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Abstract
Capacitive sensing of electrophysiological signals is a promising alternative to traditional
contact-type sensing for long-term and ubiquitous health monitoring. Many researchers are
focusing on developing flexible capacitive electrodes to improve the conformability and the quality
of acquisition of this family of sensors. However, current flexible devices still present many
limitations due to the negative Poisson’s ratio of the materials used, which affects the dimensions
and characteristics of the materials when under stress, and their incompatibility with traditional
manufacturing methods and solid-state devices. We present a novel, inkjet-printed, hybrid
capacitive Kirigami sensor design. This novel structure comprises different layers with different
functionalities, in order to allow improved flexibility and conformability of the flexible Kirigami
printed electrode, while securing its inclusion on a traditional rigid printed circuit board for a
quality signal acquisition. The novel sensor design has been tested on different shapes and
dimensions of sensing target and with different weights applied. Capacitive and electrical
measurements were performed to obtain the main basic sensor characteristics such as coupled
capacitance, acquired signal amplitude and cutoff frequency. When compared to an analog but
rigid sensor, the novel designed hybrid flexible sensor showed significant improvement and
enhanced uniformity of measurements, with an increase in amplitude value up to+82% for the
bigger curvatures, while maintaining good electrical contact and integrity of all the layers.

1. Introduction

In recent years, the interest in non-invasive and
continuous monitoring of physiological signals
has triggered significant advancements in sensor
technologies [1–4]. Capacitive sensing, in particu-
lar, has emerged as a promising technique for con-
tactless biopotential monitoring, offering advantages
such as high sensitivity, low power consumption,
and compatibility with wearable devices [5–8]. For
this application, the body surface and the electrode
can be respectively considered as the two sides of a
capacitor: the capacitance is established by the close
vicinity of the two surfaces and no direct contact is
needed. This allows the electrophysiological signal
coming from the body to be acquired without the
need for gels or adhesives, without specific medical

preparation, and including fabric between the body
and sensing electrode [9–11].

This family of sensors is a promising substi-
tute for long-term applications and ubiquitous
sensing. However, they still present some major
limitations due to their contactless nature [11,
12]: motion artifacts (MAs) are significantly lar-
ger compared to gel-type contact sensors and,
depending on the relative position of the body
on the sensor, the effective area of the capacitive
coupling can vary, decreasing the signal-to-noise
ratio (SNR) and affecting the uniformity of the
measurements.

Manyworks can be found in the literature that use
different and innovative post-processing techniques
to restore the acquired signal in case of bad acquis-
ition set-ups and MAs [13–15]. However, excessive
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filtering and processing can result in additional arti-
facts and loss of information in the signal, while also
increasing the total complexity, cost, and power con-
sumption of the final sensor [10, 12, 16]. It is thus
important to put as much emphasis on the develop-
ment of the electrode side of the sensor.

As the working principle of this type of sensor is
based on the parallel plate capacitance relation, C=
ϵ0ϵr

A
d , where A is the surface area of the electrode that

is able to establish a capacitive couplingwith the body,
d is the distance between the electrode and the body
(which takes into account the dielectric presence) and
ϵ0,ϵr are the dielectric permittivity of vacuum and of
the relative dielectric constant between the two elec-
trodes. The geometrical characteristics of the sensor
electrode and the coupling mechanism between the
electrode and the body are of extreme importance for
a good quality signal acquisition [17]: the higher the
capacitance established between the electrode and the
body, the higher the SNR at the input of the sensor
amplifier and the lower the cutoff frequency, which is
of critical importance for a lossless signal acquisition
[16, 18].

Flexibility is a crucial aspect in the development of
capacitive sensors as the human body is not, in gen-
eral, a flat surface:

• Adapting to any body shape allows the whole sur-
face of the sensor to establish a capacitive coup-
ling with the body, maximizing the effective capa-
citance and consequently the SNR.

