University

of Glasgow

Escobedo, P., de Pablos-Florido, J., Carvajal, M. A., Martinez- Olmos,
A., Capitan-Vallvey, L. F. and Palma, A. (2020) The effect of bending on
laser-cut electro-textile inductors and capacitors attached on denim as
wearable structures. Textile Research Journal,

(doi: 10.1177/0040517520920570)

The material cannot be used for any other purpose without further
permission of the publisher and is for private use only.

There may be differences between this version and the published version.
You are advised to consult the publisher’s version if you wish to cite from
it.

http://eprints.gla.ac.uk/213111/

Deposited on 11 March 2020

Enlighten — Research publications by members of the University of
Glasgow
http://eprints.gla.ac.uk



http://dx.doi.org/10.1177/0040517520920570
http://eprints.gla.ac.uk/213111/
http://eprints.gla.ac.uk/

The effect of bending on laser-cut electro-textile inductors and

capacitors attached on denim as wearable structures

Pablo Escobedo?, Jaime de Pablos-Florido?, Miguel A. Carvajal?>, Antonio Martinez-

Olmos?, Luis F. Capitan-Vallvey?, Alberto Palma?*

! Bendable Electronics and Sensing Technologies (BEST) Group, Electronics and Nanoscale Engineering,
University of Glasgow, Glasgow G128QQ, U.K.

2 ECsens, Department of Electronics and Computer Technology, Sport and Health University Research
Institute (iMUDS), University of Granada, 18071 Granada, Spain

3 ECsens, Department of Analytical Chemistry, Excellence Unit of Chemistry applied to Biomedicine and
Environment, Faculty of Science, Campus Fuentenueva, University of Granada, 18071 Granada, Spain

* Correspondence: ajpalma@ugr.es

Abstract:

In this paper we present the design, fabrication and characterization of electro-textile
inductor and capacitor patterns on denim fabric as a basis for the development of
wearable e-textiles. Planar coil inductors have been harnessed as antenna structures for
the development of Near Field Communication (NFC) tags with temperature sensing
capability, while interdigitated electrode (IDE) capacitors have been used as humidity
sensors for wearable applications. The effect of bending in the electrical performance
of such structures was evaluated, showing variations below 5% in both inductance and
capacitance values for bending angles in the range of interest, i.e. those fitting to human
limbs. In the case of the fabricated NFC tags, a shift in the resonance frequency below
1.7% was found, meaning that the e-textile tag would still be readable by an NFC-
enabled smartphone. In respect of the capacitive humidity sensor, we obtained a
minimum capacitance variation of 40% for a relative humidity range from 10% to 90%.
Measured thermal shift was below 5% in the range from 10 to 402C. When compared to
the 4% variation due to bending, it can be concluded that this capacitive structure can
be harnessed as humidity sensor even under bending strain conditions and moderate
temperature variations. The development and characterization of such structures on

denim fabrics, which is one of the most popular fabrics for everyday clothing, combined
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with the additional advantage of affordable and easy fabrication methodologies, means

a further step towards the next generation of smart e-textile products.

Keywords: e-textile, denim fabric, planar coil inductor, interdigitated electrode

capacitor, NFC tag, wearable electronics.

INTRODUCTION

There is a growing interest in the inclusion of electronic elements such as inductors and
capacitors (targeted elements in this work), antenna structures, sensors and chips into
fabrics to form compact and complete information systems integrated in clothing as
wearable electronics.! This combination of electronics and textiles to form ‘smart’ textile
products results in the so-called electronic textiles or e-textiles. Even though nowadays
e-textiles still remains a sector in relative commercial infancy, studies indicate that the
global smart textile market size is expected to reach $5,369 million by 2022 from $943
million in 2015, growing at an estimated compound annual growth rate (CAGR) of 28.4%
from 2016 to 2022.2 These information systems usually comprise of the following main
components: sensors, actuators, data processing and energy management electronics,
and communication antennas. The advantages offered by these systems are only
surpassed by the technical challenges for their reliable fabrication, as the huge amount
of related scientific articles makes evident.3"8. Among these challenges, the effects of
mechanical strains such as bending or stretching on the embedded electrical
components should be evaluated to ensure their correct operation when shaping to the

human body.>!

