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ABSTRACT

Regulation of temperature between the body and clothing makes it possible for
thebody to stay in the proper temperature range in different conditions. For this
purpose,various materials and methods are used in the process of designing
clothes. Glasswool is commonly used in jackets and other clothes as a thermal
insulator. Designingan antenna based on the properties of glass wool provides
an opportunity to producesmart thermoregulatory jackets. We propose an
aperture-coupled antenna sensor thatuses glass wool’s thermal properties. First,
the dielectric properties of glass wool wereassessed between 35 °C to 41 °C, and
there was a 0.05 change in relative permittivityper one-degree change in tem-
perature. Second, the sensor was designed in a bilayerstructure with glass wool
as the top substrate and FR4 as the bottom substrate in the Xfrequency band.
The results showed a 60MHz shift in the antenna’s resonancefrequency per one-
degree increase.
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of wearable technology is that they perform its func-
tions without hindering the ease of movement and

1 Introduction

A lot of research has been done to integrate fashion
with information technology in the past years [1]. The
goal is to add detection and wireless communication
capabilities to clothing to provide users with func-
tions to help them daily [2]. From where the clothes
are placed at the closest possible distance from the
body, devices can be integrated into them for heart
rate measurement, body heat regulation, touch, dia-
betes care, weight monitoring, and sports perfor-
mance so that the clothes have a digital application in
addition to their traditional use [3-6]. The importance
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discomfort for users [7]. The growing capacity of this
technology and its significant growth in the global
market have made several large companies, such as
Google, Apple, Samsung, and Fitbit, invest in this
field [1, 3]. Considering the state-of-art requirements
and the bright future of wearable technologies, the
need for extensive research in this field and examin-
ing the dos and don’ts is completely felt; Because
there are still many challenges ahead of us.

When significant advances in wireless communi-
cations were made in the 2000s, wearable technologies
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entered new territory. On the other hand, clothes are a
suitable option for implementing wearable technolo-
gies because they are constantly present on the body.
As a sample, in the Jacquard project, Google’s tech-
nology and advanced projects group in collaboration
with clothing manufacturer Levi Strauss & Co, smart
jackets were produced that were based on digital
performance [3]. Ref. 1 presents a multipurpose smart
jacket that supports functions such as Bluetooth
hands-free, heart rate monitoring, emergency calls,
temperature-reactive heating, fall detection and
automatic emergency calls, and ultraviolet monitor-
ing. One of the required features that smart jackets
need is the ability to regulate the temperature
between the environment and the body. Because in
this way, access to air and the wearer’s skin are pro-
vided to avoid discomfort [1, 3, 8]. Kuzubasoglu et al.
used a method based on thermistors to determine the
temperature [9]. A thermistor is a semiconductor-re-
sistive temperature sensor made from sintered oxides
of various metals. This method can be suitable for
wearable technologies. The main drawback of this
method is the need for linearization of measurement
circuits. Another technique used to wearable regulate
temperature is the field effect transistor (FET) method.
In this method, the FETs respond to the infrared
radiation of the human body and can be adjusted to
the temperature. However, they cannot provide
acceptable results for the human body due to the
simultaneous reaction to pressure and temperature
changes [10]. One of the suggested methods for add-
ing temperature regulation to jackets is using passive
microwave structures. These structures, with dual
functions for detection and communication, can
detect temperature changes and act to adjust them
[11-13]. Ref. 11 reported the thermoregulatory ability
of passive wearable structures, which function based
on the relatively linear association between tempera-
ture and relative permittivity (e,) of textiles. Gener-
ally, fabric as a dielectric is a material introduced with
a certain relative permittivity and loss tangent (tand).
The most important advantages of this method are its
light weight, flexibility, easy integration, and cost-
effectiveness.