• Conformability also reduces the effect ofMAs, such
as the one resulting from themovement of the body
during respiratory activity.Motion artifacts repres-
ent one of the major issues of capacitive sensing, as
a direct result of the contactless nature of capacitive
sensors [8, 19].

• By conforming evenly to different parts of the body,
the sensing area is ideally constant, regardless of
the point of application of the sensor on the body.
This allows a uniform signal acquisition, espe-
cially in multi-sensor array systems, which trans-
lates into reduced active filtering in the signal post-
processing phase, and thus less susceptibility to
data attenuation [16].

1.1. Flexible hybrid electronics and Kirigami
electronics
The recent growth in the field of printed electronics
[20] has fuelled fast developments in sensors ran-
ging from capacitance, pressure, temperature, and
humidity detection [21]. Printed electronics utilize
conductive, semi-conductive, or insulating inks on
flexible substrates (such as plastic or paper) using
methods such as screen printing, inkjet printing,
gravure or flexographic printing. Piezoelectric-
based inkjet printing [22, 23] has been successfully
employed to rapidly prototype and fabricate devices
such as RFID tags, temperature sensors, strain gauges,

etc. The printing technique’s benefits are attributed to
its ease of design iterations, as a result of digital design
file input, and ultra-low volume material consump-
tion, generally in the range of 1–3 ml, allowing the
use of small quantities for high-cost materials such
as silver, copper, and gold to fabricate functional
devices [24].

Many recent works have been focusing on the
development of printed flexible devices, in particu-
lar employing flexible materials for the realization
of the capacitive electrode [8, 16, 25–28]. However,
when flexed or stretched, these materials change
in dimension depending on their Poisson’s ratio
and, when subjected to mechanical stress, their elec-
tric and dielectric properties are affected [29, 30],
impacting the uniformity and the reliability of the
measurements.

Flexible hybrid electronics (FHE) represents a
sought-after alternative for the development of light-
weight, conformable, and stretchable systems [31–
33]: by seamlessly integrating the mechanical flex-
ibility of flexible printed substrates with the high
performance of traditional rigid electronics it prom-
ises significant advancements in developing wear-
able sensors that offer both comfort and perform-
ance. Several different works have employed FHE
to build flexible capacitive sensors for biopotential
monitoring, with promising results, as displayed in
table 1.

While constituting a promising compromise
between whole-flexible electronics and solid-state
electronics, challenges such as robust electrical con-
nections between different materials and compon-
ents, mechanical fatigue and failure over time, com-
patibility and long-term stability among diverse
materials still representmajor limitations to the wide-
spread of FHE in commercial products.

Kirigami, the antique Japanese art of paper cut-
ting, has been shown to be a simple and easy to
implement technique to improve the flexibility of
electronic devices, without affecting their intrinsic
characteristics [39–41]. Some recent works employ
the advantages of Kirigami patterning combined with
printed devices to enhance device performances [42–
44], thanks to its improved electro-mechanical sta-
bility with increased electrical conductivity stabil-
ity over larger strain regimes [42]. This innovative
method, paired with printed electronics, represents a
promising solution for many applications of capacit-
ive sensing [45].

However, Kirigami electrodes are not easy to
incorporate in traditional sensors due to their
important flexibility, which results in greater
difficulty of integration to create a durable and robust
connection while preserving the electrode flexibility.

In this work, we present a new hybrid capa-
citive sensor design approach, which addresses the
above-mentioned challenges and limitations of FHE,
by including the whole printed circuit board (PCB),
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Table 1. Examples of other research groups employing FHE to implement flexible capacitive sensors for biopotential monitoring, with
relative sensor characteristics.

