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B Introduction

Methods of relative humidity measure-
ment can be generally divided into hy-
groscopic and condensation methods. In
the first category of devices, which are
classified as resistive or capacitive sen-
sors, the electrical properties of materials
change as a result of absorbing moisture
from the environment. The humidity is
indirectly determined by the measuring
the dew point in the case of condensing
hygrometers with the use of sensors with
a chilled mirror [4]. The technology of
sensors based on textile structures is one
of the major developments in the field of
textronics [1, 2, 5]. The resistance and ca-
pacitance changing in response to humid-
ity can be detected by the sensors men-
tioned. Despite considerable research in
the field of humidity sensors, only a few
systems based on flexible substrates
have been commercialised so far. This is
caused by a few problems, the main ones
being the nonlinear static characteristics
of'textile sensors and signal changes over
time after repeated use [6, 8].

Aresistive sensor (RTD) is of simple
structure and small size. According to
the nature of its use, it can also be placed
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Abstract

This paper presents various constructions of flexible textile humidity resistive sensor proto-
types which can be used in textronic clothing applications and can be easily integrated with
fabric. They can be also used as sensors applied to sheets in hospitals and nursing homes,
as well as in special medical clothing, especially for protecting elderly people. The author
describes a method of manufacturing such sensors by three different techniques, such as
embroidery, printing and sputtering (PVD). Also presented are electrical properties of the
textile sensors under various environmental conditions. The resistance of the sensors was
studied in a wide range of humidity, from 30 to 90%, and at temperatures of 30 °C and 40 °C.
The author then chose the right type of textile substrate on which the sensors should be made.
A microscopic examination of the upper electroconductive layer of the prototype sensors
was also conducted. These novel methods of sensor creation for humidity measurement on
flexible textile substrates and their comparison could be used for clothing functionalisation.
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on larger surfaces if two electrodes of
a comb structure are placed in a flexible
substrate sensitive to moisture. Moisture
changes the volume and surface resist-
ance of the material between the elec-
trodes.

A typical resistive-type humidity sensor
is usually created as an interdigital elec-
trode structure printed onto an alumina
substrate based on a stiff substrate and dip
coating with a polyelectrolyte film [2].
Flexible sensors are typically made on
flexible polymer foils used as substrates.
The most common methods of producing
elastic sensors are conventional photoli-
thography [2, 4], ink jet printing [1, 4, 9]
and screen printing [1, 14]. Sensors were
also fabricated on a photosensitive fibre
with a laser beam in [3]. The author also
presented a flexible humidity sensor ap-
plied directly on a textile substrate with
the use of the sputtering technique [15].
That kind of sensor can be easily integrat-
ed with clothes with the use of a typical
sawing machine. The important features
of such sensors are appropriate metrolog-
ical parameters. Due to the heterogene-
ous nature of textiles, non-homogeneous
metrological properties of textile sensors
should also be expected.

@ Materials and methods

In the first phase of the research, the au-
thor made examinations at an ambient
(room) temperature. Under these con-
ditions the value of humidity changed
in the range from 30 to 90%. Basic pa-
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rameters in the climatic chamber were:
as follows (1) internal dimensions
of the chamber: 600x500x500 mm
(width x depth x height), (2) temperature
range: -70 °C to 150 °C, (3) accuracy of
temperature: 0.5 °C+ at ambient pres-
sure, and (4) accuracy of relative humid-
ity: +3.5%. The measurement was made
with the use of a Motech TT4090 meas-
uring bridge. The research was carried
out for two ambient temperatures: 30 °C
and 40 °C. These values were chosen as
adequate for possible applications of the
sensor, which could be placed between
the textile layer packet in clothing for
monitoring physiological parameters for
elderly people. Figure 1 presents a struc-
ture and qualitative measurement model
of the humidity sensor. It consists of two
electrodes made of electrically conduc-
tive material on a textile base material.

The author chose two types of textile
substrates which could be applied for
the production of textile humidity sen-
sors: the Goretex membrane Fireblock-
er N2LY and Softshell FT 330 material.
These materials have the ability to trans-
port sweat from the skin surface. The ba-
sic parameters of these materials are
shown in Table 1.