Glass wool, as thermal insulation, is a material that
can be used in the clothes of firefighters, astronauts,
police officers, and mountaineers [14-16]. In this
study, we intend to use the electrical properties of
glass wool for the first time using a passive micro-
wave structure to regulate the jacket’s temperature
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[17]. We aim to establish a relationship between the
electrical properties of glass wool and body temper-
ature to design a smart thermal jacket. In Sect. 2, we
first investigate the effect of body temperature on
glass wool. Then, an antenna sensor was designed
based on subSect. 2.1. In Sect. 3, the developed sensor
was tested at different temperatures. Finally, in
Sect. 4, the research results were evaluated.

https://www.tarjomano.com

2 The principle concepts
2.1 The electrical parameters of glass wool

Glass wool has a particular structure that absorbs
heat and water vapor [16], which causes higher rates
of change in relative permittivity after temperature
changes than other textiles. Also, glass wool can be
defined electrically by two structural parameters
relative permittivity and loss tangent similar to other
dielectric [18]. Hence, the broad utilization of glass
wool in clothes made it a potential choice for sensor
design. However, there are some challenges in using
glass wool instead of commonly used fabrics. First,
there is no proper surface for attaching the patch
element, which means that it cannot be used directly
as the antenna substrate. To solve this problem, we
used the bilayer structure of jackets with two layers
of memory fabric, providing a proper structure for
antenna attachment and a layer of glass wool in
between. The second problem is the height of the
glass wool, which varies among different clothes. In
this study, we used a height of 9.5 mm, which did not
show plausible results in the simulation of a micro-
strip patch antenna using CST Studio Suite 2021 and
we cannot use it as the direct antenna substrate. The
proposed height is considered due to the antenna
sensor’s provision of the thermometry possibility.
The main problems are the antenna’s mismatch
impedance and difficulty fed when implementing the
structure. Also, changes in the height of the substrate
in rectangular microstrip patch antennas significantly
affect the measurements. To solve this problem, we
used the aperture-coupled technique which was used
for wearable clothes in previous studies [19-23];
however, this is the first study using this method in
an antenna sensor with glass wool.

One of the aims this letter is to evaluate the rela-
tionship between temperature and electrical permit-
tivity of glass wool to provide a passive structure for
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Chamber

Fig. 1 Glass wool permittivity measurement setup

memory

Fig. 2 Simulation aperture-couple antenna: a side-view,
b overview, ¢ bottom-view, d top-view. Implemented prototype
e top-view, f bottom-view, g overview

use as a wearable sensor. Thus, a setup was designed
to measure the changes in the electrical permittivity
of glass wool between 35 °C to 41 °C (Fig. 1). At
12 GHz, ¢ and tand were 1.5448 and 0.1050,
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Table 1 Optimized antenna dimensions

Parameter Value (mm) Parameter Value (mm)
Wp 10.5 Hg 9.5

Wf 1.5 Lp 7.5

Wa 3 Hf 0.81

La 22.4 Ls 11.25

Lf 17 Wb 1

124 31 L 50

respectively. The change in relative permittivity was
0.05 per one-degree change in temperature. The
open-ended coaxial probe method (Keysight
N1501A-101 probe with N9917A network analyzer)
was used to assess the relative permittivity of the
multilayer textile.

2.2 Antenna sensor design

Based on the Sect. 2 results, the proposed antenna
sensor is developed using the aperture-coupled
technique. The aperture-coupled rectangular patch
antenna is used as a microstrip. This antenna uses
two substrates with a ground plane between them.
The patch element on the top substrate is coupled
through a slot in the ground plane to the feed net-
work on the bottom substrate. Since the patch cou-
pled aperture provides various options for the top
and bottom substrate, the thicker substrate with
lower relative permittivity for the patch element
(glass wool sandwiched between two memory fabric
layers), and a thinner substrate with higher relative
permittivity (FR4) can be used for the feed network.
At 12 GHz, FR4 with ¢, of 4.3 and tand of 0.025 was
used as the bottom substrate. One of the most critical
challenges in wearable antennas is their feed network
because when the shape of the antenna and its
transmission line change, the parameters of the
antennas are mentioned in Refs. 24-27 are messed up.
The FR4 provides the stability of the feed network
when the rest of the antenna can change in shape.
The optimized dimensions of the antenna illustrate
according to Fig. 2(a, b, ¢, d) in Table 1. Dimensions
of the antenna were determined to involve a specific
volume of glass wool to act as a thermal sensor. CST
Studio Suite 2021 simulated the sensor in the X band
frequency. This frequency band was selected based
on the previous studies reporting that in lower fre-
quency bands (Such as ISM), the changes in electrical
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permittivity of textiles were insignificant. Figure 2(e,
f, g) shows implemented antenna sensor.