Research Group Size (mm2) Electrode type
Coupled capacitance
(pF) Bandwidth (Hz)

Ueno et al [34] 1000−7000 Textile 39−59 0.05−100
Rachim et al [35] 900 Hybrid textile 20 0.04−40
Gao et al [36] 400 Metal sputter

deposition on plastic
7− 35 0.3−100

Roland et al [7] 248−314 Various 77− 733 60−1064
Lessard-Trembley et al [16] 853 Hybrid printed 51−107 0.475−210
Takano et al [37] 2000 Textile 57 0.5−100
Ng et al [38] 125 Hybrid printed 127 0.01−312

and not just single components, on the flexible
device. Conceived as a novel method applicable to
any printed capacitive sensor, the present work aims
to improve the flexibility of FHE printed devices:
the design method introduces an additional Kirigami
printed layer to connect the rigid sensor PCB to
the flexible Kirigami electrode, without affecting the
mechanical and electrical characteristics of both sides.
Achieving enhanced flexibility has the purpose of
improving the robustness of the sensor to common
MAs, such as the change in coupled surface area and
variation in pressure between the sensor and the tar-
get body, producing a more stable and uniform signal
acquisition.

To test the efficacy of the new design method, a
sensor prototype was built, which comprises a tradi-
tional analog front-end (AFE) and amulti-layer prin-
ted Kirigami electrode, exhibiting remarkable flexib-
ility and conformability on the electrode side while
maintaining the robustness and reliability of conven-
tional electronic components on the sensor side.

Compared to other FHE solutions found in
literature [46–48], the novel sensor hybrid struc-
ture provides a new design approach that is effective,
easy to implement and compatible with conventional
manufacturing methods and materials, in order to
produce a robust flexible capacitive electrode that can
easily adapt to any curved surface, optimizing the
sensing acquisition on the electrode-side, while being
adaptable and compatible with conventional techno-
logies and materials.

2. Materials andmethods

The presented sensor structure includes three main
functional layers: (1) the printed Kirigami electrode
layer, composed of a single side capacitive elec-
trode; (2) the printed Kirigami connecting structure,
necessary to connect the flexible Kirigami layer to the
PCB; (3) the sensor AFE, mounted on a rigid PCB.

2.1. Kirigami electrode and connecting layers
Kirigami technique was applied to both the electrode
and connecting layers, representing the flexible side
of the hybrid sensor. Their fabrication comprises two

separate phases: the printing phase, to deposit the
silver and insulating functional layers on a flexible
dielectric substrate, and the cutting phase, to create
the two different Kirigami structures by means of
laser cutting.

2.1.1. Printing phase:
Both the electrode layer and the connecting layer are
based on inkjet printed silver on a flexible dielectric
substrate: in the case of the electrode layer, the printed
silver electrode corresponds to the actual capacitive
electrode, while the substrate acts as dielectric layer
facing the sensing target; meanwhile, for the connect-
ing layer, the printed silver area acts as a connect-
ing base between the PCB and the flexible electrode,
allowing to create a conductive path between the bot-
tom of the PCB and the flexible electrode below.

Silver nano-particle ink from ANPPro (Silverjet
P 40TE-20 C) was printed using a Ceradrop X-series
printer loaded into a 13 pico-liter SAMBA cartridge.
Kapton FPC 125 µm from American Durafilm was
selected as dielectric substrate, and first cleaned with
99% acetone solvent. Four layers of the silver ink were
printed in the form of 3 × 3cm2 squares.

Intermittent drying steps using an Adphos near
infrared drying lamp integrated into the Ceradrop
system were performed to allow uniform drying of
the printed ink. The printed structures were then
sintered in a Mancorp MC301N reflow oven for 1
h at 300◦ in air. Dycotech DM-INI-7003 ink was
chosen as insulating layer. Six layers of the insu-
lating ink were inkjet printed atop the sintered sil-
ver electrodes, via Ceradrop printer, in the form
of 4×4cm2, with two central holes left empty to
allow an electrical connection with the silver layer
below. Each layer of the printed insulator ink was
UV cured in place using the built ink UV cure
lamp at 5.5 mWcm−2 and 10 mms−1 conveyor velo-
city followed by a final cure step at 100% power
and 1 mms−1 speed.