Goretex Fireblocker N2LY is a protec-
tive layer against water, with a surface
mass of 150 g/m?2. This material consists
of a polyester fabric with Teflon coating
covered with nanofibres. FT 330 ma-
terial is a type of soft shell fabric. It is
the product layer and has a water resist-
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Figure 1. Quality model of textile sensor measurement.
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Figure 2. Methods used on appropriate substrate for producing textile humidity sensors.

ance of 10000 mm and breathability of
10000 g/m? during 24 h. From the smart
textiles point of view, attention should
be paid to sweat monitoring. It is one
of the directions in the approach to the
health care monitoring system in various
applications. These systems can be used
in clothing applications for children, the
elderly, patients and athletes. Very inter-
esting applications are those which in-
crease work safety in occupations with

Table 1. Parameters of base textile materials.

Material
Goretex Fireblocker N2LY
Softshell FT 330

a high thermal load, e.g. metallurgist. It
should be remembered that a common
feature of all applications is the meas-
urement of moisture in clothing layers
next to human skin. Hence, it is possible
to measure the dehydration of the human
body, thus improving health.

Two textile substrates and three differ-
ent electrically conductive materials for
electrodes were used to manufacture

Thickness, mm Mass, g/m?
0.96 150
2.98 400

Table 2. Different additives used during the production of the textile humidity sensors.

Sensorial material Technique Material resistance Characterisation
Silver yarns Embroidery 14 Q/m 156.0 tex multifilament

. . - 3x102Q/m Fast dry to handle (at low temp.)
Silver paint Printing (measured on glass) 15 min. at 20°C
Silver PVD 1.59 x 10 Q/m Very pure content of Ag — 99.9%
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textile sensors. Silver modifier particles
were used in all cases. Multifilament yarn
coated with a silver layer, micro- inclu-
sion paint with silver, and silver material
were used during the research. Each of
these modifiers was applied to the textile
substrate by various technologies. For
this purpose, techniques of embroidery,
printing and resistance sputtering were
used. Table 2 presents the use of the three
types of additives and their basic param-
eters.

Four types of sensors using two types of
textile substrates were made. It was not
possible to use all application technique
modifiers for each textile substrate be-
cause in some cases the textile substrate
was damaged or conductive paths did
not conduct current. For example, the
Goretex membrane was destroyed dur-
ing the embroidery process, because the
machine’s needle caused damage to its
structure.

PVD technology did not allow to obtain
electroconductivity of the tracks on knit-
ted softshell materials. Only the printing
technique was suitable for the two textile
substrates. Figure 2 shows schematic ex-
ecutions of the sensors according to the
relevant technology.

Initial research of the surface resistance
measurements was conducted for the
prototype sensors. The direct measure-
ment method was used, as well as a re-
corder — a Agillent 6,5 Digits Millimeter
with a resistance accuracy of 0.010 +
0.001 (% of reading + % of range).

Embroidery sensor

This type of sensor was made on a knit-
ted softshell base. A computerised em-
broidery machine (Janome) was used
for this purpose. Due to technological
and material properties as well as the
settings of the yarn tensioner, the aver-
age embroidered paths were of 1.57 mm
width. The embroidered paths and their
cross-sections are shown in Table 3,
no. 1. The average value of surface sen-
sor resistance on the knitted substrates
was 1.1 Q/cm.

Printing sensor

A continuous ink-jet multiple-deflection
system with a nozzle of 0.2 mm diam-
eter was used for the printing sensor.
The paint used during the printing pro-
cess was based on silver. These meth-
ods are widely used in industrial cod-
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Table 3. Embroidered paths and their corss-sections.

