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ABSTRACT

Continuous measurement of temperature profiles on the human body surface provides handy information for
the diagnosis and as a beneficial guide to take appropriate action. A textile based Resistance Temperature
Detector (RTD) has been reported recently, which could be exploited to monitor the temperature of human
body over extended period of time. For the purpose of calibrating these textile based sensor, a tailor-made test
rig has been developed. The working principle of this sensing fabric is the same as the RTD i.e. change in
resistance because of change in temperature. Validation of experimental results by modelling was one of the
prime objectives of this study. This paper reports the steady state mathematical model of the test rig
components, by the application of fundamental heat transfer principles. It was concluded that the temperature
varies linearly across the thickness of textile based temperature sensor in a rig setting while the temperature of
the sensing element of textile based temperature sensor could be approximated by knowing its exact position
within the fibrous structure. This input would be helpful for the calibration purpose of the sensor samples in
an improved manner and to circumvent the individual testing and repetition of experiments on a test rig.

Keywords: Temperature Sensing Fabric, Sensing Element, Temperature-Resistance Relationship; Human
Body Temperature, Steady-State Modelling, Machine-Knitting

1. INTRODUCTION fabric investigative area within the domain of WHMS
[4-6].

n order to improve the patient’s quality of life and

lower the healthcare cost by reducing Vital signs are measurements of the physiological

hospitalizations, number of research studies has condition of the human body and reveal the body’s
been carried out in recent years; towards the ability to regulate body temperature, maintain blood
development of Wearable Health Monitoring Systems flow and oxygenate body tissues [7]. Each vital sign
(WHMS) for continuous monitoring of human body has its respective role in diagnosis and control of the
vital signs over extended periods of time [1-3]. To disease. In standard medical settings, the most
acquire the body signals, a sensing platform adjacent commonly measured vital signs are temperature,
to the body is required. Textiles can offer a respiratory activity, Electrocardiography (ECG) and
comfortable, flexible platform for the embedding of blood pressure. The human body core temperature is
sensing functions; therefore development of sensing an essential gauge of the physical condition of the
fabric or the textile based sensors has been the key human body. Only few degrees deviation (£ 3.5 °C),
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from the average core body temperature i.e. 37 °C, can
results in the impairments and loss to the human body
[8,9].

Within the context of WHMS, preceding research has
mainly concentrated on the development of sensing
fabric for the measurement of respiratory and
electrocardiography signals [10-17]. For the
acquisition of temperature signals of the human body,
investigators have predominantly counted on off-the-
shelf available temperature sensors, such as
temperature-measuring ICs and thermistors [18-22].
The literature review has demonstrated that the
development of textile based sensors for temperature
measurement of human body has been insufficiently
covered in some isolated studies [23-28].

In order to bridge this research gap a detailed study has
been performed towards the development of dedicated
textile based temperature sensor. The design and
manufacturing of Temperature Sensing Fabric (TSF);
the development of customized rig along with detailed
experimentation for the calibration purpose of TSF;

Sensing Element

.

S

é
a’

and effect of humidity and mechanical movement on
the performance of TSF have been published in earlier
articles [29-33]. The TSF is 8 cm x 8 cm two-layer
knitted fabric. In order to impart the sensing
functionality, the fine metallic wires are seamlessly
laid-in into the fibrous structure exactly in the middle
of two layers as illustrated in Fig. 1 and Fig. 2. Two
kinds of samples were fabricated on Shima Seiki
electronic knitting machine i.e. 34 inlays and 46
inlays. The 34 inlays structure are inlaid with nearly
2.84m of fine metallic wire while 46 inlays samples
could able to embed around 3.86 of fine metallic wire
(as sensing element). The TSF structure offers shield to
the fine sensing element from the abrasion (hardly
noticeable from each side and does not disrupt the
appearance of the fabric). Various types of TSF
samples were produced by the use of different
varieties of sensing element such as enameled, braided
and bare wire of Tungsten, Copper and Nickel in
different diameters. The sensing principle of the TSF
is the same as resistance thermometers (RTDs) i.e.
metal’s electrical resistance changes with temperature.

Fig. 2: A TSF sample of 8cm x 8cm sensing region along with a microscopic view of the fabric structure
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In order to investigate the effect of temperature on the
resistance of sensing element and to develop the
calibration equation, a dedicated test rig has been
developed [31]. It is demonstrated in the literature
review that the standard apparatus or procedure for the
calibration of textile based temperature sensor has not
been reported [31]. The test rig included a
temperature-maintained hotplate, eight
thermocouples, two copper plates, benchtop high
resolution multimeter [34] and a temperature data-
logger [35] as shown in Fig. 3. In order to measure the
series of stable temperature and resistance values of
TSF; uniform thermal environment was provided by
the Copper plates to the TSF which is being
sandwiched between the plates. The temperature
profiles of the Copper plates are being measured by
the thermocouples embedded in the copper plates. A
high resolution benchtop multimeter was used to
acquire the minute variations in the electrical
resistance of sensing element of the TSF. The
temperature of the TSF sensing element was
determined by taking the average of temperature of
both copper plates.