3 Results and discussion

The S;; (reflection coefficient) simulated results of the
antenna sensor between 35 °C to 41 °C with 2 °C
steps are indicated in Fig. 3(a). The substrate

340 MHz

1 11.5 12 125 13
Frequency (GHz)

S,, (dB)

Frequency (GHz)

(b)

Fig. 3 a The simulated S;; for each 2 °C change in temperature.
b The measured S;; for each 2 °C change in temperature
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properties of multilayer fabric (¢, and tand) were
determined based on the data of the measured setup.
As seen in Fig. 3(a), in the simulated model, there is a
frequency shift of about 340 MHz for a temperature
range of 35 °C to 41 °C, which indicates a frequency
shift of about 55 to 60 MHz per a degree temperature
change. The measure results from the sensor are
comparable to the simulation and show the total
shifting of 370 MHz in the antenna resonant fre-
quency and 50-70 MHz shift per degree (see
Fig. 3(b)). The proposed antenna sensor with previ-
ous studies is compared in Table 2. By comparison,
our method demonstrates the significant advantage
that the sensor has more frequency shift.

When the sensor is used in a jacket, there will be
inevitable changes in height. Thus, we examined the
effect of changes in fabric elevation on the sensor
function by reducing the height of the top substrate
with 2 mm steps. The Sy; results of simulation and
measurements (Fig. 4(a, b)) show that the sensor will
be operating until the height of 5.5 mm and due to
the ability of glass wool to return to its standard
height after the compression is removed, the changes
in height will not significantly affect the sensor
measurements in the long term. Moreover, the 57 of
the antenna was measured when the body was on or
off. Figure 4(c) demonstrates the body’s limited and
non-significant effect on antenna performance.

https://www.tarjomano.com

4 Conclusion and future work

That is the first report of using the aperture-coupled
antenna with a glass wool. The proposed design can
be implemented correctly in jackets where glass wool
is used for thermoregulation and provides a more
accurate method for monitoring the temperature in
different conditions. Also, our results indicate that
the sensor works in different conditions, even when

Table 2 Summary of reported works on thermometer antenna sensors

Frequency shift with 1 °C temperature step

Measurement parameter

Frequency (GHz) Antenna type References

Unchanged Frequency shift
Unchanged Frequency shift
15 MHz Frequency shift
Unchanged Frequency shift
16 MHz Frequency shift
60 MHz Frequency shift

S band Rectangular patch [11]

X band

Ka band

ISM band Rectangular patch [12]

38 GHz Rectangular patch [13]

X band Aperture-couple Current work

@ Springer

o



‘| Downloaded from hitps://iranpaper.ir

J Mater Sci: Mater Electron

(2023) 34:1367

S,, @B)

11 11.5 12 12.5 13
Frequency (GHz)

()

S, (dB)

30b . . . J
1 11.5 12 12.5 13
Frequency (GHz)
(b)
0

S, (dB)

4 —Off body
\ —--On body

50L . I 1 J
11 11.5 12 12.5 13

Frequency (GHz)

(©)

Fig. 4 a The simulated S;; for each 2 mm change in glass wool
height. b The measured S;; for each 2 mm change in glass wool

height. ¢ body effect on the antenna

there are changes in the height of the top substrate. In
addition, there was a frequency shift of 60 MHz for
each per degree change in temperature which to the
best of our knowledge is the highest amount of
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change in this study and previous ones. This sensor
can also be used in the ISM frequency band, and its
effectiveness should be investigated in future studies.

Authors contribution

Investigation, Conceptualization, Ex-Experiments,
Design of measurement setup, Methodology, Soft-
ware, Writing, Formal analysis, Implementation,
Resources and writing original draft was done by
Sina Rahmani Charvadeh. Javad Ghalibafan con-
tributed to the study review and editing as a super-
visor. All authors read and approved the final
manuscript.

