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A B S T R A C T   

The smart textiles field, which includes e-textiles, has seen rapid development in recent years due to its wide 
market applications such as wearables, architecture, energy and product design. Electronic circuits of e-textiles 
involve devices such as LEDs, sensors and batteries that are embedded within the yarns. Since temperature is a 
crucial element causing profound problems to the electronic devices when it exceeds a certain threshold, 
extensive research efforts have to be done to reduce its negative effect and enhance the sustainability of such 
embedded devices. In this work, infrared thermographic imaging technology is utilised to experimentally study 
the thermal distribution profile of LEDs in their bare, encapsulated and embedded state in e-yarns manufacturing 
stages. The experimental results are compared with numerical analysis models carried out when solving the time- 
dependent and partial differential equations of the heat transfer process. In this work, infrared camera with 320 
× 240 pixel vanadium oxide microbolometer that detects temperature differences of less than 0.1 ◦K is utilised 
with a special micro close-up lens to take close-up infrared images of the LED samples. Additionally a point- 
measurement technique, using a thermocouple, is utilised to ensure accurate temperature measurements are 
recorded for calibration. The results of this work prove that using infrared thermography with suitable lens can 
provide significant information about the thermal behaviour of smart textiles. It has been found that the thermal 
distribution of the integrated LEDs has a Gaussian-like shape. This bell-shaped distribution gets higher and wider 
by adding an additional LED device to the circuit within a specific distance range. It has been found that in the 
case of multiple LEDs, the distance between them plays a crucial role in determining the overall temperature of 
the system and shaping the final overall thermal distribution, and hence the reliability of the smart textile on the 
long term. The results also show that the cover yarn can influence the heat dissipation process. Consequently, the 
selection of yarn’s material and structure could be a critical factor to the thermal performance of electronic 
devices embedded within e-textiles.   

1. Introduction 

The growth of smart textiles that include electronic textiles (e-tex
tiles) and wearable technologies is revolutionising the way people 
connect through smart devices, hence having a great impact on the 
textile and fashion industries. The future of wearable fabrics as we 
usually know them as something to wear to provide coverage, convey 
our sense of style and protect us from the environmental elements is 
about to change in an immense way; and smart textiles are paving the 
way for this change. Smart textiles have the ability to do various tasks 
that traditional fabrics cannot, including data capturing and 

communication, light illumination and transformation of energy. This 
would improve peoples’ everyday lifestyle and benefit the industry, the 
health care sector and the environment. 

Textiles, in addition to being wearable, have a wide range of appli
cations [1], this includes for example aeronautics [2], buildings archi
tecture [3,4] and medical applications [5]. The integration of 
multifunctional values in textiles has become a special area of interest in 
recent years [6–8]. Fibres yarns, fabric and other structures with 
added-value functionality have been developed for a range of applica
tions, such as: energy management [9,10], energy harvesting [11], 
fabric heaters [12], memory [13], sensors [14–18], communication [19, 
20], health [21–26] and motion monitoring [27,28] based on electronic 
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devices within the fabric to facilitate the human-device interaction. 
Electronic devices have seen a huge improvement in the past decades 

in the textile industry as well as other sectors. For example, electronic 
devices, such as sensors are now integrated to textiles as well as 3D 
printed using additive manufacturing. Reference [29] has covered 
recent 3D printing technology and development for electronic compo
nents; where it has suggested that current research should provide 
enhanced and optimised fabrication as well as more sensitive products. 
Other papers [30] have presented scalable carbon nanotube-based 
textile as distributed sensors to provide data for condition monitoring 
of the manufacturing process as well as structural health monitoring 
during operation. 

In principle, e-textile circuits contain classical electronic devices, 
such as LEDs, in addition to conventional batteries embedded into gar
ments. The demand for reliable operation of electronic devices in a wide 
range of applications and in all types of environmental conditions drives 
the need to define the potential problem areas in electronic circuits 
design and propose new methods and ideas to improve their perfor
mance. For wearable e-textile, one of the major causes of failures is 
mechanical stress of washing [31]. Other research which has covered 
this area is [32] and indicated that time, temperature and mechanical 
stresses from washing influences the reliability. 