2.1.2. Laser cutting phase
The two layers were cut into two different Kirigami
structures utilizing laser cutting (Samurai UV
Marking System, DPSS Lasers, Inc.), with a final
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Figure 1. Laser-cut AutoCad design for the two different layers: (a) the Kirigami electrode pattern, where the sets of hierarchical
cuts are represented by l1 = 20 mm (in red), l2 = 12mm (in blue), l3 = 4.5mm (in green), and the hinges by δ= 1.5 mm; (b) the
closed-loop Kirigami connecting layer, with cuts of respectively k1 = 36 mm and k2 = 29 mm, distanced γ= 3 mm from each
other.

dimension of 5×5cm2, designed for the specific
function of each layer (figure 1):

For the electrode layer, the chosen Kirigami
pattern consists of standard squared, equally dis-
tanced, hierarchical perpendicular cuts, as shown
in figure 1(a). The starting Kirigami design was
taken from the structure realized in [45]: three dif-
ferent hierarchical levels of cuts were performed
with a dimension of respectively l1 = 20 mm, l2 =
12mm, l3 = 4.5mm, and hinges of width δ= 1.5
mm. This type of structure allows for better con-
formability to any arbitrary non-flat surface, show-
ing improved coupled capacitance compared to an
equivalent, non-cut printed electrode [45, 49]. The
flexibility and conformability of the electrode come
from the subdivision of the printed layers into rotat-
ing square sub-units, with the connections between
these units acting as free rotational hinges. This allows
macroscopic deformation to occur mainly through
rotation of the sub-units, rather than by attempting to
deform the rigid sub-units themselves [39, 50]. Said
mechanism allows the electrode to bend easily in all
directions and adapt to any arbitrary non-flat sur-
face, while maintaining intact its intrinsic character-
istics. The designwas slightlymodified for the specific
application: a portion of cuts on the central part was
removed to leave enough non-cut surface available for
the connection with the above connecting layer, and
the external cuts were extended to reach the perimeter
of the bigger electrode surface.

The connecting layer has the critical function
of connecting the rigid PCB sensor to the flexible
Kirigami structure of the electrode, without affecting
its flexibility and while assuring a robust electrical
and mechanical connection. The decision to employ
a second, different, Kirigami structure as a middle
layer represents a novel design approach to allow a

robust but flexible connection between rigid com-
ponents and flexible printed ones. For this reason,
a closed-loop Kirigami structure, corresponding to
the external cuts framing the printed pattern in
figure 1(b), was chosen: external and internal cuts
of respectively k1 = 36 mm and k2 = 29 mm, dis-
tanced γ= 3 mm from each other, enable a spring-
like behavior in the connecting layer, allowing the
central part to extend out-of-plane while remaining
flat, in response to corners and borders bending or
contracting [51].

The central silver printed part of the layer is
conceived to be rigidly fixed to the PCB, while the
external, cut frame is to be connected to the Kirigami
electrode by its four angles exclusively. In this con-
figuration, the Kirigami electrode is free to flex and
conform to the target body, and at the same time, the
central area where the PCB is attached remains flat
even when the electrode below is flexed, because of
the connecting layer structure that allows the motion
of the central flat area out-of-plane, while the external
frame bends to follow the electrode. The electrical
connection between the two is assured by two central,
silver-covered, spiral cuts. The spiral structure is not
attached to the PCB, and is instead left free to move
and elongate from the connecting layer to be linked to
the central holes of the electrode layer, assuring a good
electrical connection while maintaining the neces-
sary flexibility. The contact is formed through silver
epoxy paste (LOCTITE ABLESTIK 965-1 L) applied
manually on top of the cut-through spiral connect-
ors, and thermally cured at 100◦C for 3 h. There are
two points of contact built between the different lay-
ers: between the spirals and the prearranged dielectric
holes on the electrode, and between the silver print of
the connecting layer and the copper base of the PCB
(figure 2).
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Figure 2. Printed layers after laser cut: (a) the Kirigami electrode layer (Kapton substrate and printed silver electrode covered by
six layers of insulating ink, two circles of silver were left uncovered to allow for electrical connection with the connecting layer);
(b) the closed-loop Kirigami connecting layer (Kapton substrate and printed silver, two holes surrounded by spirals were cut
through, to allow for electrical end mechanical connection with the electrode layer).