It has been discussed earlier [31] that the above test rig
setting provided the stable uniform thermal
environment to the TSF at fixed temperature of
hotplate. The rig also provided the proficiency to

precisely acquire the resistance and temperature
parameters at these stable thermal condition [33]. To
acquire and record the temperature-resistance data in a
single interface, a LabVIEW based application has
been created.

Validation of experimental results by mathematical
modelling was one of the prime objectives of this
study. This article explains the mathematical model of
the rig components, developed under the steady state
conditions, by the application of basic heat transfer
principles. The components of the rig which were
employed in modelling were a hotplate, a lower copper
plate, the TSF, an upper copper plate and the
environment. It was concluded that the temperature
varies linearly across the TSF in test rig setting while
the temperature of the sensing element can be
calculated by knowing its exact position within the
TSF. This information would help to calibrate the TSF
samples in a better way and avoid the individual
testing and repetition of experiments on a test rig.

2. STEADY STATE MATHEMATICAL
MODEL OF RIG COMPONENTS

This section describes the one-dimensional steady
state model of the rig components in terms of the
application of basic heat transfer principles, so that

Bottom Copper plate

4 wire resistance
measurement

Agilent Multimete

]

/|

Testing software
Block Diagram

Testing software
Front Panel

Fig. 3: Photograph of customized testing setup while in operation [29]
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the unknown information relating to temperature and
thermal properties (thermal conductivity, coefficient
of heat transfer efc.) of the rig components may be
calculated. The steady state is a stable condition, when
the temperature of rig components does not change
over time. Fig. 4 presents a schematic diagram
showing the rig components, important parameters
associated with thermal modelling and the direction of
heat flow. The top surface of the upper copper plate
was exposed to convective heat transfer while the rest
of the components all exchanged heat by conduction.

2.1 Assumptions

In order to develop an understanding, a simple model
was created, with few assumptions incorporated. It
was assumed that the hotplate was generating a
constant heat flux so that the temperature of all the
components was steady over time, as illustrated in Fig.
4. It was also assumed that the edges of the rig
components were insulated so that heat was only
allowed to flow from the hotplate to the environment
through the rig components. In other words, there was
no lateral heat transfer. All system components were
assumed to be in perfect contact with each other,
without any thermal contact resistance. The TSF was
assumed to be a homogenous material and can be
considered as one component.

2.2 Parameters and Equations

List of the parameters and their description, used in
the modelling are:

Q >  Heat flow rate,

T, >  Temperature at the interface of hotplate and
bottom Cu plate,

T, >  Temperature at the interface of bottom Cu
plate and TSF sample,

T; >  Temperature at the interface of TSF and top
Cu plate,

T, >  Temperature at the interface of top Cu plate

and environment,

p 2 Hotplate temperature,

Teny=> Room temperature,

khp, kcpl, ktsf, kcpz 2

hotplate, bottom copper plate, the TSF and top copper

plate respectively,

Thermal conductivities of

Rip, Repi, Rese Repz, Reny 2 Thermal resistances of
hotplate, bottom Cu plate, TSF, top Cu plate and
environment respectively.

Lep1, Lest, Lepz = Thicknesses of bottom copper plate,
the TSF and top copper plate respectively,

he,y = Convective heat transfer coefficient between
top Cu plate and environment and,

A > Surface area of Cu plates, TSF sample and
hotplate.

Renv

chz

h,., Teny
Environment Constant heat flow rate (Q)
T, A
Keps Top Cu Plate (CP2) Leps
Ty X
Kist TSF Sample
T, :

ky,

p T Hotplate

hp

chl

Rpp

o
@

— NN NNN—NAN—NANN— NN~
Rtsf

Fig. 4: Schematic diagram of heat flow through experimental rig

Mehran University Research Journal of Engineering and Technology, Vol. 41, No. 1, January 2022 [p-ISSN: 0254-7821, e-ISSN: 2413-7219]




Steady State Mathematical Model of Test-Rig for the Validation of Experimental Temperature-Resistance
Relationship of Temperature Sensing Fabric

In order to develop expressions for unknown
parameters, Fourier’s law was applied across each
component and Newton’s law of cooling was applied
at the interface of the top copper plate and the
environment [36]. Since all the components were in
the steady state, they can be compared in terms of heat
flow rate(Q) as:

Q= kep1A(T1-T2) _ KkespA(Tp—=T3) _ kep2A(T3-Ta) _
chl Ltsf chz

henvA(T4 - Tenv) (1)