Various studies have also identified temperature as a major cause of 
failure of electronic systems in all applications. For example, [33] 
indicated that operating at 80 ◦C will reduce life time by 65% when 
compared to operating at 40 ◦C. Reference [34] used infrared ther
mography and modelling to explore the effect of temperature on elec
tronic devices. [35] has indicated that temperature is the main cause of 
reduce reliability of electronic devices that is attributed to a combina
tion of various physical and chemical processes. Such high level of 
temperatures might not be merely ambient temperatures, but more 
related to localised temperatures at the centre of the small electronic 
devices if heat dissipation is not efficient. 

In this paper, the objective of this study is in assessing the opera
tional temperature of electronic devices used in e-textiles with the focus 
on LEDs. A novel approach of using mathematical modelling and 

infrared thermography is used to assess the thermal performance and 
evaluate the relationship between yan manufacturing and the thermal 
profile as well as the proximity of the electronic devices and the effect on 
the thermal profile. This is addressed as part of the reliability studies. 

Generally, at any instant, the power P (watts) consumed by an 
electronic component with resistance R (ohm) is calculated as: P =

I2R = I V = V2/R, where: V (volts) is the voltage across the electronic 
component, and I (amps) is the current flowing through it. Using Ohm’s 
law, the two other forms can be derived. Part of this power is converted 
into heat which must be dissipated via the electronic component’s 
package before its temperature rises excessively so that the temperature 
all over the system remains acceptable and within suitable levels. In the 
case of LED devices, the amount of heat generated as a result of the 
electric power depends essentially on the LED efficiency, ηLED. Based on 
the law of energy conservation, the input electrical power, Pelectrical, can 
be divided into two main parts; one is the optical output power, Poptical, 
and the other is heat generation, Pheat [36]: 

Pelectrical = Pheat +Poptical (1) 

Hence, the optical efficiency of the LED can be defined as: 

ηLED =
Poptical

Pelectrical
or1 − ηLED =

Pelectrical − Poptical

Pelectrical
(2) 

Three different efficiencies ηLED for the LED can be considered:  

1. ηLED = 1: 
This is the ideal case of LED where no heat is generated in the LED, 

and the total electric power is transferred into optical power, i.e., 
light.  

2. < ηLED < 1 
This is the general case for any LED in nowadays market. The 

electric power that goes through the LED has two components: 
thermal and optical. Hence, the efficiency of the LED depends on the 
proportion that each component has. For example, if the LED’s ef
ficiency is 65%, this means that 65% of the electric power is trans
ferred into an optical energy, i.e., light; and the remaining 35% is 
transferred into thermal energy, i.e., heat. This leads to a rise in 
LED’s temperature. It is worth mentioning that in this project we use 
LED samples that has efficiency ηLED = 50%.  

3. ηLED = 0 

When the LED’s efficiency is zero, then the entire electric power is 
transferred into thermal energy and no optical energy is produced. 
Practically speaking, this is a pointless case as it describes an unpro
ductive LED which acts mainly as a resistive load. 

Infrared (IR) thermography is an important and a widely-used 
thermal and non-contact evaluation tool utilised to get information in 
temperature-dependent applications such as crowd monitoring [37], 
aerospace [38], health [39,40], buildings [41], microwave circuits [42], 
food [43] and manufacturing [44] industries to accurately measure in 
real time and visualise the temperature profile of the studied systems. 
With the advent of newer generations of infrared cameras, infrared 
thermography is becoming more accurate, reliable and cost-effective 
technique [45]. Indeed, today a vast variety of infrared imaging de
vices is available, allowing also measurements in complex configura
tions such as in the presence of fast phenomena or moving objects [46]. 
As a 2D imaging technique, infrared thermography provides a 
straightforward approach to map the entire temperature distribution on 
a whole area of interest and produces a thermal image where the 
colour-map represent ranges of temperatures, and allowing the extrac
tion of pixel-by-pixel temperatures. Therefore, using infrared thermog
raphy in this work to analyse the thermal behaviour of LED electronic 
devices that are integrated into e-textiles, helps in understanding their 
thermal profile towards enhancing their performance and advancing 
their multi-functionality. 