Recently, researchers have developed various types of textile antennas at higher

frequency bands that realise off-body communications,!?

such as patch antennas
applied in protective clothing for firefighters and basic attachments for standard
clothes!>!* and on jeans fabric.'> Wearable ultra-high frequency (UHF) radio-frequency
identification (RFID) antennas have also been developed and implemented on smart
textiles for various applications, and the maximum read range is up to 16 m for patch

UHF RFID antenna circuits with microchip connections.'=® Regarding conductive

fabrics, textile conductors constructed by weaving,*=?! knitting,?> embroidering 2310



conductive threads or screen printed conductive inks could offer a suitable integration
into the finished clothes.>° However, a high packing density is challenging to achieve
because of the lower mechanical flexibility of the conductive threads, and therefore, the
embedded conductive patterns can exhibit low electrical conductivity for a high-
performance antenna. Conventional woven fabrics coated with metal using an electro-
or electroless plating method are simple in fabrication and provide sufficiently low sheet
resistance and great mechanical flexibility.?* Moreover, thermoplastic polymer-based
conductive fabrics are generally compatible with laser cutting, and well defined and

clean edges can be straightforward obtained.?>

Different from UHF RFIDs, near field communication (NFC) systems have limited read
range usually within a few centimetres, which are the best option in personal and high
security applications such as debit/credit cards and facilities access cards. The operating
frequency of an NFC antenna is typically set at 13.56 MHz, which corresponds to the
high frequency (HF) range. A passive NFC tag is able to operate using the transmitted
power from the RFID reader.?® More interestingly, NFC tags can be read by any standard
NFC-enabled smartphone.?’ Design methodology of e-textile wearable NFC antennas,
material selections and embroidery techniques have been recently proposed and
tested, showing suitable performance.?® As a second element analysed, interdigitated
electrode (IDE) capacitor is a well-known structure which has been attached to a great
variety of substrates, including fabric for sensing purposes?® and mainly in the form of
supercapacitors for wearable energy storage.3%3! Some examples of humidity capacitive
textile sensors with a similar IDE topology can be found in the literature using different

32 electroless plating,3® weaving3* or

fabrication techniques such as inkjet-printing,
embroidery.3® Its versatility, low energy consumption and low thermal drift make it a

good choice to be integrated as sensor in fabric.

The influence of bending on wearable HF and UHF antennas has already been
experimentally and theoretically analysed.>'%?® In most cases, although different
fabrication techniques were employed, inductors and tags showed little variation of
their electrical parameters, which leaded to proper operation with the only
disadvantage of a shorter read range. Although significant efforts and remarkable

advances have been achieved on this matter, more experimental tests and theoretical



discussion is still required to develop e-textiles on one of the most used fabric such as
denim and focusing on affordable and easy fabrication methodologies, as well as
adequate frequency communication bands for personal and/or high security

applications.

In this study, we present two types of wearable electrical passive elements: planar spiral
coil inductors as antennas for RFID tags in the HF band, and IDE capacitors as sensing
devices of fabric moisture. Both components were designed and optimized in terms of
size and performance by means of numerical simulation tools, and then fabricated using
laser-cut silver-plated textile attached to 100% cotton denim fabric. Firstly, pattern
spatial resolution study of this fabrication method was carried out as along with its
physical characterization using 3D optical profilometry. Once minimal dimensions were
verified to design compact elements, their electrical features were measured under
bending strain conditions, to show their performance on non-flat surfaces. Finally, NFC
tags were designed using the mentioned inductors, checking their resonance frequency,

quality factor and functionality when read by an NFC-enabled smartphone.

