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Abstract — The inkjet printing for flexible electronics is
an emerging technology that is continuously expanding
in different fields, such as healthcare, sports, space sci-
ence, and, in general, where the traditional rigid elec-
tronics is not adequate. In this paper, the design and
test of an inkjet-printed device on a flexible substrate
are presented. The device is an interdigital capacitor
(IDC) fabricated by deposition of conductive ink on a
127 ym-thick polyimide (Kapton® ) film. First, the elec-
trical characterization of the substrate material is pre-
sented. The obtained results are then used for the IDC
design. Finally, the prototype is fabricated by means of
an inkjet printer and tested in a frequency range from
1 GHz to 5 GHz.

I. INTRODUCTION

Recently, growing attention has been paid to inkjet print-
ing (IJP) technology for electronics applications. The
prominent factors that are playing a major role in rais-
ing the research interest in this technology include cost
efficiency, fast prototyping, better optimization in large-
scale production, and rapid testing of the products [1].
Moreover, such technology represents an environmentally
friendly alternative to the more conventional printed cir-
cuit board (PCB) fabrication processes; the pattern is di-
rectly printed onto substrates without employing screens
or masks, thus generating nearly zero waste [1].

1JP technology has witnessed a remarkable progress by
moving from the design and integration of simple elec-
tronic elements (e.g., sensors [2]) to the development of
more advanced systems [3]. Nevertheless, the use of inkjet
printing techniques in the RF and microwave field is still
limited because of the limited accuracy and repeatability
of the printed patterns [4]. Furthermore, in microwave ap-
plications, an accurate control of the ink surface rough-
ness [5] and the final ink conductivity is mandatory [6].
Despite this, the IJP technology is expected to advance
significantly, as continuous innovations are being made to
address these limitations and make it viable for RF and mi-
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crowave device fabrication.

In such a context, many typologies of inkjet-printed mi-
crowave sensors have been proposed in the literature. In
[6], a low-cost and lightweight wireless sensor node has
been proposed. It includes a carbon-nanotube-based sen-
sitive element combined with an inkjet-printed patch an-
tenna. The developed prototype has been successfully used
for ammonia detection. More recently, in [7] a chipless
RFID inkjet printed humidity sensors was proposed. This
prototype is composed of three concentric rings that pro-
duce three dips in the amplitude of the reflection coefficient
of the microwave device. The resonant frequency of such
dips was exploited as a tracker for humidity detection.

One of the biggest advantages of the IJP technology re-
lies on the possibility to use thin and flexible/stretchable
materials as substrate [8]. This allows the development of
wearable devices with a higher level of wearing comfort in
comparison to traditional electronics. They can be placed
in contact with the human skin or integrated into clothes for
different applications aimed at health care, sports, biomon-
itoring, and human-machine interaction [8,9]. In such a
context, several microwave devices have been proposed
[9], such as flexible antennas [1], gas sensors [10], hu-
midity and temperature sensors [11], and even more com-
plex microwave systems have been developed for energy-
harvesting [12], smart skin [13], and telecommunication
applications [14].

In this paper, a preliminary design of a flexible inkjet
printed microwave resonator is presented. The microwave
resonator is an interdigital capacitor (IDC). This type of ca-
pacitor is used to realize small capacitances in microwave
integrated circuits [15] and it is widely employed in sens-
ing applications [16-19]. It can be modeled as a RLC
series circuit [20] where R and L are the parasitic resis-
tive and inductive elements, while C is the IDC equiva-
lent capacitance which describes the capacitive contribu-
tion of the multi-finger structure. Similarly to RLC cir-
cuits, IDCs have a specific resonant frequency [16, 20].
The IDC design is carried out using a computer-aided de-
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Fig. 1. Sketch of the dielectric loaded resonator used for
the ¢ measurement of the Kapton® film. The lower/upper
bases and the sample holder are made of brass. The di-
electric crystal is a sapphire cylinder 5 mm high and 8 mm
in diameter. The TEy;; mode is excited through coaxial
cables ended with magnetic loops at ~ 12.5 GHz. The
dielectric sample is loaded under the upper base and the
resonator closed by applying a 500 g weight on it. Further
details can be found in [24].

sign (CAD) software and validated through computer sim-
ulations. The final prototype is then fabricated on a 127-
pum thick Kapton® film substrate using a Voltera V-One
PCB printing machine. Tests are carried out in the fre-
quency range spanning from 1 GHz up to 5 GHz.

The paper is organized as follows. In the next section,
the electrical characterization of the flexible material used
as a substrate for the microwave resonator is presented.
In Section III, the design, fabrication and test of the de-
veloped prototype are discussed. Finally, conclusions are
drawn in Section I'V.