Nomenclature 

Variable Definition 
I Electric current (A) 
V Electric voltage (V) 
R Resistance (Ohm) 
P Electric power (W) 
Pelectrical Electric power produced by LED (W) 
Pheat Heat generation by LED (W) 
Poptical LED optical output power (W) 
ηLED LED efficiency (%) 
L LED length (mm) 
T Temperature (◦C) 
x Distance (mm) 
α Thermal diffusivity (mm2/s) 
d Distance between two LEDs (mm) 
T1,2(x, t) Temperature functions for each LED individually (◦C) 
TTotal(x, t) The total solution of the system’s temperature (◦C) 
ψ1,2(x, t) Modified temperature functions for each LED 

individually (◦C) 
ψTotal(x, t) Modified total solution of the system’s temperature 

(◦C) 
λ1,2,3,4 Correction functions 
s1,2
γ1,2
h1,2

⎫
⎬

⎭
λ1,2 parameters  
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The aim of this research work is to study and analyse, experimentally 
by using infrared thermography imaging and theoretically by solving 
numerically the time-dependent heat transfer equation, the thermal 
dissipation profile of LEDs embedded in e-textiles and draw a compar
ison between both results towards providing information to the manu
facturers and developers towards understanding the thermal 
performance and enhancing long term reliability. 

This paper is organised as follows: after the introduction in Section 1, 
the mathematical modelling and numerical analysis of the system are 
presented in Section 2. In Section 3, the infrared experimental meth
odology and results are described. The discussion and conclusion to this 
work is reviewed in Sections 4 and 5 respectively. We conclude with the 
acknowledgements in section 6. 

2. Mathematical Modelling 

In the analysis and the quest for the understanding of a physical 
system, generally, the formulation and use of a mathematical model that 
is thought to describe the system is an essential step. Generally, simu
lation and thermal modelling is a very important step to go along with 
the experimental work as it gives a full description and understanding of 
the response and performance of a physical system and its logical 
behaviour predictions at limits that might not be experimentally 
possible. In this section, a numerical analysis for the thermal dissipation 
mechanism of the LED and its corresponding solutions are provided. 
Mainly, considering solving the one-dimensional, time-dependent and 
partial differential equation of the heat transfer in MATLAB software 
using finite difference discretisation method for one LED and for two 
LEDs with different separation distance, d, between them. 

2.1. The modelling system 

In this study, as shown in Fig. 1, a simplified circuit is considered that 
contains a rectangular LED with length L, a power supply, a copper wire 
and a switch. At t = 0, in Fig. 1-a, the circuit’s switch is closed and 
connected to a power supply with a voltage V(Volts) and an electric 
current I(Amps) which goes through the circuit. Generally speaking, at 
any instant, the power P (watts) consumed by any electric component 
with resistance R(ohm) is calculated by [47]: P = I2R = I V = V2/R. 
The LED’s temperature in this case is homogenous (uniform) at its 

maximum, i.e., T1 = Tmax. Since the heat source will be at the semi
conductor junction in the middle and heat will spread externally, at 
steady state the LED is expected to have the same uniform or homoge
neous temperature. To observe the temperature dissipation (diffusion) 
along the LED, the circuit switch is made open, in Fig. 1-b, where the 
electric current stops going through the circuit and therefore neither 
optical nor thermal energy is generated. 

The LED’s temperature begins to gradually decreases by time, i.e., 
Troom < T < Tmax, where the centre of the LED cools more slowly than the 
points near the ends. The thermal distribution keeps dissipating until the 
LED’s overall temperature is equivalent to the room temperature, i.e., 
T2 = Troom at t = tmax as shown in Fig. 1-c. Here, we will develop a 
simplified model for the thermal distribution within the LED that is 
connected to a power supply with an electric power P at t = 0 and 
simulate the behaviour of its time-dependent thermal distribution after 
the circuit is disconnected from the power supply. 

2.2. One-dimensional time-dependent heat transfer equation 

Heat transfer is energy in transit due to a temperature difference. 
One of the methods that heat can transfer from one medium to another is 
conduction. In the presence of a temperature gradient, energy transfer 
by conduction must occur in the direction of decreasing temperature 
[48]. Generally, the heat transfer equation, or the so-called diffusion 
equation (or Fourier’s or Fick’s second law), in a stationary and ho
mogeneous medium is a parabolic, time-dependent, linear and partial 
differential equation and is given by [47]: 

∂T(x, t)
∂t

= α∇2T(x, t) (3)  