MATERIALS AND METHODS
Design and transfer of electronic components on denim fabric

Electronic components (inductors and capacitors) were adhered to 100% cotton denim
fabric with a thickness of 0.84 mm, which was purchased in a local textile store (Tejidos
Buenos Aires, Granada, Spain). According to the literature, the relative permittivity for
denim fabric (&) is between 1.59 and 1.67.3¢ Hereafter, an intermediate value of £=1.65
was considered in numerical simulations. Inductors and capacitors were manufactured
with silver conductive fabric (Ghiringhelli, Gallarate, Italy) with a thickness of 0.135 mm
and a weight of 100 g/m?2. The metallization layer was made with galvanic deposit on all
single polyamide yearns and then weaved. This process permitted to produce rip-stop
polyester electric conductive fabric with high quality of electric and environment
performances. According to the technical specifications provided in the manufacturer’s
datasheet®’, this kind of conductive fabric provides stable low surface resistivity value (<

0.08 Q/sq). The ESD Association Glossary3® describes surface resistivity (also known as



surface resistance or sheet resistance) in the following way: “For electric current flowing
across a surface, the ratio of DC voltage drop per unit length to the surface current per
unit width. In effect, the surface resistivity is the resistance between two opposite sides
of a square and is independent of the size of the square or its dimensional units”. Sheet
resistance or surface resistivity is an electrical property used to characterise thin films
with uniform sheet thickness. To avoid confusion with volume resistance (which is
expressed in the units of Q), sheet resistance is expressed in ohms per square (Q/sq or
Q/0). The metallization process was made in respect to the last directives of RoHS 2.0
for the health and the environment protection from the risks of chemical substances.
These cloths were made in compliance of flammability test as UL94 and rated as VO.
Abrasion resistance is above 10° cycles. Manufacturer included a hot melt adhesive on
the back side for adhesion on another surface. More technical specifications can be read
on the manufacturer website.3° Provided that its texture and flexibility are very similar
to conventional fabrics, it was considered a promising candidate for developing

wearable e-textiles.

The methodology for component design and transfer to the denim fabric was the

following:

1. For designing and optimization purposes, numerical simulations of the electronic
components were conducted with Advanced Design System (ADS software, Keysight
Technologies, Santa Rosa, CA, USA) for inductances and COMSOL Multiphysics
(COMSOL group, Stockholm, Sweden) for capacitors. Both simulation tools are based
on a numerical discretization technique called the Method of Moments (MoM),
which is used to solve Maxwell's electromagnetic equations for planar structures
embedded in a multi-layered dielectric substrate.

2. Component patterns were designed using the Computer-Aided Design (CAD)
software Inkscape 0.92.

3. Conductive textile was adhered to the denim fabric by heating with a home steam
iron Ufesa PV1500 (B&B Trends, S.L, Barcelona, Spain).

4. Components were patterned on the adhered conductive textile by means of a Rayjet
50 laser engraver (Trotec Laser GmbH, Marchtrenk, Austria). This equipment is able

to engrave, mark and cut a wide variety of materials with a CO; laser. Thickness and



material were configured together with power, velocity and resolution of engraving
in order to cut the conductive top layer without damaging the denim fabric
underneath.

5. Finally, excess conductive fabric was easily removed with tweezers, remaining the

inductor or capacitor structures fully attached to the denim fabric.

The spatial resolution of this fabrication methodology was firstly evaluated with a
pattern of parallel lines set with increasing width and gaps from 0.5 mm to 3 mm, as
shown in Figure 1. As it can be observed, the thinners lines were not properly
transferred. This experiment showed that 1.0 mm and 0.7 mm were the minimum line
width and gap between lines respectively to obtain repetitive and reliable patterns.
Compared to other conventional techniques such as embroidering and weaving, our
methodology presented similar figures in terms of resolution (in the millimetre range)
and possible cost. Other printing technologies such as inkjet or screen printing can

provide more compact designs with resolutions in the range of micrometres.

(a) (b)

Figure 1. (a) Designed pattern for spatial resolution test where dimensions are given in mm, and
(b) final transferred conductive pattern on denim fabric, showing incomplete lines under 1 mm

width.



