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Abstract

This paper deals with the development of a temperature sensor system consisting of multiple temperature sensors integrated into
a model of a human hand and a system for data collection, processing and 3D visualization. The measuring part of the system
uses temperature sensors TMPO5, which enable daisy chain serial connection. The individual chains are then connected to the
microprocessor. The microprocessor controls the temperature measurement and sends data to the computer, where data is
processed, evaluated and visualized. The temperature sensors are mounted on flexible printed circuit boards which are placed into
the human hand model and subsequently fixed by a UV curable adhesive. The model of the human hand is designed in accordance
with the standard models for the production of rubber gloves and it is made on a 3D printer of polyamide PA6 filled with short carbon

fibers. The final version of the system will have approximately two hundred sensors, which will be concentrated mainly in the area of

fingers and back of the hand.
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1 Introduction

In recent years the new clothes materials [1] and produc-
tion technology [2] have been developed in the field of work
and protective clothing as well as an integration of simple
sensor elements directly into the fabric [3]. Currently, fire-
fighter’s gloves with the sensor for measuring temperature
of distant objects [4] or a firefighter's suit for monitoring
dangerous gases, temperature and relative humidity are
available [5]. In connection with this development and the
new trend of integrating electronics to the clothes, there
is also a requirement for high-quality thermal testing of
protective clothing, especially for clothes exposed to high
temperatures. Such thermal testing systems are only avail-
able at few leading workplaces. However, those systems
use a limited amount of temperature sensors in the hand
arca and they are not particularly suitable for testing of
protective gloves [6].

Currently, there does not exist any commercially avail-
able test system which would be able to measure detail dis-
tribution of real temperatures inside the protective gloves.
Currently used test and measurement protocols usually
work with a limited amount of sensors [7-9] or with only
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the plain textile sandwich made of basic glove's materi-
als [10]. These tests cannot reliably identify and locate crit-
ical areas of the glove. They are unable to locate minor
structural changes because they integrate the temperature
from a large area. The thermal protection of gloves depends
both on the construction of the glove (types and positions
of seams, number of parts and layers of gloves) [11] and on
materials, which are used only on particular parts of a glove
(such as foam fillings, reinforcements and reflective trims).
In this paper, the development of a novel technology
for thermal testing of gloves is described. This whole sys-
tem consists of a device with a radiant heat source, a 3D
model of human hand with integrated temperature sensors
and software for data processing and data visualization.
The sensor system should be used mainly for testing of
firefighter's gloves and help optimize the glove construc-
tion to reduce the number of skin burn injuries and heat
stress [12] in the area of the hand. Increased thermal pro-
tection should be achieved by developing new gloves as
well as by testing gloves during their use and by compar-
ing their thermal insulating properties with new gloves.
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2 Experimental

At the beginning of R&D, we determined together with the
glove manufacturer four main requirements for the sen-
sor system: minimum of 200 temperature measurement
positions for detail measuring of the temperature distribu-
tion inside the glove, measuring period equal or less than
2 seconds, an accuracy of measurement of +1°C and size
of individual temperature sensor max. 2.5 mm x 2.5 mm.
Based on these requirements the suitable sensors and a
microprocessor were chosen and the whole architecture of
the system was designed.

2.1 The architecture of the sensor system

Based on the requirements, the TMPO5 sensor from
Analog Devices with dimensions of 2.2 mm x 2.4 mm
(with leads) was selected [13]. The key features of this
sensor include the possibility of serial connection ("daisy
chain"), measuring time of approximately 120 ms depend-
ing on the specific measured temperature and the total
measurable temperature range from -40 °C to +150 °C.
The accuracy of the measurement is + 0.5 °C at 25 °C and
+1 °C at 75 °C. The sensor output provides a pulse width
modulated (PWM) signal.

In view of the fact that sensors TMPO5 were chosen, we
used a serial-parallel structure of the measurement sys-
tem. The maximum number of sensors connected in indi-
vidual series was set to 12 to meet the sampling period
requirement. Based on this, the microprocessor had to be
capable of parallel signal processing of signals from at
least 17 sensors serial chains to meet the number of sen-
sors requirement. The microprocessor STMicroelectronics
STM32F446RE with 12 counters and 32 input capture
channels have been selected. They are used for detect-
ing individual edges of the PWM output signal from tem-
perature sensors chains. Each edge is assigned its relative
timestamp and based on this, the length of the high and
low signal levels is calculated. The temperature is then
calculated by the equation, Eq. (1).