Where T(x, t) is the temperature in space-time point, x(m) is the space, 

Fig. 1. Simplified schematics illustrating the thermal distribution within the LED at t = 0 in (a) when the electronic circuit is closed, at 0 < t < tmax in (b) and at t 
= tmax in (c) when the circuit is open. (d) is the 1D LED along x axis with the thermal distributions at times t1 < t2 < t3 are presented along the LED. 
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t(sec) is the time, α
(
m2.sec− 1) is the thermal diffusivity,1 and ∇2 

= ∂2/∂x2 +∂2/∂y2 +∂2/∂z2 is the Laplacian operator. Eq. (3) is three 
dimensional, but using the Cartesian coordinates, the one-dimensional 
version of this equation becomes 

∂T(x, t)
∂t

= α ∂2T(x, t)
∂x2 (4) 

The temperature field remains symmetrical about the mid-plane of 
the LED because the boundary conditions are identical at both surfaces, 
as shown in Fig. 1-d. The x coordinate origin can then be placed at the 
centre of the LED assuming that the temperature distribution is sym
metrical about the mid-plane. Also, the adiabatic condition can be 
imposed at x = 0. The boundary conditions of the problem and the 
initial condition are then: 

∂T
∂x

⃒
⃒
⃒
⃒

x=0
= 0

T
(

x = −
L
2
, t
)

= T
(

x =
L
2
, t
)

= T1 = Troom

T0(x, t = 0) = T2 = Tmax

(5) 

To numerically analyse the temperature distribution in the LED, we 
use the PDE solver in MATLAB to solve the partial differential equation 
of the heat transfer and to visualise the time-dependent thermal distri
bution. In the following, we will study two cases; the thermal distribu
tion along one LED and between two LEDs connected in series with 
different separation distance, d. 

2.3. 1 One LED 

Numerically speaking, Eq. 4 can be simplified further by making it 
dimensionless. If we let x = x/L, T = (T − T2)(T − T1), and t = tα/L2 

[23], then Eq. 4 can be written as 

∂T(x, t)
∂t

=
∂2T(x, t)

∂x2 (6) 

Therefore,Eq. 5 becomes 

∂T
∂x

⃒
⃒
⃒
⃒

x=0
= 0

T(x = 0, t) = T(x = 1, t) = 0 = T1 = Troom

T0(x, t = 0) = 1 = T2 = Tmax

(7) 

The essence of all numerical schemes for solving differential equa
tions lies in the discretisation of the continuous variables, that is, the 
spatial coordinates and time [49]. A conventional numerical approach 
to the solution of the heat transfer equation is the finite difference dis
cretisation method (FDDM). This scheme is almost standard in numer
ical methods that are based on computational grids as it is considered an 
important and one of the simplest forms of discretisation [50]. FDDM 
has been used extensively in numerical thermal analysis for numerous 
thermal systems [51–55]. With this method, the dimensionless time 
parameter t is divided into nt discrete time points tk = t0 + kΔt, with k =

0,1,2…,nt − 1, where tmin = t0 and tmax = tnt . In this way, the time the 
interval [tmin, tmax] is divided into nt subintervals of size Δt, where Δt =

tmax − tmin
nt

. The same can be applied on the dimensionless spatial variable 

where x is divided into nx discrete and equally spaced mesh points xi =

x0 + iΔx, with i = 0, 1,2, .., nx − 1, xmin = x0 and xmax = xnx 
with a 

spatial step of, Δx = xmax − xmin
nx

. The initial state of the system is chosen to 
be the source solution which is given by: 

T0(x, t = 0) = A exp

(

−
(x − μ)2

4σ

)

(8)  

Where A, μ, σ are the height, centre and width of the initial state, 
respectively. Fig. 2-a shows the temperature distribution along the LED 
for different time steps. It can be seen that at t = 0 the temperature 
distribution has a shape of a squared (step) function where it has a 
constant value of T(x, t = 0) = 1 for any spatial value x apart from the 
boundary points x = − L/2 and x = L/2 where T(x = ±L/2, t) = 0 which 
matches the boundary conditions. As the time goes by, i.e., t > 0, it is 
clearly noticeable that the temperature distribution is dissipated, and its 
height decreases which means that the LED’s temperature is becoming 
lower with time. Fig. 2-b. shows that the centre of the LED, in the blue 
line, cools slower than points near the ends, in the red line. However, the 
green line refers to the temperature at the boundary points where we can 
see that they maintain their room temperature throughout the process. 