No Type of sensor Image of a part of the sensor Cross-section
1 Embroidery sensor,
Silver yarn
P Printing sensor,
Goretex membrane
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3 Printing sensor,
Softshell membrane
Sensor sputtered with
4 silver magnification
1500x.

ing, marking, and labeling. The printing
system was chosen due to the relatively
large particles of silver, which allowed
to obtain electroconductive layers on the
textile substrates at a small temperature
(25 °C). The average value of the re-
sistance of the partial sensors produced
on a knitted base was 0.9 Q/cm and on
a Goretex substrate — 1.1 Q/cm. Results
for the printing sensor on the Goretex
membrane are presented in Table 3,
no. 2. Results for the printing sensors on
the Softshell membrane are presented in
Table 3, no. 3.
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Sensor manufactured by the (PVD)
sputtering method

Physical vapour deposition technolo-
gy involves the evaporation of metal or
cathode sputtering in avacuum while
ionising gases and metal vapour or their
phases from the plasma [6, 9].

In this research textile substrates modi-
fied by PVD (resistance evaporation),
which is a classic technique called putt-
ering. Before the PVD process, the spec-
imens were preconditioned at 22 °C and
55% relative humidity. The process of

applying metal was made in a vacuum
chamber. The conditions for this pro-
cess were the following: initial vacuum
— 0.0005 Pa, time of metal deposition
— 5 minutes, and metal deposited — Ag
of 99.99% purity. Thermal metal evapo-
ration was performed from the resistive
boat installed inside the chamber.

All samples were mechanically washed
before application of the metal layer to
eliminate additional contaminants from
the substrate surface, which allowed to
achieve good adhesion to the substrate
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Figure 3. Average characteristics of resistance changes under the influence of relative
humidity changes for the embroidery sensor (SSE).

1350
1300 +
1250

L 4

£ 1200

<

O 1150 -
1100
1050

1000 w w w \ \ \ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 70 80 90 100

RH=50%

* mt=40°C
+t=30°C

|
#

t, min

Figure 4. Analysis of the embroidery sensor s stability at RH = 50%.
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Figure 5. Average characteristics of resistance changes under the influence of relative
humidity changes for the printing sensors (SGP, SSP).

Table 4. Statistical analysis of results obtained for textile sensors for such parameters as
R,, — average sensor resistance at RH — 50%; e, — largest correction value; U — me-
asurement uncertainty.

Sensor R.v €max U
SGV 369.27 Ohm 10.52% 11.37%
SGP 297.65 kOhm 7.89% 5.93%
SSP 1217.25 kOhm 9.12% 6.74%
SSE 2.72 MOhm 16.2% 13.23%
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[15]. Microscopic images of the humid-
ity sensor produced are presented in Ta-
ble 3, no. 4.

B Research

Five replications were carried out for
each temperature (30 °C, 40 °C). The di-
agrams in Figures 3, 5 and 7 present
the average characteristics of resistance
changes as afunction of the relative
humidity changes. Stability parame-
ters of the sensors at both temperatures
(30 °C, 40 °C) and at the humidity point
(RH =50%) were also studied, average
results for which are presented in Fig-
ures 4, 6 and 8.

The static characteristic of the sensor is
given by the relationship y = f(x), where,
x — the input quantity (ambient humidi-
ty), y — the measurand (resistance of sen-
sor). If y € [0, Y,,], then the measuring
nominal range of the sensor is equal to
the range of the nominal indication inter-
val, given as Y,,.

In order to identify the mean real
characteristic, it was necessary to set
standard values n of the measurand
x,; (i =1, ..., n), which would be ordered
in an increasing series, thus x,,;,; > X,
By measuring a value corresponding to
the standard value, it was possible to find
the successive values of y(x,,;) from i = 1
to i = 7, to obtain the relationship y,(x,,).
Then, in the range of i =n—1toi =1 and
for y(x,,), y4(x,,) # y4(x,) was obtained,
which was caused by the occurrence of
the hysteresis phenomenon. That oper-
ation should be repeated not less than
k = 3 times. In research presented it was
k =5, as a result of which the mean real
characteristic was obtained. Next was
determination of the measurement uncer-
tainty at the point of the largest correc-
tion value (e,,,,). At the point of the static
characteristic, (x,,,,, ¥(X,;m)), correspond-
ing to the largest absolute value of the
correction, a series of measurements of
the standard value, x,,,,, were made under
repeatable and reproducible conditions.
Statistical analysis of the results obtained
is presented in Table 4.