Temperature = 421— (75 1x T—HJ , (N
L

where 7, and 7, is high and low signal level duration,

respectively.

The measurement is triggered by a start pulse at a high
level with a specific pulse width from 20 ns to 25 us, which
is generated by the microprocessor. This start signal is
sent in parallel to every sensor chain in order to start the
measurement at the same time. Once the sensor detects the

start pulse, it initiates the measurement. The result of the
measurement and the new start pulse for next sensor are
inserted at the end of the daisy chain PWM signal frame.
This means, that the location of each individual sensor is
determined by the sequence of pulses at the output of the
whole chain. The time of the measurement depends both
on the number of sensors in the chain and the measured
temperature (Fig. 1) [14].

The control system in the computer uses serial com-
munication with a USB converter. The architecture of the
whole system for temperature measurement inside the
glove during thermal testing is shown in Fig. 2.

2.2 The realization of sensor elements and model of a
human hand

The first prototypes of flexible sensor chains were realized
using conventional flexible printed circuit board technol-
ogy on double-sided polyimide (PI) substrate (Kapton,
100 pm) with 18 um copper foils, with ENIG surface fin-
ish and 10 um solder mask. The first prototypes of flexible
sensor chains were designed specifically for the middle
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Fig. 1 Typical daisy-chain application circuit and
output signal format [12].
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Fig. 2 Block diagram of the sensor system



finger and had either 12 sensors (placed on the left and
right sides and on the tip of a finger) or 11 sensors (placed
on the front and rear side of the finger) (Fig. 3). The char-
acteristic impedance of the signal lines was designed
to be 50 Q. The micro-coaxial connectors and coaxial
cables were used for signal connection with the micro-
processor. Both flexible sensor chains were mounted into
the recessed grooves along all four sides of the finger and
they overlapped each other at the tip of the finger.

The physical human hand model was fabricated
with the high-resolution 3D printer (Markforged Mark
Two). Polyamide PA6 filled with short carbon fibers
(Markforged Onyx) was used for printing (Fig. 4). The 3D
shape of the human hand model was designed according
to the standard models of hand used for the production of
rubber gloves. The model consisted of several parts that

Fig. 3 Finger with flexible PCB.

Fig. 4 Human hand model.
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were bonded together by the two-part hybrid adhesive
Loctite HY 4090 with temperature resistance of 150 °C,
vibration and temperature shock resistance and with high
moisture resistance. The primer Loctite SF 7239 was
used to increase the adhesion. On the surface of the hand
model, there were grooves for integration of the flexible
printed circuit boards (FPCBs) with sensors. The acryl-
ic-based, UV curable and high viscosity adhesive Loctite
AA 3926 was used for the fixation of FPCBs. This adhe-
sive was selected because it does not cure during the
precise placement of FPCBs in the grooves. When the
FPCBs was embedded, the grooves were filled with poly-
urethane (PU) thixotropic material in order to increase
both mechanical protection and unification of the surface.

2.3 Data processing and visualization

Software application for the temperature measurement
control, data processing and visualization was developed
in LabVIEW. The application is based on the state machine
principle with three independent loops: Measurement,
Visualization, and Analysis. The "Measurement" loop
controls sampling period and the measurement time, cali-
bration of the temperature offset and the data recording to
the CSV file. The "Visualization" loop renders a heat map
on the surface of the 3D model of the hand (Fig. 5). It is
possible to zoom, turn or shift the 3D visualization as well
as the displayed temperature range. The visualization can
be presented step by step or continuously. The last loop
"Analysis" monitors the time-temperature profile at the
defined position of the human hand model, where it also
determines the minimum and maximum temperatures and
their differences. Data can be filtered using a moving aver-
age with optional length of the window (Fig. 6).
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Fig. 5 Visualization of temperature distribution.



1 68 | Kalas et al.
Period. Polytech. Elec. Eng. Comp. Sci., 62(4), pp. 165-171, 2018

Status
Otevren soubor: 180807_072457_syntetic data.csv; Celkem pozic senzor 77; Pozice ¢ 19

Min. tep.: 30018 Max. tep.: 43773 Delta: 13755000

Nahrat data Vyhledat Vybeér senzoru

(| — | co—

Klouzavy primér-vel.okna

") J ©umisténisnzoris

Pazice ¢ 67 [N

Fig. 6 Analysis of temperature data.