Figure 3. Simplified electrical model of analog front-end: Vin is the signal acquired by the electrode, Ce is the coupled capacitance
between the sensor electrode and the second plate, Vb and Rb are the bias voltage and resistor, U1 is the op-amp connected in a
buffer configuration and Vout the resulting acquired signal.

2.2. Analog front-end (AFE)
The AFE used in this work is a simple pre-amplifier
circuit that allows themeasurements of biological sig-
nals by capacitive sensing [52], consisting of an op-
amp in a buffer configuration and a bias resistor, as
schematically represented in figure 3.

The components are mounted on a rigid PCB of
the size of 34.3 × 34.3mm2, with an exposed copper
bottom to allow the connection of the electrode to the
input of the op-amp. The final multilayer structure
and prototype sensor are illustrated in figure 4.

2.3. Experimental set up
To quantify the improvement in electrode perform-
ance between our novel Kirigami hybrid electrode
and an arbitrary rigid electrode, a series of capacit-
ive and electrical measurements were performed in
different conditions of applied weights and second
plate dimensions. For direct comparison with a rigid
sensor, the same PCB was used as AFE, and a printed,
single-layer electrode was rigidly glued to its bottom
side, made of the same materials and with the same
geometrical features of the equivalent Kirigami elec-
trode, but with no Kirigami structure applied.

The goal of the performed tests is to provide an
attentive but general characterization focused on spe-
cific electrical characteristics that are common to all
types of electrical biosignals and are indicators of the
effect of MAs on the acquisition process.

The capacitive measurements are performed
using an impedance analyzer (Keysight E4990A),
considering the electrode and the target body as two
plates of a capacitor: the device, acting as the first
plate, was positioned on a conforming insulating
polyester sponge sample holder, with the dielectric
layer facing up, and a conductive aluminum hemi-
spherical body of varying diameter was placed on
top of it to act as the second, non-planar plate of the
capacitor (simulating different parts of the human
body). The series capacitance between the aluminum
plate and the Kirigami electrode connected to the
sensor was measured on a frequency range of 20 Hz–
1 kHz, to assure the consistency of the measurement:
as the measurements revealed to be constant in this
range, the capacitance acquired at 500 Hz was arbit-
rarily chosen as representative value. The main goal
of these types of measurements is to verify that the
multi-layer design is effective in allowing theKirigami
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Figure 4. (a) Multilayer structure: the four corners of the Kirigami electrode and Kirigmi connecting layers are glued together to
allow a mechanical connection without affecting the Kirigami electrode structure; at the same time the central point of the two
spirals at the center of the connecting layer are electrically connected to the center of the electrode layer by conductive paste; on
the other side, the AFE is pasted on the silver, non-cut side of the connecting layer by conductive paste, ensuring both good
electrical and mechanical connection with the flexible layers, without limiting the respective flexibility. (b) Final sensor structure:
top view of rigid circuit board connected, on the bottom, to the two flexible printed Kirigami layers; side view of the sensor in its
relaxed state; side view of the sensor when the electrode layer is bent.

electrode to maintain its flexibility, thus showing
good capacitive coupling with the sensing target,
while being integrated on the rigid PCB.

The electrical measurements consist in the trans-
mission of a sinusoidal signal from an arbitrary alu-
minum second plate to the sensor, imitating the sig-
nal acquisition of a biopotential coming from the
body. The measurement set-up is the same as for
the capacitive measurements, but in place of an
Impedance Analyzer, a 1Hz sinusoidal signal (Agilent
33 500B–Waveform Generator) was injected into the
aluminum second plate, and the output pin of the
sensor was connected to an oscilloscope (Keysight
InfiniiVisionDSOX3014T) in order to analyze the sig-
nal acquisition (figure 5(a)).