Design and fabrication of NFC tags and capacitor

As previously mentioned, the first example of application of this methodology for
wearable electronics was to manufacture fully functional NFC tags on denim fabric. This
wireless communication system comprises of two main parts: an antenna and a RFID
chip. The system basically consists of a parallel LC resonant circuit whose resonance

frequency, fo, is given by:

1
B 2mVLC ’

fo (1)

where L is the inductance value given by the external antenna and C is the parallel
capacitance needed to achieve resonance at the NFC frequency of 13.56 MHz. The RFID
chip has aninternal capacitance that is usually harnessed in the design of the inductance
to obtain resonance at the desired frequency, thus avoiding the use of additional
external capacitors. In this work, two NFC chips have been selected with different
internal capacitances: SL13A (ams AG, Premstaetten, Austria) with C = 25 pF, and
MLX90129 (Melexis, Ypres, Belgium) with C = 75 pF. Both NFC chips have in-built
temperature sensors which can be read with an NFC-enabled smartphone. Using
Equation 1 and the previous RFID chip internal capacitance values, the target inductance
values were L = 5.5 pH and L = 1.84 pH for SL13A and MLX90129 chips, respectively.
Because of the laser capability, squared designs were selected for the planar spiral coil
inductors. Physical and electrical parameters of the substrate (denim fabric) and
conductive textile were included in ADS software to design inductors with desired values
and minimized dimensions. Optimized inductance patterns and complete tags are
shown in Figure 2. A conductive bridge was also fabricated to connect both inductance
ends to the NFC chip contact pads. Since this bridge has to go over the inductance, a
non-conductive adhesive tape was stuck between them as shown in left pictures of
Figure 2. Moreover, to strengthen the connection between the bridge and the
inductance, conductive silver epoxy CW2400 (Chemtronics, Kennesaw, GA, USA) was

applied. This epoxy was also used to attach the NFC chips.
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Figure 2. Designed inductive patterns and fabricated tags on denim fabric based on: (a) SL13A
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NFC chip and (b) MLX90129 NFC chip. Dimensions are given in mm.

As a second electronic component, an interdigitated electrode (IDE) capacitor was
adhered to the denim fabric with the aim to use it as a wearable moisture sensor. In this
case, design optimization was carried out with COMSOL software to achieve a
capacitance value of 25 pF (as the internal capacitance of MLX90129 chip). Figure 3

shows the numerical simulation, designed pattern and fabricated capacitor.
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79 mm
ww |/

() (b) (©

Figure 3. Designed 25 pF capacitor: (a) COMSOL simulation of electrical potencial, (b) designed

pattern, and (c) fabricated capacitor on denim. Dimensions are given in mm.

Experimental setup

To study the effect of bending on the electrical performance of the designed
components, the inductors and capacitors fabricated on denim fabric were bended by
fitting them to the convex surfaces of hollow cardboard cylinders. Selected cylinder radii

were 6.45, 3.55 and 3.10 cm. Three replicas of each structure were fabricated and



tested, showing results as the average values and error bars as standard deviations. For
each component, the bending angle () in radians was calculated as its length in the
curvature direction (L) divided by the cylinder radius (R), as depicted in Figure 4. Let us
remember that a bending angle of /2 represents that the component is covering a
quarter of the full circumference length. In the case of the planar inductors, the bending
was performed with respect to the square coil Y axes (see Figure 2). For the IDE
capacitor, the bending study was performed along the axis parallel to the fingers’ length.
This direction was chosen because of the larger variation of distance between the
electrodes. Physical characterization of the structures was carried out with a 3D optical
profilometer S Neox (Sensofar S.A., Barcelona, Spain). 3D topography, dimensions and
heights were measured with this equipment to check how the designed pattern is

transferred to the attached components.

Hollow Device
cardboard j under test
cylinder s

R Impedance Analyzer

Figure 4. Experimental setup to study the effect of bending on the electrical performance of the
designed components. As an example, an IDE capacitor is showed in the figure as the device

under test.