3 Results

3.1 Temperature characterization of sensors

The prototypes of FPCBs with temperature sensors were
tested in a calibration thermostatic oil bath Lauda PJL12C
with the silicone oil. Temperature stability of the bath is
0.01 °C. Firstly, we investigated the temperature mea-
surement error at a nominal temperature of 25 °C. The
measurement error for each sensor was calculated as the
difference of its average temperature reading against the
temperature in the thermostatic oil bath. As you can see
in the graph (Fig. 7), the majority of sensors measured
temperature higher than 25 °C. Of the 92 sensors 67 fit in
the tolerance = 0.5 °C, which is indicated by the manufac-
turer at the nominal temperature of 25 °C.

Based on these results of the temperature offset error
was corrected. The correction was used for all following
measurements. However, the sensors with temperature
error higher than = 0.7 °C had to be omitted because as
the temperature increased, their error was increasing sig-
nificantly when compared to sensors within the tolerance
+ 0.7 °C. Of the 92 sensors 7 were omitted. This selection
process will have to be done every time before mounting
of FPCBs to grooves of the human hand model.

The second step of temperature sensor characteriza-
tion was determination of the measurement accuracy
within a wide range of temperatures. The test was per-
formed after the calibration described above. We used a
stepwise temperature profile growing from 10 °C to 90 °C
with a 10 °C step increase each hour and then decreasing
from 90 °C back to 10 °C, in the same manner. This pro-
file was repeated three times in total (Fig. 8).

The temperature measurement errors for each tem-
perature step were calculated as the difference of their
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Fig. 7 Temperature measurement error.
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average reading temperature from all sensors against the
temperature in the thermostatic oil bath at each individual
constant temperature level (last 30 minutes of each step
were taken into consideration). The average measurement
error from 20 °C to 90 °C was 0.15 °C and error at 10 °C
was 0.4 °C. The largest absolute measurement errors were
+1.095 °C and -0.9 °C (Fig. 9).

After the sensor accuracy measurement, the dynamic
response of sensors, which were placed and fixed by the
adhesive in the grooves of the human finger model, was
tested. The grooves were filled with a different amount of

1.5

H \ahaniaadinasaa)
L

10 20 30 40 50 60 70 80 90 80 70 60 50 40 30 20 10
Temperature [°C]

=Min =—Max —Average

Fig. 9. Accuracy of measurement after calibration at 25 °C.



polyurethane material. The dynamic response was mea-
sured in three setups: sensors uncovered, partly-covered
and fully-covered. This means without the filling, surface
of sensors not covered by filling material and surface of
sensors below the layer of filling material, respectively.
The measurement was performed in the open air with the
ambient temperature of 25 °C for 30 minutes and sub-
sequently, the models of the finger with sensor elements
were immersed in the oil bath with temperature 80 °C for
the same amount of time (Fig. 10).

The temperature rise-time was calculated as a mean of
time from the moment of immersion to reaching the mea-
sured temperature 80 °C. Secondly, the temperature fall-
time was calculated from the removing of the elements
from the oil bath to reaching the measured temperature
25 °C. The values from individual measurement cycles
were averaged (Table. 1).

Based on these results the amount of filling material
need to be decreased and consequently decrease the ther-
mal capacity. The surface of the sensors has to remain
uncovered to achieve the best dynamic responses.

3.2 Characterization of textile sandwiches

Measurement with planar textile sandwiches is more sui-
table for detailed characterization of individual inhomo-
geneities and defects of gloves (seams, foam fillings etc.).
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Fig. 10 Dynamic response of the system.

Table 1 Dynamic response of the system.

Time of fall [s]

Level of filling Time of rise [5]

25°C—80°C 80°C — 25°C
Without filling 161 1232
Sensors not covered
with the filling 320 1496
material
Sensors covered with 396 1770

the filling material
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Testing of the behaviour of textile sandwiches will allow
to select a suitable measurement method for the 3D sen-
sor system for the gloves testing. The textile sandwiches
with dimensions 10 cm x 15 cm were stretched in a frame
and exposed to radiant heat source with thermal power of
5 kW/m? at a distance of 50 cm. There were available four-
layer textile sandwiches (Fig. 11) in two versions (Table 2).
These sandwiches consisted of commonly used textiles for
firefighter's gloves, first protective layer Nomex (1), ara-
mid nonwoven fabric layer (2), polyurethane membrane
(3) and aramid lining with increased mass (4).