Data availability

The datasets generated during and /or analyzed
during the current study are available from the cor-

responding author on reasonable request.
The article has no financial conflict. Research does not
involve human and /or animal participants.

Declarations

Conflict of interest The authors have no financial or
proprietary interests in any material discussed in this
article.

References

1. H. Lee, K. Baek, Multimedia Tools and Applications. (2021)
https://doi.org/10.1007/s11042-021-11166-7

2. K.M. Batoo, N.M. Badawi, S.F. Adil, J] Mater Sci: Mater
Electron. (2021). https://doi.org/10.1007/s10854-021-05746-
4

3. M. E. Gharbi, R. Fernandez-Garcia, S Ahyoud, I Gil, mate-
rials. (2020) https://doi.org/10.3390/mal3173781

4. K. M. B. Jansen, EuroSimE (IEEE, Hannover, 2019) https://d
0i.org/10.1109/EuroSimE.2019.8724586

5. K. Mori, C. Nagano, K. Fukuzawa, N. Hoshuyama, R.
Tanaka, K. Nish, K. Hashimoto & S. Horie, Journal for
Occupational Health. (2022) https://doi.org/10.1002/1348-9
585.12323

6. Y. Liu, H. Wang, W. Zhao, M. Zhang, H. Qin & Y. Xie,
Sensors. (2018) https://doi.org/10.3390/s18020645

7. J. Huang, T. Jiang, Z. Wang, S. Wu, Y. Chen, Microw Opt
Technol Lett. (2017). https://doi.org/10.1002/mop.29771

@ Springer

o


https://doi.org/10.1007/s11042-021-11166-7
https://doi.org/10.1007/s10854-021-05746-4
https://doi.org/10.1007/s10854-021-05746-4
https://doi.org/10.3390/ma13173781
https://doi.org/10.1109/EuroSimE.2019.8724586
https://doi.org/10.1109/EuroSimE.2019.8724586
https://doi.org/10.1002/1348-9585.12323
https://doi.org/10.1002/1348-9585.12323
https://doi.org/10.3390/s18020645
https://doi.org/10.1002/mop.29771

iranpoper = Downloaded from https://iranpaper.ir

1367 Page 6 of 6

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

K. Sima, K. Mouckova, A. Hamacek, R. Souku, P. Komar-
kova & V. Glombikova. ISSE (IEEE, Demanovska Valley,
2020) https://doi.org/10.1109/ISSE49702.2020.9120978

B.A. Kuzubasoglu, E. Sayar, C. Cochrane, V. Koncar, S.K.
Bahadir, J Mater Sci: Mater Electron. (2021). https://doi.org/
10.1007/s10854-020-05217-2

Y. Su et al., Nanoscale Res Lett. (2020). https://doi.org/10.
1186/s11671-020-03428-4

I. Ibanez-Labiano, A. Alomainy, Materials. (2020). https://d
01.0org/10.3390/mal13061271

1. Ibanez-Labiano, A. Alomainy. APSURSI (IEEE, Atlanta,
2019)  https://doi.org/10.1109/APUSNCURSINRSM.2019.
8888610

X. Lin, B. Seet, ICST (IEEE, Auckland , 2015) https://doi.
org/10.1109/ICSensT.2015.7438467

G. Monti, L. Corchia, E. Paiano, G. D. Pascali, L, AP-RASC
(IEEE, New Delhi, 2019) https://doi.org/10.23919/URSIAP-
RASC.2019.8738181

L. Dunne, T. Martin, R. Pailes-Friedman, C. Simon & C.
Zeagler. NASA Wearable Technology CLUSTER 2013-2014
Report. 2014. https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nas
a.gov/2 0140012422 .pdf.

Y. Yue & M. Solvang, Stone and Glass Wool (John Wiley &
Sons, New York, 2020) pp.1103—1112 https://doi.org/10.100
2/9781118801017.ch9.3

P. Tao, D. J. McCafferty, Bioinspired Thermal Insulation and
Storage Materials (NY:Wiley, Glasgow, 2018), pp.201-223 h
ttps://doi.org/10.1002/9783527687596.ch9

D.XK. Cheng, Field and Wave Electromagnetics, 2nd edn.
(Addison Wesley Inc, Boston, 1989), pp.307-347

G. Gao, B. Hu, X. Tian, Q. Zhao, B. Zhang, Microw Opt
Technol Lett. (2017). https://doi.org/10.1002/mop.30408

@ Springer

Alio (il (gawass dey

e 0lnl ol oy90

https://www.tarjomano.com

] Mater Sci: Mater Electron (2023) 34:1367

20.