With this setup, impedance measurements were performed with a 4294A Precision
Impedance Analyzer (Keysight Technologies, Santa Rosa, CA, USA). To test the humidity
sensing capability of the designed capacitor, the samples were placed inside a VCL4006
climate chamber (Weiss Technik, Reiskirchen, Germany). Relative humidity (RH) tests
were done at 252C from 10% to 90% RH, waiting two hours between RH changes before

gathering each capacitance measurement to ensure stabilized humidity. Moreover, the



temperature dependence was also measured between 10 and 402C at 40% RH with the
climate chamber. To test the inductor performance, the Precision Impedance Analyzer
was used to measure inductance, resistance and quality factor as a function of frequency
at room temperature. The values of these parameters at the desired frequency of 13.56
MHz were extracted and showed as a function of the bending angle. Impedance as a
function of frequency was also measured for the developed NFC tags, extracting the
resonance frequency in each case. The influence of bending on this parameter was also

analysed.

RESULTS AND DISCUSSION

Microscope image and profile of an inductor detail are displayed in Figure 5. The
topography of the adhered conductive textile is shown with a measured thickness of 150
mm, close to the manufacturer specification. Trenches (deep blue in Figure 5B) were
caused by the laser beam while was cutting. Moreover, dimensions of finger width (1

mm) and gap (0.7 mm) matches with the designed pattern.

400 800 1200 1600 2000 2400 2800 3200
L (um)
Figure 5. (A) 2D Microscope image of an adhered laser-cut inductor detail (two fingers) with
maghnification x5. (B) 3D pseudo-image from the profilometer showing e-textile (orange colour)
and denim substrate (blue-green colours). (C) 2D profile of the structure by the line marked in

(B).



Inductors and NFC tags

In Figure 6, electrical impedance of inductors (inductance and quality factor, Q) and
complete NFC tags (impedance modulus and phase) of Figure 2 are shown as a function
of frequency in flat position at room temperature. We can observe typical impedance

figures as those obtained for these structures on rigid FR4 (substrate for printed circuit

At RF, an inductor is represented by the equivalent circuit model circuit*® shown as insets
in Figure 6. The main electrical parameter of the inductor that forms the antenna loop
is the inductance L,, which mainly consists of the mutual inductance due to coupling
between the coil turns and some self-inductance due to the coil length®!. In addition,
there is also some parasitic resistance R, to model the losses, and a parasitic capacitance
Co due to the electric coupling between the turns that contributes to a self-resonance.
In fact, this causes the reactive part of the impedance to change over the frequency, as
can be observed in Figure 6. At low frequencies close to direct current (DC) we can see
an inductive behaviour. As frequency increases, reactive impedance varies to a
frequency where it becomes zero, which is defined as the self-resonance of the antenna
(fse in Figure 6). From that frequency onwards, the reactive part of the impedance
adopts a capacitive behaviour. That is the reason why in Figure 6 the inductance value
becomes negative, since a negative inductance can be seen as a capacitor that presents
the same impedance as an inductor but with opposite phase. Therefore, it is necessary
to operate sufficiently below the self-resonance frequency (in our case, 13.56 MHz) to

ensure inductive behaviour.

A comparison between numerical and experimental data of results shown in Figure 6 at
13.56 MHz is displayed in Table 1. Excellent agreement between them is obtained,
pointing out the reliability of the numerical simulations and the good electrical

performance of the fabricated inductors.

Table 1: Averaged electrical parameters of inductors at 13.56 MHz.

NFC Chip SL13A MLX90129
Parameter | L(uH) R(Q) Q L(uH)  R(Q) Q
Numerical 5.62 389 1.22 1.82 182 0.84

Experimental | 5.61 326 1.46 1.82 160 1.02
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Figure 6. Upper charts: Inductance and quality factor of inductor and impedance NFC tag spectra
for SL13A chip. Bottom charts: Inductance and quality factor of inductor and impedance NFC tag
spectra for MLX90129 chip. Doted and solid lines show experimental data and numerical

simulations, respectively.