Fig. 11 Basic textile sandwich for firefighter's gloves [15].

Table 2 Versions of textile sandwiches.

Layers sample A sample B
1 Nomex
protective layer one seam in the one seam in the

. middle of the layer, middle of the layer,
2 Aramid ) first two layers first two layers
nonwoven fabric  ge\ved together sewed together
layer

3 PU membrane without seams without seams

one seam in the

middle of the layer without seams

4 Aramid lining
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The surface temperature of textile sandwiches was
measured by a thermal camera FLIR i7. The thermal cam-
era was placed behind the textile sandwich during thermal
exposure. The seams were the coldest at the beginning of
the expose due to the overlap of the individual layers in
the seam region and they began to heat up approximately
in 2 minutes from the beginning of the measurement. The
greatest temperature difference between the seam area
and the seamless area was detected approximately 50 sec-
onds after the end of the exposure (Fig. 12 and Table 3).

4 Discussion

The aim is to develop a testing system for evaluating of
thermal insulation of protective gloves, temperature char-
acterization of the temperature sensors and testing of basic
textile sandwich samples. Protective gloves are an indis-
pensable part of safety equipment and there is no system
for real testing of the glove thermal insulation, for exam-
ple after the multiple thermal exposures.

Selected temperature sensors were tested in high accu-
racy thermostatic oil bath which is intended for the cali-
bration of temperature sensors. The accuracy of the tem-
perature measurement of individual sensors was measured
with the stepwise temperature profile. Textile sandwiches
were measured with an infrared thermal camera during
and after the end of the thermal exposure.

Bx1 Max 61,8 °C_o(C
Average 90,7 °C!1r -
Spl 52,4 °C:

Sp2

Fig. 12 The surface temperature of the textile sandwich (Sample A).

Table 3 Dynamic response of the system.

Seamless Max.of the The average
area temperature in the  temperature in the
Sample
temperature ~ seam area/arca seam area/area
[°C] width [°C/mm] width [°C/mm]
53 62/3 57710
B 49 51/15 49/ 15

In the next step of the sensor system development, the
amount of material of the human hand model should be
decreased. This will reduce response time and improve
the ability to detect the thermal insulation damage of the
protective gloves. The flexible printed circuit boards with
the temperature sensors need to be designed using mate-
rials and layout with a minimal thermal conductivity.
This design and layout must not have an impact on sig-
nal integrity. First tests of the whole sensor system and
its ability to detect the thermal insulation damage will
be realized with planar textile sandwiches. These tests
should reveal the effect of the varied air gap between
the textile sandwich and the model with integrated sen-
sor elements and also the behaviour of individual defects
and inhomogeneities of the gloves. The final phase of this
project will be focused on the specification and defini-
tion of an appropriate methodology of the measurement.
The final version of the sensor system will have more than
two hundred sensors, which will be concentrated mainly
in the area of fingers and the back of the hand. The human
hand model will be designed for the most typical size and
shape of the gloves.

5 Conclusion

The work was focused on the novel technology for thermal
insulation testing of protective gloves based on an artifi-
cial hand model with integrated temperature sensors. This
system is going to help the development of new gloves
and also the testing of used gloves, which have already
been exposed to high temperatures. The main aim of this
work is to optimize the construction of protective gloves
to reduce the risk of skin burns.

The human hand model was designed and fabricated
by a 3D printer. Within the scope of this particular work,
the installation of flexible printed circuit boards with
temperature sensors into the grooves on the fingers of
the artificial hand was tested. The grooves were subse-
quently filled with encapsulation material to increase the
mechanical protection of sensors and these prototypes
were then tested in the thermostatic oil bath using mul-
tichannel measurement of temperature sensors. The soft-
ware for the data processing, evaluation and visualization
was designed and tested using real data.

In addition to testing the artificial hand model, samples
of basic textile sandwiches were exposed to the radiant
heat source and analyzed using a thermal camera. A sig-
nificant effect of seams on heat transfer through a textile
sandwich was found.
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