the printed
layer. The white spots appearing in Figure 2(b) are believed
to be the impurities present in the ink.
The cross-sectional SEM image of the printed layer, as
shown in Figure 3, taken on a 200 nm scale with 5 kV ETH,
shows the thickness of the AgNPs and PET substrate to be
300 nm and 125 μm, respectively.
One of the important factors for performance of the
printed antenna is its roughness. As we know that the AC
current does not ﬂow in the whole conductor, it remains near
the surface of the conductor, resulting in higher current density. Especially, when the roughness dimensions are comparable to the skin depth of the EM waves at the operating
frequency, these losses are prominent [17]. The roughness

International Journal of Antennas and Propagation

3

(a)

(b)

Figure 1: (a) SEM images of a nanoparticle layer for EDS analysis. (b) Quantitative spectrum of the contents of the particles in %age.

(a)

(b)

Figure 2: SEM image of the printed AgNP sample through FESEM with a voltage potential of 2 kV. (a) Scale bar = 1 μm. (b) Scale
bar = 200 nm.

(a)

(b)

Figure 3: Cross-sectional SEM images of the printed layer. (a) Scale bar = 200 nm. (b) Scale bar = 20 μm.

of the printed layer has a direct impact on the AC resistance
of the antenna which can be described by the following equations [19]:
R=

1
w

c= 1+
Rs = c ⋅ R,

πμf
,
σ
2
Δ
tan−1 1 4
π
δ

2

,

1

where δ means the surface roughness, c is the correction factor, and Rs is the surface resistance per unit length of the
printed layer. To know the roughness of the printed AgNP
layer, the height proﬁle of the sample has been taken using
the latest noncontact 3D surface proﬁler (Sensofar, Sneox)
along the edge of the AgNP layer. As shown in Figure 4,
the mean roughness (Sa = 0.299 μm) and the root mean
square roughness (Sq = 0.368 μm) of the printed layer are
quite reasonable to be used for antenna application since they
are quite small as compared to the skin depth of the silver
layer at 2.45 GHz, that is, δ = 1.29 μm.
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Figure 4: (a) Colored SEM image of the sample layer and 3D height proﬁle. (b) 2D surface roughness graph.
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By using (1), for the surface roughness of 0.299 μm and
the skin depth of 1.29 μm, the correction factor (c) is calculated to be 1.045. Hence, the increase in the AC resistance
per unit length is only 4.5% with respect to a perfectly
smooth surface (ideal). As we go towards higher frequency,
for example, 6 GHz, the skin depth reduces, which results
in surface roughness losses of only 11% (still acceptable).
In addition, the average thickness observed from this proﬁler is well matched with FESEM measurements as shown
in Figure 4.
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A CPW-fed Z-shaped antenna at 2.45 GHz ISM band has
been fabricated to ascertain the functionality of our new
low-cost inkjet antenna fabrication technology as per the
dimensions given in Figure 5. The dielectric characteristics
of the substrate are measured using a dielectric probe.
DAK-3.5 and the measured relative permittivity ɛr of the
dielectric are found to be equal to 2.7, and the loss tangent
tan δ is 0.135. The gap between the ground and the feed line
is 0.3 mm, and rectangular slots in the Z-shape antenna are of
equal size. Antenna design parameters are ﬁrst optimized for
the PET substrate based on simulations carried out using the
CST microwave studio, and fabrication is done using

22.82

3. Fabrication and Results of a CPW-Fed
Z-Shaped Antenna

4.5

22

Figure 5: The dimensions of the CPW-fed Z-shaped antenna.

commercial low-cost piezoelectric inkjet Brother’s printer.
To validate its functionality as a bent antenna for conformal
application, we also performed a bending test by placing the
antenna on a curved sample of foam with 30 mm and 40 mm
bending radius as depicted in Figure 6(b). The coplanar
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(a)

(b)

Figure 6: Fabricated Z-shape antenna by the proposed inkjet printer technique on the PET substrate. (a) Flat condition. (b) Bending
condition (radius: 40 mm).
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Figure 7: The reﬂection coeﬃcient S11 in dB of the Z-shaped
antenna with and without bending conditions.