It is worth mentioning that as Fig. 2 describes, the cooling (tem
perature dissipation) process of the exact electronic device starting from 
t = 0 until t = tmax, this behaviour mirrors the heating process as it is 

Fig. 2. The time-dependent temperature distribution T(x, t) along one LED with a length L. (internal temperature distribution); (a) shows T(x, t) as a function of the 
spatial variable x for different time steps and (b) illustrates the temperature distribution behaviour as a function of time for different LED positions: x = 0.5 (blue 
line), x = 0.25,0.75 (red line) and x = 0, L (the green line). Here we have used: A = 1, μ = 0 and σ = 4 and tmax = 0.6.(For interpretation of the references to colour 
in this figure, the reader is referred to the web version of this article.) 

1 Thermal diffusivity is a property that measures the ability of a material to 
conduct energy relative to its ability to store energy. Materials with large α will 
respond more quickly to changes in their thermal environment, while materials 
with a small α will respond more slowly, taking longer to reach a new equi
librium condition. Thermal diffusivity is given by: α = k

ρc where: k is the thermal 

conductivity 
(
W.m− 1.K− 1), ρ is the density 

(
Kg.m− 3) and c is the specific heat 

capacity 
(
J.Kg− 1.K− 1) [47]. 
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Fig. 3. The oversimplified solutions of the one-dimensional and time-dependent partial differential equations for two independent LEDs expressed in EQs. 9 at t =
tmax/2, where the blue line represents the left LED, i.e., T1(x, t), and the red line represents the right one, i.e., T2(x, t) in (a, i), (b, i) and (c, i) for different separations 
with d1 < d2 < d3. However, (a, ii), (b, ii) and (c, ii) show the total thermal distribution, i.e., TTotal(x, t), for the system of two LEDs. Here we have used A1 = A2 = 1,
μ1 = 0, μ2 = 10,15,25, σ1 = σ2 = 4 and tmax = 2.(For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) 

Fig. 4. The total thermal distribution of a two-LED system with mutual effect for different separation values d at t = tmax/2. The blue line represents the left LED, i.e., 
T1(x, t), the red line represents the right one, i.e., T2(x,t), and the green line refers to Eq. 11 where the total thermal distribution ψTotal(x, t) is the sum of the modified 
solutions for each LED. Here we have used: for the corrected Gaussian function, γ1 = − 5, γ2 = 10(a),11(b),12(c),13(d),14(e),15(f), s1,2 = 3, h1,2 =

1
s1,2

̅̅̅̅
2π

√ = 0.13, 

and for the initial source solutions A1,2 = 1,μ1 = 0, μ2 = 5(a),6(b),7(c),8(d),9(e),10(f), σ1,2 = 4 and tmax = 2.(For interpretation of the references to colour in this 
figure, the reader is referred to the web version of this article.) 
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considered as a reversed process to the cooling process. This simulation 
is related to the component itself. 

2.3.1. Two LEDs connected in series with different separation d 
Here, we assume two LEDs connected in series with a specific sepa

ration distance d between them. Both LEDs have the same length L and 
similar analysis as before will be done for them. The heat transfer 
equations and the initial states for both LEDs can be written as: 

∂T1(x, t)
∂t

=
∂2T1(x, t)

∂x2 T1
0(x, t = 0) = A1 exp

(

−
(x − μ1)

2

4σ1

)

(9-a)  

∂T2(x, t)
∂t

=
∂2T2(x, t)

∂x2 T2
0(x, t = 0) = A2 exp

(

−
(x − μ2)

2

4σ2

)

(9-b)  

Where A1,2, μ1,2, σ1,2 are the heights, centres and widths of the initial 

states of the left T1
0(x, t = 0) and right T2

0(x, t = 0) LED respectively. 
T1(x, t) and T2(x, t) are the solutions for left and right LEDs. If TTotal(x, t)
is defined as the total solution of the system, then it can be formulated 
as: 

TTotal(x, t) = T1(x, t)+ T2(x, t) (10) 

Fig. 3 shows that for small separation values d between both LEDs, 
the total thermal distribution tends to overlap as a result of the sum
mation between T1(x, t) and T2(x, t), as in Fig. 3-a, ii. However, for a 
large separation, the total thermal distribution acts as two separate 
distributions. This means that for large separations the thermal effect 
between both LEDs is minimal as if they do not effect each other, as 
shown in Fig. 3-c, ii. This, however, does not reflect the real system. In 
reality, the total thermal profile is not just the summation of each LED’s 
thermal distribution; there is actually a thermal effect from each LED on 
the other leading to a higher and wider thermal profile. Therefore, the 
left and right solutions, T1(x, t) and T2(x,t), need to be modified in order 
for the total TTotal(x, t) in Eq. 10 to be accurate and to demonstrate the 
actual behaviour. For that matter, we formulate the new total thermal 
distribution formula as following: 