Based on the results presented, the sensor
chosen was the one with the smallest un-
certainty, which was the (SGP) Goretex
printing sensor.

In further research, tests were carried out
for that sensor under laboratory condi-
tions close to real. The author conducted
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tests with a group of volunteers at the age
of 20-35. During the study, volunteers
tested clothing with humidity sensors
placed on the back. The study was per-
formed on stationary bikes. A schematic
of the research stand is presented in Fig-
ure 9. The parameters measured were
the frequency of the pulse respiratory
rhythm, and the underclothing humidity
and temperature. The research volun-
teers maintained a constant level of effort
(pulse = 110) over a period of 30 minutes.
As a reference sensor, an HMP50-L probe
and Keithley 6517A electrometer were
used. A computer was also used as a re-
cording device. Examples of test results
are presented in Figure 10 ( RH changes
during the rest period) and Figure 11 (RH
changes during the active period).

In the initial test phase (for the rest condi-
tion), at a low humidity (RH < 50%), the
difference between measurement results
of the textile sensor and reference sensor
was 15%+6%. In the increased effort
phase the difference was 4.5% + 6%.

B Discussion and conclusions

During this work, four kinds of humid-
ity sensors were prepared with the use
of two variants of textile base materials
and electrical silver modifiers. Three dif-
ferent methods of manufacturing were
considered for constructing the humidity
sensors: embroidery, printing and sput-
tering (PVD). These prototype sensors
were of the resistive kind. The humidity
sensors produced were characterised by
a surface resistance per unit area of sev-
eral ohms. The sensors created by the dif-
ferent techniques varied in their electrical
parameters (resistance) depending on the

PULSE

110 ©

textile sensor

_

reference sensor

Figure 9. Stand for active tests of humidity
Sensors.
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humidity changes for the two research
temperature points (30 °C, 40 °C). These
temperature points were selected accord-
ing to the sensor’s working temperature,
similar to that of the human body.

In the results presented, the sputtering
sensor had the most linear static charac-

500

teristic, but in a narrow range of humid-
ity measured (30%-70%). The printed
and embroidery sensors’ characteristic
was not monotonic and was nonlinear. In
all cases the stability of electrical proper-
ties of the textile sensors depended on the
substrate (membranes) and working tem-
perature conditions. Another difficulty
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Figure 6. Analysis of the printing sensor s stability at RH = 50%.
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Figure 7. Average characteristics of resistance changes under the influence of relative
humidity changes for the sputtering sensor (SGV).
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Figure 8. Analysis of the sputtering sensor s stability at RH = 50%.
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Figure 10. RH changes during the rest period. Series — 1 SGP textile sensor; series —
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Figure 11. RH changes during the active period (Cycling, pulse: 110) Series — 1 SGP sensor;

series — 2 reference sensor.

was adjusting the technology depending
on the textile substrate. PVD technology
did not allow to obtain electroconductiv-
ity of the tracks on knitted soft-shell ma-
terials. Only the printing technique was
suitable for the two textile substrates.
From statistical analysis presented, the
author chose the sensor with the smallest
uncertainty (5.93%) and correction val-
ue (7.89%), which were obtained for the
Goretex printing sensor (SGP).

The functional tests demonstrated the
suitability of the selected SGP sensor
for smart clothing applications. The tests
showed the usefulness of the textile sen-
sor in sportswear. Especially, in the phase
of increased effort, the difference between
measurement results of the textile sensor
and the reference sensor was 4.5% + 6%,
which is a satisfactory value. This type of
sensor can be used, for example, for a hy-
dration monitoring system.

96

Acknowledgements

This work was supported by funds within the
framework of the LIDER IV project: “Textron-
ics system for protecting elderly people”,
financed by The National Centre for Re-
search and Development.

References

1. Ahn H Y, Kim JG, Gong M S. Prepa-
ration of Flexible Resistive Humidity
Sensors with Different Electrode Gaps
by Screen Printing and Their Humidi-
ty-Sensing Properties. Macromolecular
Research 2012: 20, 2: 174-180.