II. MATERIAL AND CHARACTERIZATION

The first step of the IDC design process consists in the
characterization of the electromagnetic properties of the
used substrate material. The values of the dielectric con-
stant of polyimide films are rather different, depending on
the source [21,22]. Thus, a direct measure is appropri-
ate for a suitable simulation of the device. The response
of a dielectric material to electromagnetic (e.m.) fields
is described through the complex dielectric permittivity
e0€ = go(e’ —ig"), where & is the vacuum dielectric con-
stant, ¢’ = Reeg, ¢’/ = —Ime, the ratio tand = &/’
is known as loss tangent and i = v/—1 [23]. Thus, £
of the Kapton® film used for the realization of the IDC
substrate must be measured accurately to design the res-
onator geometry parameters. For the characterization of
the Kapton® film we decided to use the dielectric loaded
resonator in the configuration shown in [24] (see Fig. 1),
due to its high sensitivity and precision.

The measurement method is a volume perturbation tech-
nique [25]. Part of the inner volume of an e.m. resonat-

ing structure is substituted first by a reference material and
then by the material under investigation: from the varia-
tion of the quality factor ) and resonance frequency fo,
the e.m. magnetic properties of the unknown material can
be estimated [25]. Air is used as reference, considering its
€ ~ 1 —1i0. It can be shown [24,25] that A fy x ¢’ and
A(Q™Y) x tand, where Az is used to indicate the vari-
ation of the = parameter with respect to a reference value
(of air, in this case).

Due to the expected large losses of Kapton®, only a
small volume of the resonator is substituted with this ma-
terial to avoid reducing too much @ and therefore losing
sensitivity. The optimization of the volume of the sam-
ple, with respect to its expected e.m. properties, is dis-
cussed in [24]. In this case, to reach the desired sensitivity,
ten layers of the Kapton® film are stacked to form a paral-
lelepiped, with dimensions 15.0 x 15.0 x 1.27 mm?, and
loaded into the resonator as shown in Fig. 1. To evaluate
the measurement repeatability, the transmission and reflec-
tion scattering S-parameters of the resonator are measured
20 times dismounting the sample for each measurement.
@ and fy are measured through the fit of the acquired
S-parameters with the method shown in [26]. For each
mounting, only one measurement was performed since it
was observed that the type-A uncertainties on @ and fj
evaluated with a statistical analysis of repeated measure-
ments were equivalent with those provided by the fitting
procedure and evaluated starting from the fit residuals of
only one measurement [26].

The reference measurement is obtained substituting the
same volume of the Kapton® sample with one filled with
air. In this configuration the upper base of the resonator is
held in position with a ring printed with the same thickness
as the sample under investigation and put in the resonator
in place of the sample itself. This allows not changing the
geometry of the resonator but entering into the resonator
a controlled volume of air. With the Kapton® sample
we obtained () = 3866(3) and f, = 12.45930(7) GHz,
where the numbers in parentheses are the numerical value
of the experimental standard deviations, s(Q) and s(fo)
respectively, referred to the corresponding last digits of
the quoted results. The repetition of 20 measurements
with the air reference sample gave () = 5066(3) and
fo = 12.486000(22) GHz.

The obtained Afy is compared with the calibration
curves £'(A fo) and (A fp), with 7 the sample filling fac-
tor [25], shown in Fig. 2, which are obtained with e.m.
simulations of the structure [24]. Once &’ and 7 are deter-
mined, tan § ~ A(Q~1)/n can be obtained [24].

For the analyzed Kapton®film we obtained
e =404+05 and tand = (1.02£0.16) x 1072,
which are in good agreement with literature values [21],
and where the uncertainties are expanded uncertainties
with 95 % level of probability evaluated propagating the
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Fig. 2. Calibration curves €' (A fy) (black dots-left scale)
and n(Afo) (red triangles-right scale). The continu-
ous curves are obtained by a 2™-order polynomial fit:
g/ = —49800(400)Af2 + 1512(2)Afo + 1.000(1)  and
n = T8.79(4)AfE + 2.101(2)Afo + 1.1315(2) x 1073,
with Afy expressed in MHz. The uncertainty bars are
within the symbols dimensions.

distribution of simulated and measured quantities using
a Monte Carlo method in compliance with [27,28]. The
simulated f( and 7 are assumed to be normally distributed
with 1 % relative standard deviation. Thus, for each
trial of the Monte Carlo simulation the calibration curves
e’(Afo) and n(Afy) are re-evaluated and fitted with a
274 order polynomial, obtaining the uncertainties on the
fitting parameters reported in the caption of Fig. 2. Hence,
from the measured Afy and s(fy), ¢’ and 1 (and their
uncertainties) are obtained, then tan ¢ (and its uncertainty)
is obtained from the measured Q and s(Q). 10° trials are
performed to deliver the 95 % coverage interval of the
derived quantities [27].