ψTotal(x, t) = ξ(ψ1(x, t) +ψ2(x, t) ) (11)  

where we have assumed: 

ψ1,2(x,t)=T1,2

̀
(x,t)+λ3,4T2,1

̀
(x,t)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

̀T1,2(x,t)=λ1,2+T1,2(x,t)

λ1,2=h1,2exp

[

−

(
x− γ1,2

)2

2s2
1,2

]

λ3,4=exp
[

−
x− xmax,min

xmin,max − xmax,min

]

ξ=
2
3

[

max
(
T1,2(x,t)

)
+

1
μ2 − μ1

]

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(12)  

Where: T1,2

̀
(x, t) are the modified left and right LED thermal distribu

tions in the 2-LED system, ξ is the modulation coefficient, λ1,2,3,4 are the 
correction functions, and γ1,2, h1,2, s1,2 are λ1,2 parameters. It can be seen 
from Fig. 4 that the total thermal distribution, i.e., ψTotal(x, t) in the green 
solid line, illustrates the mutual effect that each LED has on the other as 
its area under the curve is wider and higher comparing to each indi
vidual LEDs’ thermal distributions, i.e., T1(x, t) and T2(x, t). It can be 
seen that for small distances, the simulation shows a complete overlap 
between both individual distributions. As the separation distance in
creases, the total thermal distribution starts to split into two peaks with 
maintaining its feature of being higher and wider than the individual 

distributions. It is worth noting here that the behaviour of the total 
thermal distribution ψTotal(x, t) can be simulated for a wide range of 
separation distances by changing the value of the difference between 
both LEDs’ centres μ2 − μ1. This would allow us to theoretically estimate 
the optimal separation distance between both LEDs. For very large dis
tances, the total thermal distribution tends to show the behaviour of 
individual thermal distributions as the LEDs cannot affect each other 
anymore. 

3. Experimental work 

3.1. Overview 

Any electronic device produces waste heat that leads to elevating its 
temperature; hence affecting its functionality, reliability and sustain
ability. Therefore, the need to manage, control and monitor a device’s 
temperature and its thermal behaviour is becoming critical to enhance 
its performance and reliability. Infrared thermography is one of the ideal 
non-contact thermal evaluation tools that has been utilised in thermal 
management of electronics for some time [56,57]. Infrared thermog
raphy can provide a 2D thermal image of electronic devices with an 
acceptable temperature measurement error. In this work, infrared 
camera type FLIR A310 is utilised with a special micro close-up 4x lens 
to take close-up infrared thermographic images of the LED samples with 
specifications of field of view (FOV) of 32 mm x 24 mm at 79 mm dis
tance. And Instantaneous Field of View (IFOV) or Spatial Resolution of 
100 µm (nominal) which is adjustable within a narrow range; and the 
used spatial resolution was circa 75 µm. Additionally, a 
point-measurement technique using a thermocouple is utilised, to 
ensure that accurate temperature measurements are recorded for cali
bration. Thermocouples can be placed in direct contact with areas to be 
measured, so that any measurement inaccuracy can be compensated. 
This also helps in the calibration process, in order to reach the sample’s 
most accurate temperature. It is worth mentioning that all experimental 
work has been done inside a small environmental chamber so that any 
sudden temperature change in the surrounding environment will be 
minimal. Additionally, all the samples are matt-black painted to make 
the emissivity value of the system closer to the emissivity of a blackbody; 
it is estimated that the matt-black will reduce reflection and allow 
emissivity value to reach circa (0.98). The paint would add a thin layer 
of material, which may cause a slight delay in the thermal response seen 
by the infrared camera but it is not expected to significantly increase the 
temperature in steady state situation. And since the paint was applied in 
all scenarios, comparative or relative difference should be accurate. The 
paint should not also effect in terms of thermal distribution patterns. 
Basically, the experimental work starts with only one LED in the circuit, 
and then we add another one with different separations d between them 
to observe the resulting thermal effect of adding another LED to the 
circuit. 