waveguide (CPW) conﬁguration, where the radiator and the
ground plane are printed on the same side of the substrate, is
chosen for its simplicity and ease of fabrication in a roll-toroll production process. The printed CPW-fed Z-shape
antenna is ﬁrst printed by the oﬃce printer, and then the
SMA connector was connected to the feed line. Due to higher
soldering temperature (150°C), the thermal soldering
method cannot be used; hence, silver nanoparticle paint from
PELCO® has been used to connect the SMA connector with
the feed line of the antenna, as shown in Figure 6.
The conventional Brother printer MFC-J430W with
AgIC ink cartridge model number 1000 has been used to
print this antenna. A cartridge from AgIC Company comes
with three containers ﬁlled with AgNP ink to be inserted in
three holders of the inkjet printer. The size of the silver nanoparticle is around 20 nm in diameter. Due to its very small
particle size, the dissolution of AgNPs is made possible in
the chemical solution used for chemical sintering of the
deposited layer and makes the ejection of the ink from the
printer nozzle easy.

Figure 8: Simulated current distribution of the antenna at
2.45 GHz.

To verify our proposed technique, we evaluated the
reﬂection coeﬃcient of the antenna at ﬂat and bending
radii of 30 and 40 mm by attaching it on a foam. As shown
in Figure 7, the antenna is performing quite well for both
radius positions. These radius values are taken considering
the normal radii of the human arms and legs. The measurements are performed using a 4-port Vector Network
Analyzer (VNA) model N5242A PNA-X from Agilent Technologies. The results show that a good match of measured
reﬂection coeﬃcient is found not only with the simulated
results in the ISM band (2.45 GHz) in the ﬂat shape but
also after bending conditions. Since there is no heating process involved, the cracks cannot be observed in the printed
layer after bending the antenna as reported in [8]. The
measured conductivity of the printed layer is found to be
around 1.11 × 107 S/m (14.7% of the conductivity of the bulk
silver) with single 300 nm layer thickness and 0.3 Ω/sq
sheet resistance. The conductivity of the double printed
layer is reported to be twofold with misalignment error
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Figure 9: Radiation patterns of the antenna with diﬀerent bending radii of 30 and 40 mm: (a) XZ plane (ϕ = 0°) and (b) YZ plane (ϕ = 90°).
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Figure 10: (a) The layout of the slotted Z-shaped antenna. (b) The reﬂection coeﬃcient S11 in dB of the slotted Z-shaped antenna.

up to 0.5 mm while using an oﬀ-the-shelf printer [16].
The behavior of the antenna is also studied through its
current distribution at 2.45 GHz, as shown in Figure 8,
where it is shown that good current density distribution
exists along the edges as normally happening in the case
of the patch antenna.
To see the performance of this antenna for diﬀerent
antenna parameters, the gain of this fabricated antenna
is also measured. The maximum measured gain of the

antenna is found to be 1.44 dBi with more than 60%
radiation eﬃciency.
To see the radiation performance of the antenna, the
radiation patterns of this antenna in the ﬂat and curved
shapes at a frequency of 2.45 GHz are plotted in Figure 9.
The bending of the antenna results in slight widening of the
radiation pattern for both XZ and YZ planes. Hence, our
inkjet printed antenna can be used for both ﬂexible and conformal applications.
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4. Modified CPW-Fed Z-Shaped Antenna