The measurement results consider two main sig-
nal characteristics: the amplitude and the cutoff fre-
quency. The amplitude of the transmitted signal is
considered as a reference point to obtaining satis-
factory SNR in any actual sensing application, while
the cut-off frequency represents an indication of the
quantity of information transmitted, and thus, the
quality of acquired signal.

The aluminum second plates considered in the
experiments are one flat surface plate and different
hemispheres of respectively 15 cm, 6.3 cm, 5.5 cm
and 4.5 cm of diameter, corresponding to a curvature
of 0, 0.13, 0.32, 0.36 and 0.44 cm−1, respectively
(figure 5(c)). Themeasurements are repeated for both
the non-Kirigami and the Kirigami hybrid electrodes.
Overloads of ≈1.1 kgf (2.5 lbf), ≈2.2 kgf (5 lbf) and

≈3.3 kgf (7.5 lbf) were applied to both cases, to test
the uniformity of the electrode under different pres-
sure applied. Eachmeasurement (capacitive and elec-
trical) was repeated 10 times, and the average value
was considered. Lastly, the device was subjected to a
100 cycles bending test, at 60 degrees of bend, to eval-
uate the mechanical reliability of the structure. After
that, the electrical measurements were repeated and
the results compared with the first measured values.

3. Results

3.1. Capacitive measurements
In table 2 the average capacitance values measured
for both the rigid sensor and the Kirigami hybrid
sensor are listed, for different second plate curvatures.
The measurements are the average of 6 measurement
repetitions, with an applied weight of 2.2 kgf for each
second plate.

In general, the trend for both sensors shows a
decrease in value for increasing curvature. This is
associated with the significant difference in second
plate dimensions, which were specifically chosen to
represent the behavior of the sensor in diverse situ-
ations (from flat to extremely curved). However,
for all second plates considered the hybrid Kirigami
sensor exhibits higher capacitance compared to the
equivalent non-Kirigami one. Even in the extreme
case of curvature 0.44 cm−1, while still partly los-
ing conformability due to the small dimension of
the second plate, and thus significantly decreasing

6
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Figure 5. Electrical measurements setup: (a) second plate placed on top of the sensor, a single frequency (1 Hz) signal from the
signal generator is injected into the second plate, acquired by the sensor and analyzed on the oscilloscope; (b) position of the
sensor on the sponge holder, with the Kirigami electrode showing on top, before the application of the second body on it; (c)
schematic representation of sensor and second plate setup during the measurements.

Table 2. Average measured coupled capacitance of both the
Kirigami sensor and the equivalent rigid sensor, when applied to
second plates of different curvatures.

Average measured capacitance (pF)

Second plate
curvature (cm−1) Rigid sensor Kirigami sensor

0 70.69± 0.62 115.53± 0.69
0.13 69.96± 1.46 79.98± 2.08
0.32 37.63± 1.45 60.75± 3.87
0.36 29.23± 2.67 35.8± 3.34
0.44 25.97± 5.25 31.82± 3.77

in capacitive value, the recorded coupled capacitance
presents an increase of +32% compared to its rigid
counterpart.

The capacitive measurements of the single
Kirigami hybrid sensor have been repeated, this time
with different weights applied on top, and the results
are represented in figure 6. Each value corresponding
to the same second plate dimension exhibits negli-
gible difference (⩽ 8%), indicating a good resistance
of the Kirigami electrode to variations in applied
pressure.

3.2. Electrical measurements
To validate the above results, the capacitive measure-
ments were followed by electrical measurements of a
sinusoidal 1 Hz signal transmitted from aluminum
second plates of varied curvatures to the sensor, with
different weights applied.

In figure 7, the acquired signal amplitudes, for
different second plate diameters are represented. The
different colors correspond to the different weights
applied on top of the second plate. Consistently with

the capacitive measurements, the amplitude trend
inversely follows the curvature of the plates, confirm-
ing the importance of good conformability for bet-
ter signal quality: measurements corresponding to a
flat second plate exhibit a comparable signal amp-
litude for all weights applied; meanwhile, for increas-
ing curvature a decrease in amplitude is recorded,
as the capacitive coupling between the two sides
deteriorates.