III. DESIGN, REALIZATION AND TEST

The proposed prototype is a single-port IDC character-
ized by a total of 16 fingers in a parallel configuration as
depicted in Figure 3. The fingers have been designed with
a length, a width, and a spacing of 20 mm, 0.7 mm, and
0.2 mm, respectively. The nominal IDC dimensions are
34.6 mm x 20.2 mm. A complete description of the IDC
geometrical parameters is reported in Figure 3.

The IDC geometry has been widely studied in the litera-
ture and several lumped-element equivalent circuit models
have been proposed [16,29,30]. Such circuits accurately
describe the device behavior in a relatively wide frequency
range. However, at high frequency, additional resonances
appear [20] and the equivalent-circuit model becomes less
reliable. In this case a full-wave e.m. solver is required for
the accurate study of the microwave device. As the IDC
equivalent capacitance increases, spurious resonances are
moved towards lower frequencies [20].
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Fig. 3. Sketch of the designed one-port IDC device. All the
reported dimensions are in mm.

The proposed IDC is meant to be used for sensing appli-
cations and, in this case, spurious resonances are desirable
since they may be exploited as trackers [31]. In the liter-
ature, IDCs and, in general, planar resonators have been
employed for sensing purposes and they exhibited good
performance when used in the frequency range between
1 GHz and 5 GHz [32-36]. For this reason, the proposed
IDC is designed to operate on this frequency band. Sev-
eral e.m. simulations are carried out on the IDC geometry.
Since the IDC equivalent capacitance is proportional to the
number of fingers and to their length, these two parame-
ters are varied to get the desired result, i.e., resonances that
occur in the selected frequency range. Moreover, the fin-
gers width is chosen to maximize the quality factor of the
resonant dips. The final IDC geometric dimensions are re-
ported in Figure 3. It is worth noting that the feedline is
designed with an input impedance of 50 €.

Once the IDC geometry is defined, the prototype is fab-
ricated using a Voltera V-One PCB printing machine. The
127 pm-thick Kapton® film is selected as substrate, while
a flexible conductive ink is used for the conductive layer
printing. In particular, the Voltera Flexible Conductor 2
ink [37] is used. It is characterized by an electrical resis-
tivity of 1.36 x 10~7 €2-m, and the typical cured film thick-
ness is between 40 ym and 70 pm. The prototype is printed
using a 150-um Voltera nozzle, as suggested by the ink
datasheet [37], and, once the printing process is completed,
the sample is cured in the oven at about 170 °C for 30 min-
utes. The curing procedure is essential to trigger the ink
chemical reactions, thereby allowing the metal particles to
fuse in a conductive layer. The IDC is then cleaned with
isopropyl alcohol and burnished. Finally, a 50 €2 straight
PCB mount SMA connector is soldered at the end of the
feedline as an input port to allow the connection of Vector
Network Analyzer (VNA).

An Agilent 8753ES VNA is used for the prototype test.
The VNA is calibrated using a one-port short-open-load
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Fig. 4. Comparsion bewteen measurement (black) and
COMSOL simulation (red) of the magnitude of the reflec-
tion coefficient for the developed IDC. The explored fre-
quency range goes from 1 GHz to 5 GHz.

(SOL) calibration procedure, and the reflection coefficient
S11 1s measured. The VNA is set to acquire 1601 points,
the RF power is set to 0 dBm, and the intermediate fre-
quency (IF) is 1 kHz. In Figure 4 a comparison between
the simulated and measured |S11(f)| is reported. As ex-
pected from simulations, several resonances occur in the
considered frequency range. Simulations are carried out
using the COMSOL software. A good agreement can be
observed between simulation and measurement, although
not all resonances are accurately predicted by COMSOL.
Such mismatches may be ascribed to tolerances in the fab-
rication process. In particular, the fabricated prototype ex-
hibits additional resonances in the frequency range from
2 GHz to 3 GHz. However, this should be not taken as
a practical limitation for the intended applications, since
the additional resonances might be exploited for detection

purpose.

IV. CONCLUSIONS

In this work, the design and test of a flexible inkjet-
printed IDC are presented. The design process has been
supported by the electrical characterization of the dielectric
Kapton® film used here as substrate. This allowed a bet-
ter description of the microwave device behavior through
computer simulations. The measured performance of the
proposed device is found to be in line with the simulation-
based expectations. Further activities are in progress in
order to use the developed prototype for practical sensing
applications.
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