Communications and Networking, vol. 2012, Article ID
132465, 11 pages, 2012.
S. Ahmed, F. A. Tahir, A. Shamim, and H. M. Cheema, “A
compact Kapton-based inkjet-printed multiband antenna
for ﬂexible wireless devices,” IEEE Antennas and Wireless
Propagation Letters, vol. 14, pp. 1802–1805, 2015.
H. R. Khaleel, “Design and fabrication of compact inkjet
printed antennas for integration within ﬂexible and wearable
electronics,” IEEE Transactions on Components, Packaging
and Manufacturing Technology, vol. 4, no. 10, pp. 1722–
1728, 2014.
H. F. Abutarboush, M. F. Farooqui, and A. Shamim, “Inkjetprinted wideband antenna on resin-coated paper substrate
for curved wireless devices,” IEEE Antennas and Wireless
Propagation Letters, vol. 15, pp. 20–23, 2016.
B. S. Cook and A. Shamim, “Inkjet printing of novel wideband
and high gain antennas on low-cost paper substrate,” IEEE
Transactions on Antennas and Propagation, vol. 60, no. 9,
pp. 4148–4156, 2012.
H.-L. Kao, C.-L. Cho, X. Y. Zhang et al., “Bending eﬀect of an
inkjet-printed series-fed two-dipole antenna on a liquid crystal
polymer substrate,” IEEE Antennas and Wireless Propagation
Letters, vol. 13, pp. 1172–1175, 2014.
A. M. Mansour, N. Shehata, B. M. Hamza, and M. R. M. Rizk,
“Eﬃcient design of ﬂexible and low cost paper-based inkjetprinted antenna,” International Journal of Antennas and Propagation, vol. 2015, Article ID 845042, 6 pages, 2015.
P. Bare, http://www.bareconductive.com/.
C. C. Pen, October, https://www.chemtronics.com/p-693circuitworks-conductive-pen.aspx.
Z. Li, H. Liu, C. Ouyang et al., “Recent advances in penbased writing electronics and their emerging applications,”
Advanced Functional Materials, vol. 26, no. 2, pp. 165–180,
2016.
Z. Cui, C. Ma, Z. Chen et al., Printed Electronics: Materials,
Technologies and Applications, John Wiley & Sons, Singapore
Pte. Ltd., 2016.
Y. Kawahara, S. Hodges, B. S. Cook, C. Zhang, and G. D.
Abowd, “Instant inkjet circuits: lab-based inkjet printing to
support rapid prototyping of UbiComp devices,” in Presented
of the Proceedings of the 2013 ACM International Joint Conference on Pervasive and Ubiquitous Computing, pp. 363–372,
Zurich, Switzerland, 2013.
C. R. Garcia, H. H. Tsang, J. H. Barton, and R. C. Rumpf,
“Eﬀects of extreme surface roughness on 3D printed horn
antenna,” Electronics Letters, vol. 49, no. 12, pp. 734–736, 2013.
K. Black, J. Singh, D. Mehta, S. Sung, C. J. Sutcliﬀe, and P. R.
Chalker, “Silver ink formulations for sinter-free printing of
conductive ﬁlms,” Scientiﬁc Reports, vol. 6, article 20814, 2016.
D.-Y. Shin, Y. Lee, and C. H. Kim, “Performance characterization of screen printed radio frequency identiﬁcation antennas
with silver nanopaste,” Thin Solid Films, vol. 517, no. 21,
pp. 6112–6118, 2009.

To check the validity of our printing technology for higher
frequencies specially 5G, the CPW-fed Z-shaped antenna,
presented above, is modiﬁed to cover a future expected 5G
band, that is, 3.5 GHz. A slot of 0.5 mm thickness is etched
in the middle of the zigzag path of the Z-shaped antenna,
and then it is slightly optimized to work at our required frequency bands. The remaining dimensions of the etched slot
are shown in Figure 10(a). The other dimensions of the proposed antenna are the same as those of the Z-shaped
antenna shown in Figure 5 unless, otherwise, mentioned.
The other parameters of the modiﬁed Z-shaped antenna
are the same as shown in Figure 5. This designed antenna
is fabricated, and the simulated and measured results of
reﬂection coeﬃcient S11 (dB) in the ﬂat shape are shown in
Figure 10(b). The measured results match reasonably well
with the simulated ones.

5. Conclusion
A CPW-fed Z-shaped antenna is fabricated using low-cost
printed fabrication techniques. An oﬃce inkjet printer using
a special cartridge from AgIC, Japan, has been used during
printing the antenna. The most prominent feature of this silver ink is that it dries out instantly at the room temperature.
This chemically cured formation of the conduction path of
the silver nanoparticles not only facilitates the usage of substrates of low glass transition temperature (Tg) but also eliminates the need of a prevalent expensive inkjet printer which
employs expensive equipment and long postheating process.
Moreover, the bending test has been performed to validate its
functionality for conformal antenna applications. The surface morphology and height proﬁle analyses of the printed
layer are also executed. This proposed technique using an
oﬃce inkjet printer should pave the path for easy and lowcost printing of the antennas for conformal applications.
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