3.2. Samples description 

The LED samples used in this project are of dimensions 
1.0x0.5x0.8mm and type SMD CHIP LAMP, with all LED features and 
specifications can be found in reference [58], which includes the man
ufacturer’s data sheet. Fig. 5 shows visual photos of a bare LED from 
three directions, front (Fig. 5-a), back (Fig. 5-b) and side (Fig. 5-c), using 
a digital microscope. Fig. 5-d shows the infrared camera with the LED in 
the environmental chamber. Note that the LED in the photo was not 
painted matt black in order to create a clearer image for the paper. 
Fig. 5-e presents the scale of the LED when compared with the tip of a 
standard ball point pen. 

The production of an e-yarn, see Fig. 6, consists of four main steps 
[59]: 
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• Firstly, the LED is soldered onto a fine copper wire, as shown in Fig. 5 
and Fig. 6-a.  

• As a protection procedure before integrating the device inside the 
yarn, the LED and the interconnects are then encapsulated using 
ultraviolet (UV) curable polymer resin to form a cylindrical micro- 
pod [60], as shown in Fig. 6-b. The purpose of the encapsulation is 
to hermetically seal and protect the electrical components from 
environmental effects, such as humidity and dust, which means that 
the resulting e-yarn could be washed. Other benefits include 
improving electrical insulation, reliability, robustness, and protec
tion against damage of the e-yarn in the final product [61]. In this 
work, a photo-initiated curing method, i.e., an ultraviolet curable 

coating, is chosen for the encapsulation process. This is due to low 
operational cost, easy maintenance, and the small footprint of space 
required for machinery. A UV-curable system is normally composed 
of three basic components:  

1. A resin, which is an unsaturated double bond or cyclic structure 
capable of ring opening. Commercially available UV curable resins 
can be categorised by the polymerization mechanisms through 
which curing takes place. An acrylated urethane is chosen for this 
research: Dymax 9001-E-V3.5 (Dymax, Torrington, UK). This is 
transparent to visible light, making it suitable for encapsulation of 
LEDs. Moreover, this resin is flexible, so it is suitable for textile ap
plications. The resin is also used in bonding applications in the 
electronics industry, meaning that it has been fully tested on a range 
of electronic devices [62].  

2. Reactive diluents, which have two functions: to reduce the viscosity 
of the systems and to render crosslinking.  

3. A photo-initiator, which absorbs UV radiation and generates reactive 
species that can initiate the polymerisation. 

Resin micro-pods can be formed by applying a small amount of resin 
around the LED or by placing the LED (soldered to copper wire) within a 
mould, then injecting the resin into the mould. The latter method is 
chosen in this work to ensure uniformity of the micro-pod size. A cy
lindrical micro-pod shape is chosen for encapsulating the soldered LED, 
as this shape has minimal edges. This shape is also easier to pass through 
the small-diameter wrap-knitting machine that is used in a later stage of 
the e-yarn production, not to mention that it is more likely to be user- 
friendly. 

The final two stages involve the addition of textile yarns twisted 
around the copper wire. Three cotton yarns (NM 30/1 * 2 Davidoff; 
Boyar Textile, Istanbul, Turkey) were twisted around the copper wire 
[63] using an Agteks DirecTwist 2B6 machine (Agteks, Istanbul, Turkey) 
at 10mmin− 1 [64]. 

3.3. Thermal profile of one LED 

For the case of one LED, a current of I = 0.02A and voltage of V = 2V 
are applied on the circuit for all experiments. Fig. 7 shows the calibrated 
2D infrared images for one LED in its bare condition (a), encapsulated in 
(b), and embedded state in (c) and their corresponding thermal distri
butions. Linear-interpolation method is implemented to calibrate the 

Fig. 5. Illustration of a bare LED used in our project where (a) shows the front, 
(b) the back and (c) the side views of the LED. The pictures were taken using a 
digital microscope: Dino-Lite AM-311S; the experimental work setup (d), the 
scale of LED in comparison to a standard ballpoint pen (biro) (e). 