However, for a flexible Kirigami sensor, the dif-
ference in acquired signal amplitude, while still
decreasing for bigger curvatures, shows a significant
improvement (up to+82% for the bigger curvatures)
compared to the non-Kirigami one.

In addition, the Kirigami sensor exhibits little to
no variation when varying applied pressure, coher-
ently with the results obtained in the capacitive meas-
urements above.

The cutoff frequency of the sensor bandwidth was
also measured, for the different curvatures and dif-
ferent weights applied. The cutoff frequency ( fc =

1
2πRC ) is by standard definition the frequency corres-
ponding to an amplitude fall of 3 dB. Starting from
the measured amplitude in figure 7, for each case
the frequency of the transmitted signal was gradu-
ally decreased from 1Hz, till the acquired signal amp-
litude decreased of 3 dB. The frequency registered on
the oscilloscope corresponding to said amplitude was
recorded as the resulting cutoff frequency.

In figure 8 the cutoff frequency variations for the
different curvatures considered are plotted, divided
by applied weight. For all cases, the fc tends to
grow for increasing curvature, however, for the non-
flexible case the increase is significantly higher than
the Kirigami case: in the case of the rigid electrode,
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Figure 6.Measured coupled capacitance, for different second plate curvature, of Kirigami flexible sensor with weights of 1.1, 2.2
and 3.3 kgf applied on top of each second plate.

Figure 7.Measured amplitude variations of the acquired signal, for different second plate curvatures and different weights
applied, comparing the performance of the Kirigami flexible sensor against the rigid sensor.

the gap in measured cutoff frequency for the zero
curvature (flat second plate) to the 0.44 cm−1 hemi-
sphere case is of +738 %; meanwhile, in case of the
Kirigami electrode, the total increase for the smal-
lest second plate is significantly smaller: +180 %. In
addition, the different applied weights do not signi-
ficantly affect the resulting fc, showing good band-
width uniformity for pressure variations during the
measurements.

Finally, the sensor prototype was subjected to a
mechanical reliability bending test, to monitor the
effect of repetitive stress on the structure. The sensor
was placed on a bending test machine and 100 bend-
ing cycles were executed at 60 degrees of bending
(figure 9(b)). Following these cycles, the signal amp-
litudes were recorded once again, for the different dia-
meters, at 1.1 kgf applied, and the results were com-
pared to the previous measurements in figure 9(a).
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Figure 8.Measured cutoff frequency variations of the acquired signal, for different second plate curvatures and different weights
applied, comparing the performance of the Kirigami flexible sensor against the rigid sensor.

Figure 9. (a) Measured amplitude variations of the acquired signal, before and after 100 bending cycles, for different second plate
curvatures at 1.1 kgf applied; (b) mechanical bending test setup: 100 bending cycles at 60 degrees of bend.

4. Discussion

The designed multi-layer Kirigami hybrid structure
proved to be effective in allowing good flexibility
and conformability of the electrode, while main-
taining excellent electrical and mechanical contact
throughout numerous bending and flexing tests while
subjected to different weights.

The results of both the capacitive measurements
and the sensor electrical measurements show con-
sistency, indicating a direct relationship between

the improved conformability brought by the novel
Kirigami design and the performance of the sensor.

To better understand the effects of the electrode
structure on the sensor it is useful to analyze each
different aspect at time. First, as shown in both
the capacitive measurements (table 2) and electrical
recording (figure 7), the Kirigami structure allows for
a better conformability to any arbitrary non-flat sur-
face, leading tomore surface of the electrode to estab-
lish a capacitive coupling with the target surface. As a
consequence, the total capacitance established by the

9
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sensor will increase, increasing the amplitude of the
acquired signal and helping achieve a higher SNR.