21.

22.

23.

24.

25.

26.

27.

V. Ramkumar, S. M. Basha, T. Suresh, A. Iyswariya, K.
Jeevitha, V. P. kumar. European Journal of Molecular &
Clinical Medicine. (2020)

J. Zhang, S. Yan, X. Hu & G. A. E. Vandenbosch, EUCAP
(IEEE, Paris, 2017) https://doi.org/10.23919/EuCAP.2017.
7928293

R. Del-Rio-Ruiz, J. Lopez-Garde & J. Legarda, Electronics.
(2019) https://doi.org/10.3390/electronics8060714

C. Hertleer, A. Tronquo, H. Rogier, L. Vallozzi, L. Langen-
hove, IEEE Antennas Wireless Propag Lett. (2007). https://d
0i.org/10.1109/LAWP.2007.903498

S.D. Nivethika, B.S. Sreeja, E. Manikandan, S. Radha,
Microw Opt Technol Lett. (2018). https://doi.org/10.1002/m
op.31242

A. Mersani, O. Lotfi, J. Ribero, Microw Opt Technol Lett.
(2018). https://doi.org/10.1002/mop.31158

A. Anbalagan, E.F. Sundarsingh, V.S. Ramalingam, Microw
Opt Technol Lett. (2019). https://doi.org/10.1002/mop.32075
P. F. Silva Jr, R. C. S. Freire, A. J. R. Serres, P. H. Silva da F
and J. C. Silva, Microw Opt Technol Lett. (2016) https://doi.
org/10.1002/mop.30150

Publisher's Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

Springer Nature or its licensor (e.g. a society or other

partner) holds exclusive rights to this article under a

publishing agreement with the author(s) or other rightsh-

older(s); author self-archiving of the accepted manuscript

version of this article is solely governed by the terms of

such publishing agreement and applicable law.

o


https://doi.org/10.1109/ISSE49702.2020.9120978
https://doi.org/10.1007/s10854-020-05217-2
https://doi.org/10.1007/s10854-020-05217-2
https://doi.org/10.1186/s11671-020-03428-4
https://doi.org/10.1186/s11671-020-03428-4
https://doi.org/10.3390/ma13061271
https://doi.org/10.3390/ma13061271
https://doi.org/10.1109/APUSNCURSINRSM.2019.8888610
https://doi.org/10.1109/APUSNCURSINRSM.2019.8888610
https://doi.org/10.1109/ICSensT.2015.7438467
https://doi.org/10.1109/ICSensT.2015.7438467
https://doi.org/10.23919/URSIAP-RASC.2019.8738181
https://doi.org/10.23919/URSIAP-RASC.2019.8738181
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/2
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/2
https://doi.org/10.1002/9781118801017.ch9.3
https://doi.org/10.1002/9781118801017.ch9.3
https://doi.org/10.1002/9783527687596.ch9
https://doi.org/10.1002/9783527687596.ch9
https://doi.org/10.1002/mop.30408
https://doi.org/10.23919/EuCAP.2017.7928293
https://doi.org/10.23919/EuCAP.2017.7928293
https://doi.org/10.3390/electronics8060714
https://doi.org/10.1109/LAWP.2007.903498
https://doi.org/10.1109/LAWP.2007.903498
https://doi.org/10.1002/mop.31242
https://doi.org/10.1002/mop.31242
https://doi.org/10.1002/mop.31158
https://doi.org/10.1002/mop.32075
https://doi.org/10.1002/mop.30150
https://doi.org/10.1002/mop.30150

	Avail of the glass wool properties using the aperture-coupled technique to design a thermal smart jacket
	Abstract
	Introduction
	The principle concepts
	The electrical parameters of glass wool
	Antenna sensor design

	Results and discussion
	Conclusion and future work
	Data availability
	References