The thermal resistance is the resistance of a material
to the conduction or convection of thermal energy
and is defined as:

(For conduction) 2)

Reny = (For convection) 3)

1
henvA
Expression (1) can also be expressed in terms of
thermal resistance as:

Q= (M1-Tp) _ (Tp=T3) _ (T3-Ta) _ (Ta—Tenv) (4)

Repi Recf Repz Renv

Equation (4) can be rearranged as

Q= (T, - T,) _ (T, - Ty) _ (T, - T,)
chl chl + Rtsf chl + Rtsf + chz
T _Tenv
= R, +; - +R )+R (5)
cpl tsfT Rep2 env

2.3 Known and Unknown Parameters

In order to generate the linear calibration equation, it
is important to find out the electrical resistance value
of TSF at two temperature points. One point could be
taken as the steady state room temperature before the
start of the experiment. For second point, a thermal
environment above the body temperature of human
body (37 °C) was created with the help of Cu plates so
that the body temperature could be accurately
calculated when the calibrated sensor is used in the
application environment.

Firstly, a sensing fabric sample sandwitched in the

middle of two Cu plates was positioned on a hotplate.
At this time all parts of the test rig had same
temperature equivalent to the room temperature. The
temperature-controlled hotplate (considering the
temperature range of the intended application) was set
in a manner to attain the approximate 45 °C steady
temperature of the TSF. In the manner of step input,
heat was applied to the rig parts from the surface of
hotplate. The bottom Cu plate which was adjacent to
hotplate surface, upon receiving the heat, increased its
temperature instantaneously. The top Cu plate
temperature also increased, however a slight delay is
observed. After almost 40 min of transient state, all the
rig components (hotplate surface, both Cu plates and
TSF) reached to an approximate steady state.

In equation (4), the values
Tlﬂ T4' TenV' Q' chl and chZ'

temperature parameters T;

of parameters;
The

(temperature at the

were known.

interface of hotplate and bottom Cu plate) and T,
(temperature at the interface of top Cu plate and
environment) were measured experimentally by the
thermocouples fastened within the copper plates [31].
The environmental temperature (T,,,) was measured
using a RS Digital Hygro-Thermometer. The
Repi and Ry, were calculated by inserting the
thermal conductivities and dimensions in equation
(2).The dimensions of Cu plates were measured using
a Vernier scale; while the TSF thickness was measured
by the Feather Touch Digital Thickness Tester by SDL
according to ASTM D1777 standard. The thermal
conductivity of copper (Kcp; and Kcpy) is a universal

parameters and taken as standard.

The heat flow rate (Q) was calculated by measuring
the power consumed by the hotplate at steady state; a
power meter was employed for this purpose. The
power consumed was measured by plugging the Power
Meter into the mains socket and then plugging the
Hotplate into the Power Meter. The hotplate employed
in the rig was a constant temperature hotplate which
tries to maintain its set temperature by switching its
heating elements, on or off, automatically. Therefore
it was important to measure the power for a known
duration and take an average by dividing “the sum of
all power values” for the “duration of the test”. The
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average power required by the hotplate to maintain the
rig components at steady state was found to be 3.68
watts. The average power (in watts) can be considered
as the heat flow rate. The surface area of the hotplate
and the copper plates were 240.25 cm? and 81 cm?
respectively. This implies that the fraction of the
hotplate area covered by the copper plate is only 33%.
Therefore, the heat flow passing through the rig
components was calculated by multiplying the total
heat flow of the hotplate by 33% i.e. 1.21 watts.

The values of known parameters found/calculated
experimentally as explained above are:

T, =49.25°C; T, =41.20°C; Teny = 21 °C;
chl = Lsz =0.004 m; L = 0.0035 m;

A =9x9cm?=0.0081 m?

Kepr = Kep, =386 W/m °C

The unknown parameters may be derived from
equation (4) and (5) as below:

_ [(T1-T4)]-2Rcp1Q

Risr = E-a— (6)
T,=T - Q(ch1 — Resp) (7
T,=T - (ch1Q) ®)
R, = (Tl—Tenw—%(ZchﬁRtsf) ©)
heny = 7= (10)

of = (1)

By inserting known parameters into equations (6) to
(11); the values of unknown parameter were found to
be:

T; =41.202 °C

T, = 49.248 °C

R = 0.054 m?°C /W

TSF Samnple
Fig. 5: Change in Temperature across the thickness of TSF as homogenous material

Kysr = 0.0650 W/m °C
Reny = 0.135 m2°C /W
heny = 7.34 W/m?2°C

2.4 Estimation of Temperature of Sensing Element

Assuming that TSF is a homogenous material whose
temperature changes with respect to its thickness (T =
f(x)) as shown in Fig. 5.