Regarding the effects of bending on the electrical performance of these structures,
inductance and quality factor Q of both fabricated inductors as a function of the bending
angle are shown in Figure 7. A slight decreasing trend is shown in the inductance values,
demonstrating the little effect of this bending in the studied range, which would be quite
similar to the bending required for fitting to human limbs. However, it is worth
mentioning that all the measurements have been taken off-body. We have measured
inductances changes below 5% and of quality factor shift lower than 11% at 13.56 MHz.
These trends have been previously experimentally observed and theoretically explained
in similar structures.*? In that work, the inductance decrease was attributed to a less

efficient vertical magnetic flux creation through the centre of the inductor surface, thus



causing a negative effect in the mutual inductance due to a loss of flatness. When the
antenna is no longer planar, the current flowing in the opposing sides of the inductor is
closer to each other, thus the electromagnetic field exists on both sides of the element
which tend to introduce extra electrical coupling that reduces the inductance value. In
any case, these results show good performance robustness for the flexible inductors

under mechanical bending strain.
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SL13A| MLX90129|
56 . i 1.65 20k
IZ . . 11609 % - ) v {100@
= 55F ) S 19¢ 2
@ 8 ® 8
e 11.55 < e b
8 1 2 < . . £
S 54} . S S 1.8F * * s
- | 1.50 G B 09C
53| A 1145 1.7
» L@ 13.56 MHz o L@ 13.56 MHz
A Q@ 13.56 MHz v Q@ 13.56 MHz,

52 : B L L 1.40 1.6 i . : 0.8
-0.5 0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5
Angle (rad) Angle (rad)

(a) (b)

Figure 7. Inductance and quality factor as a function of bending angle of inductors for (a) SL13A

chip, and (b) MLX90129 chip at 13.56 MHz.

Moreover, the system reliability was also tested with the results showed in Figure 8,
where the resonance frequency of the S13A tag versus bending angle is depicted. An
average change lower than 1.7 % has been measured, providing correct reading out by
the smartphone for all bended tags in the analysed range. This increasing tendency of
the resonance frequency is consistent with the inductance decrease of Figure 7
considering Equation 1. Similar frequency shift has also been observed by Jiang et al for

embroidered NFC antennas without affecting the tag operation either.?®
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Figure 8. (a) S13A tag resonance frequency vs. bending angle. (b) Pictures with screenshot of

two SL13A-based apps showing tag reading and temperature measurement.

Capacitor

For the designed 25 pF capacitor of Figure 3, the experimental capacitance value of the
developed capacitor was 23.0 pF at 13.56 MHz in flat position. In Figure 9, the effect of
bending on the capacitance at this frequency is shown. No significant variations have
been observed in the capacitance values at different frequencies as a function of the
bending angle, therefore the 13.56 MHz has been maintained for potential compatibility
with the HF band used in the NFC tags. According to Figure 9, a small increasing
capacitance is measured with the increasing bending angle, observing a total change of
4%. This result can be explained with the study of Molina-Lopez et al,** who developed
and experimentally validated a theoretical model of bended capacitive IDE structures.
They modelled a capacitance whose value increased for outward bending, as we have
obtained in this study. The coupling between electric field distortion and the geometrical

changes on the devices due to bending strain have been proved to explain this effect.
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Figure 9. Experimental capacitance as a function of the bending angle.

In this study, we were also interested in the performance of the capacitor as humidity
sensor. In this case, the cotton substrate will absorb surrounding water vapour with the
consequent change in its dielectric constant and, as a consequence, in the capacitance
of the interdigitated electrode structure. Experimental measurements of this electrical
parameter as a function of the relative humidity have been conducted for different
frequencies (i.e., 100 kHz, 1 MHz, 10 MHz and 13.56 MHz). The frequency of 13.56 MHz
has been again maintained for potential compatibility with the HF band used in the NFC
tags. From such measurements, an increasing linear trend is observed between 10%
and 70% RH and a faster increase up to 90% for all cases. Therefore, each range can be

fitted using the following trend curves:
C(pF) =a-RH(%)+b,(10% < RH <70%) (2)
C(pF) =a-RH?*(%)+ b RH(%) +c,(10% < RH < 90%) 3)

Table 2 shows the obtained values for the parameters g, b and c in each case, as well as
the coefficient of determination R%. On the other hand, best sensitivity is obtained at the

lowest tested frequency of 100 kHz, as already shown in previous works.44>



Table 2: Experimental parameters for the fitting curves obtained for the two considered RH

ranges in the study of the capacitance value as a function of RH at different frequencies.