2. In Lim D, Cha J-R, Gong M-S. Prepara-
tion of Flexible Resistive Micro-Humidity
Sensors and Their Humidity-Sensing
Propertie. Sensors and Actuators B
2013; 183: 574-582.

3. Nanjunda Shivananju B, Yamdagni S,
Fazuldeen R, Koyilothu Sarin Kumar
A, Purushotham Nithin S, Varma MM,
Asokan S. Highly Sensitive Carbon
Nanotubes Coated Etched Fiber Bragg

10.

1.

12.

13.

14.

15.

Grating Sensor for Humidity Sensing.
IEEE Sensors Journal 2014; 14, 8.

. Mattana G, Kinkeldei T, Leuenberger D,
Ataman C, Ruan JJ, Molina-Lopez F,
Vasquez Quintero A, Nisato G, Troster G,
Briand D, Rooij N F. Woven Temperature
and Humidity Sensors on Flexible Plas-
tic Substrates for E-Textile Applications.
IEEE Sensors Journal 2013; 13, 10.

. Weremczuk J, Tarapata G, Jachowicz R.
Humidity Sensor Printed on Textile with
The use of Ink-Jet Technology. Procedia
Engineering 2012; 47: 1366-1369.

. Frydrysiak M, Zieba J, Tesiorowski t,
Tokarska M. Analysis of Electroconduc-
tive Properties of Textile Materials for
Use as Electrodes. Tekstil 2013; 62,7-8:
295-301.

. Pawlak R, Korzeniewska E, Frydry-
siak M, et al. Using Vacuum Deposition
Technology for the Manufacturing of
Electro-Conductive Layers on the Sur-
face of Textiles. FIBRES & TEXTILES in
Eastern Europe 2012; 20, 2(91): 68-72.

. OpreaA, Courbat J, Barsan N, Briand D,
Rooij NF, Weimar U. Temperature, Hu-
midity and Gas Sensors Integrated on
Plastic Foil For Low Power Applications.
Sensor Actuat B-Chem 2009; 140: 227-
232.

. Chen Z, Lu C. Humidity Sensors: A Re-

view of Materials and Mechanisms. Sen-

sor Letters 2005; 3: 274-295.

Vaseem M, Lee KM, Hong AR, Hahn YB.

Inkjet Printed Fractal-Connected Elec-

trodes with Silver Nanoparticle Ink. ACS

Appl. Mater. Interfaces 2012; 4: 3300-

3307.

Frydrysiak M, Korzeniewska E, Tesi-

orowski k. The Textile Resistive Hu-

midity Sensor Manufacturing via (PVD)

Sputtering Method. Sensor Letters

2015; 13:11.

Pereira T, Silva P, Carvalho H, Carval-

ho M. Textile Moisture Sensor Matrix for

Monitoring of Disabled and Bed-Rest

Patients. |EEE International Confer-

ence on Computure as a Tool (Eruocon)

2011; 1-4.

Coyle S, Morris D, Lau K. Textile Sensors

to Measure Sweat pH and Sweat-Rate

During Exercise. [online] http://doras.

dcu.ie/3636/1/Coyle_pervasive2009.pdf

[01.01.2019]

Kazani |, de Mey G, Hertleer C, van

Langenhove L, Guxho G. Influence of

Screen Printed Layers on the Ther-

mal Conductivity of Textile Fabrics.

FIBRES & TEXTILES in Eastern Eu-

rope 2018; 26, 5(131): 70-74. DOI:

10.5604/01.3001.0012.2534.

Nowak |, Krucinska |, Januszkiewicz

t. Metallic Electroconductive Trans-

mission Lines Obtained on Textile

Substrates by Magnetron Sputtering.

FIBRES & TEXTILES in Eastern Eu-

rope 2019; 27, 3(135): 51-57. DOI:

10.5604/01.3001.0013.0742.

Received 13.02.2019 Reviewed 03.12.2019

FIBRES & TEXTILES in Eastem Eurgpe 2020, Vol. 28, 5(143)