If we consider that, for biopotential monitoring,
a sensor is never used singularly but is usually part
of an array of sensors that could be applied to differ-
ent parts of the body, the remarkable flexibility of the
Kirigami electrode favours the coupling of the differ-
ent sensors of a system with the body, improving not
only the performance of the single electrode but also
the uniformity of the measurements for the whole
system.

Moreover, a low cut-off frequency value is also
extremely important for lossless signal acquisition: in
the case of biosignals, many of them present a band-
width in the very low frequency spectrum [9, 53]. The
loss of information is not the only problem related
to an inadequate cut-off frequency: while a slightly
higher cut-off, with the right filtering, usually res-
ults in a still legible and satisfactory signal output,
it can also introduce artifacts in the recordings that
may lead to erroneous signal interpretation [16, 18,
54]. Being able to achieve a low cut-off frequency
at the point of signal acquisition is thus important
to ensure no information loss and/or no added arti-
facts, regardless of the sensing application. As shown
in figure 8, the Kirigami sensor shows a lower cutoff
value compared to the rigid sensor for all curved
second plates considered, even the smaller ones.

Higher conformability of the single sensor allows
us to achieve higher SNR, lower cutoff frequency and
improved uniformity of the acquired signal, all before
the filtering and post-processing phase.

In addition, the Kirigami multi-layer structure
allows the electrode layer to be partially detached
from the rigid PCB and free to bend and stretch
when in contact with the body, while still maintain-
ing good electrical contact. This added level of free-
dom favors the flexibility of the Kirigami electrode,
allowing it to easily follow the curvature of the target
body even with different pressures applied. As notice-
able from figures 7 and 8, when varying the weight
from 1.1 kgf to 2.2 kgf and 3.3 kgf, for each second
plate considered, the measured values vary minim-
ally, confirming the good adaptability of the sensor
to pressure variations. Other works show examples of
how increasing the pressure on the electrode serves
to improve the capacitive coupling and, consequently,
the sensor performance [55, 56]. Being susceptible
to pressure changes, however, also makes the sensor
more vulnerable to some type of MAs caused, for
example, by the breathing pattern of the body or
any partial movement that translates into a change of
pressure on the electrode.

Finally, comparing amplitude measurements
before and after the reliability bending test shows
no significant difference. The multilayer Kirigami
structure proves to be effective in minimizing the
stress applied during bending, both on the electrode
side, where the cuts critically reduce the effect of

the stress on the printed conductive surface [45],
and on the connections between electrode and AFE,
where the middle Kirigami layer secures robust con-
tact within the two while allowing freedom of move-
ment, even after 100 bending cycles.

The Kirigami sensor presents improved conform-
ability and flexibility, thanks to its novel designed
multi-layer hybrid structure, allowing the electrode
to conform well and maintain constant contact with
the body under different pressures. This results in
improved SNR and cut-off frequencies, without the
need of additional signal post-processing.

5. Conclusions

In this workwe presented a novel design and structure
concept for printed electrodes for biopotential capa-
citive sensing based on Kirigami. The design com-
prises different layers cut in different Kirigami struc-
tures, each specifically designed for their individual
function, allowing the electrode to be flexible and
stretchable while being incorporated on traditional
rigid PCBs and maintaining good electrical contact.

Capacitive and electricalmeasurements have been
performed on the sensor under different conditions
of weight applied and different sizes/shapes of sensing
target in order to estimate their robustness to themost
commonMAs. The results obtained showed substan-
tial improvement for the presented structure when
compared to an analogous rigid sensor.

Both the flexibility of the Kirigami electrode and
the compliance of the multi-layer hybrid structure
lead to an improved conformability to any arbit-
rary second plate and increased robustness to vari-
ation of pressure, thus increasing the amplitude of
the acquired signal, reducing the cutoff frequency and
improving the uniformity of the measurements.

The novel design represents an easy-to-
implement, robust, and effective method applicable
to any printed capacitive sensors, allowing the integ-
ration of flexible printed electrodes on traditional
rigid PCBs, improving the first’s performance while
maintaining the latter’s reliability.
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