Applying Fourier’s law across the TSF [36], would

= —k— (12)
dx = —kdT (13)

The minus sign indicates the decrease in temperature
as heat flows towards the positive x-direction. Now,
suppose that the temperature of the underside of the
TSF is indicated by T, when x = 0. Similarly T;
represents the temperature of the upper side of the TSF
when x = L. After integrating both sides of equation
(13) with the limits of
x =0 - Lrand T =T, = T; the result is:

2= (T,-Ty) (14)
tsf

Assuming that T is the temperature at a certain
distance x from the underside of the TSF. After
integrating equation (13) again between the limits
of x=0->LandT =T, - T theresult is:

Q_k
ek, ) 15)

Now comparing equation (14) and (15) and ruling out

Constant heat flow rate (Q)

Atx =Ly, T=Ts

Timiziziflmi=i=i=i Atx=L, T=T

Atx=0, T=T,
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the factor of (Q/A), the temperature (T) of the TSF
at a certain thickness (L) can be expressed as:

_ L(T,-Ts)
Ltsf

T=T, (16)

3. RESULTS AND DISCUSSION

The temperature drops across the components: i.e.
0.02 °C across the lower copper plate, 0.02 °C across
the upper copper plate, and 8.04 °C across the TSF,
indicates that there was hardly any temperature
difference across the copper plates. However, a large
gradient of temperature was observed across the TSF.
This can also relate with the low Biot number of the
copper plates and high Biot number of the TSF. The
Biot number is a dimensionless parameter, usually
used to classify the component as lumped or not, and
can be defined as:

hL
B=-
k

a7
Where h and k represents the convective heat transfer
coefficient at the surface of the component and its
thermal conductivity. While Lis the characteristic
length of the component, defined as the ratio of
volume and surface area of the component.

When the Biot number of a component is less than 0.1,
then the inside component temperature will be the
same and the dominant temperature difference will be
at the surface. In this case the component may be
considered as “Lumped” or “Thermally Thin”. On the
contrary, a component, having a Biot number greater
than 0.1 may be considered as “Non-Lumped” or
“Thermally Thick”. Because of the high thermal
conductivity and small thickness, the Biot number of
the copper plates was found to be much lower than 0.1.
This was also evident from the temperature drop
across the copper plates (<0.02°C). This means that
copper plates may be considered as being lumped.

Equation (16) describes that the temperature between
T, and T; varies linearly. This means that the
temperature of the sensing element can be calculated
by knowing its exact position within the TSF. Since

the sensing element was inlaid exactly in the middle of
a double layer TSF, its temperature value could be
calculated (Tsg = 45.225 °C) by inserting half of the
thickness (L = 1.75mm) in equation (16) . It is
important to note here that this equation can only be
applied on homogeneous material having uniform (k)
value over its entire thickness. Now the modelled Tgg
value is almost the same as the experimental Tgg value
at a certain temperature of the upper and lower copper
plates. This is because the assumption behind the
modelling and the experimental estimate were the
same i.e. the Temperature changes linearly across the
thickness of the TSF.

The thermal conductivity of the TSF (Kis) and the
convective coefficient (hg,,) are quite reasonable
values considering the assumption of the model.
However it is more appropriate to measure h,,, and
krsp experimentally and then use them in this model
for more accurate results.

3.1 Model Limitations

The expressions stated earlier can only be
applied when:

e all components of the rig are in the steady state
i.e. there is no change in temperature with respect
to time;

e  heat transfer occurs in only one direction;

e TSF is considered to be homogenous material.

In order to validate the TSF/test rig results in a
transient conditions, a Lumped Capacitance Method
(LCM) can be applied to resolve this issue in a
simplified way. In this approach the TSF may be
converted into small sub-components and solved by
first arranging them in close approximation to the
actual structure and by then applying basic heat
transfer principles. However this is beyond the scope
of this work and would be discussed in a separate
study.

4. CONCLUSION

A standard mathematical model of rig components,
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developed under the steady state conditions, by the
application of basic heat transfer principles is
presented in this article. The rig components are used
to calibrate the samples of Temperature-Sensing-
Fabric (TSF). Once calibrated, these samples could be
used in the practical environment. It was concluded
that the temperature varies linearly across the TSF in
test rig setting while the temperature of the sensing
element can be calculated by knowing its exact
position within the TSF. Since the sensing element
was inlaid in the middle of double layer TSF, its
temperature value could be calculated by inserting half
of the thickness in the developed equation. It is
important to note that the equation is valid only for one
dimensional steady state heat flow transfer; and for
homogeneous material having uniform
conductivity of fabric over its entire thickness. This

thermal

information would help to calibrate the TSF samples
in a better way and avoid the individual testing and
repetition of experiments on a test rig.
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