Fitting curve 13.56
RH range 100kHz 1 MH:z
parameter MHz
a 0.0188 0.0045 0.0014
10% <RH < b -1.1658 -0.2261 -0.045
70% c 36.046 24.509 22.08
R? 0.9382 0.9711 0.9889
a 0.2128 0.108 0.0608
10% < RH <

b 19.106 20.316 20.783

90% 5
R 0.9049 0.9384 0.9617

Figure 10 represents the capacitance measurements at different frequencies as a
function of the relative humidity. A range of capacitance variation from 250% to 40%
has been obtained in the full range compared to the 4% due to bending. Therefore, this

structure could be used as a humidity sensor even under bending strain conditions.

The double slope obtained depending on the RH range has also been observed in similar
structures. Comparable capacitance curves for an IDE structure were found with a
deposited layer of Nafion as sensing material.** The same behaviour was observed in
ink-jet printed silver IDE capacitors on polyimide.*® This tendency can be explained by
the condensation of water on the sensor surface at high humidity levels, which could
connect the electrodes and modify the global impedance.*® Moreover, experimental
hysteresis is below 3%, measured in relative humidity percentage. Therefore, the effect
of humidity on cotton dielectric constant presents very similar behaviour to polymeric

materials such as polyimide or Nafion.
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Figure 10. Capacitance versus relative humidity of the developed capacitors on denim fabric.

Error bars are smaller than symbols.

Finally, the temperature dependence of the IDE structures was evaluated. To that end,
three replicas were measured from 10 °C to 40 °C at an intermediate relative humidity
value of RH=40 %. A linear temperature coefficient of ®=1500+100 ppm was obtained,
with R?=0.979, resulting in a capacitance variation below 5% which is also much lower

than the humidity dependence.

CONCLUSION

The growing interest of combining electronics and textiles to develop smart e-textile
wearable devices is leading to the study on the performance of various electronic
structures on fabric substrates. In this work we have fabricated some of the most
interesting electronic patterns for the development of antenna structures and sensing
devices, i.e. planar inductors and capacitors. Both pattern designs were simulated and
optimized using specialised numerical simulation tools, and the resulting structures
were attached using affordable and easy fabrication methodologies to denim fabric,
which is one of the most used fabrics and therefore has a promising future for wearable
electronics. On the one hand, the fabricated inductors were used as planar loop

antennas in conjunction with two commercial RFID chips, thus obtaining wearable NFC



tags compatible with NFC-enabled smartphones. As a proof of concept, the tags were
able to sense temperature thanks to the use of the on-chip temperature sensor. The
tests carried out under different bending conditions demonstrated a change in the
inductance value below 5% and below 1.7% in the resonance frequency. These results
indicate that the e-textile device would still be readable by the smartphone for all
bended tags in the studied range, which is similar to the required bending angles for
fitting to human limbs. On the other hand, capacitive patterns were fabricated on denim
fabric as humidity sensors by exploiting the interdigitated electrode structure and the
change in the dielectric constant of the denim substrate with environmental humidity.
A full-range variation between 250% and 40% in the capacitance value (at different
frequencies) was obtained as compared to the 4% variation due to the bending effect.
Temperature dependence of the capacitance provided a thermal shift below 5% in the
analysed range. Therefore, this structure could be used as a humidity sensor even under
bending strain conditions for the development of wearable e-textiles with potential
applications in the fields of sports and fitness products or medical and healthcare

devices for personal monitoring.
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