Fig. 6. Three basic states of LED followed in smart textiles technology. (a) is the bare LED and its dimensions, (b) the encapsulated LED and (c) the embedded LED 
inside the yarn, (d) a sketch that clarifies the structure of the final textile, and (e) shows the visual and infrared version of the final yarn. 
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infrared temperatures taken from the thermal images using the ther
mocouple temperature readings. It can be seen in Fig. 7 that the average 
temperature of the LED is about 340C. This temperature decreases 
noticeably in embedded state where the LED’s temperature reaches 
27.50C, due to the increase in material around the LED and the heat 

dissipation process. For the bare LED, the heat dissipation occurs by 
convection to the surrounding air and by conduction to the copper wires. 
For the bare LED it has also been noticed that the infrared image read
ings are sensitive to the orientation (angle) of the LED relative to the 
camera, this will be discussed further in the following sections. Please 
note that the axis is a direct presentation of the location of the infrared 

Fig. 7. Linear-interpolated 2D images created by MATLAB for one LED and its corresponding thermal distribution plots based on the temperatures taken from a 
directly touched thermocouple to a bare (a), encapsulated (b) and embedded (c) LED. All temperatures are in 0C. 

Fig. 8. Bare LEDs. Linear-interpolated 2D images created by MATLAB for two bare LEDs and their corresponding thermal distribution plots; with separation distance 
(d) between both LEDs of d = 5mm in (a), d = 10mm in (b) and d = 20mm in (c). 
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image pixels; and hence it is labelled in that way. 

3.4. Thermal profile of two LEDs 

Here, we add one additional LED to the circuit with a distance d 

between both LEDs and apply a current of I = 0.02Amp and a voltage of 
V = 4volts on the circuit for all experiments. For different values of d,  
Figs. 8, 9,10 show three infrared images each taken to two bare, 
encapsulated and yarn embedded LEDs for d = 5mm (a), d = 10mm in 
(b) and d = 20mm in (c), respectively, with their corresponding thermal 

Fig. 9. Encapsulated LEDs. Linear-interpolated 2D images created by MATLAB for two encapsulated LEDs and their corresponding thermal distribution plots; with 
separation distance (d) between both LEDs of d = 5mm in (a), d = 10mm in (b) and d = 20mm in (c). 

Fig. 10. Yarn embedded LEDs as (described in Section 3.2). Linear-interpolated 2D images created by MATLAB for two embedded LEDs and their corresponding 
thermal distribution plots; with the separation between both LEDs is d = 5mm in (a), d = 10mm in (b) and d = 20mm in (c). All temperatures are in 0C. 
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distribution plots. 
It can be easily noticed from the above plots that the thermal dis

tribution maintains its Gaussian-like shape even after adding an addi
tional LED to the circuit. Moreover, the system temperature is inversely 
proportional to the separation between both LEDs as d increases the 
system’s temperature decreases accordingly. Similar to the one LED 
case, the temperature of two embedded LEDs is lower comparing to the 
encapsulated and bare states. 

3.5. Two-dimensional knitted garment 

In this sub-section, we study the two-dimensional (2D) thermal dis
tribution of one and two LEDs with a specific distance d embedded in 
knitted garment. The garment is knitted from the same textile yarns 
twisted around the copper wire using three cotton yarns as discussed in 
Section 3.2 above. Knitted fabric is a textile that results from knitting, 
the process of inter-looping of yarns or inter-meshing of loops. Because 
of its flexibility, it can be constructed into different smaller pieces, 
making it ideal for wearable garments and other applications. In this 
work, rectangular knitted samples (circa 10 cm x 12 cm) were produced 
on a computerized flat-bed knitting machine using an intarsia knitting 
technique; and the fabric was created using cotton yarns. The aim here is 
to analyse the 2D thermal distribution in the garment and to estimate the 
proper distance between two LEDs in the garment based on their thermal 
distribution. Fig. 11 shows the 2D knitted Garment used in this project. 

Fig. 11 shows the 2D infrared calibrated images for the 2D samples 
and their corresponding thermal distribution plots. We notice that the 
2D thermal distribution has a similar Gaussian-like shape as before in 
case of one and two LEDs. Additionally, we have seen earlier that when 
the distance between two LEDs is d = 5mm then the total thermal dis
tribution is highly overlapping and the thermal effect of each LED on the 
other is greatly noticeable. However, when the distance is d = 20mm, 
the thermal effect of both devices at each other is at its minimal value. In 
our experiment here, we have chosen the distance to be d = 10mm and it 
is clearly observed from Fig. 11-d that the thermal distribution of both 
LEDs is neither greatly overlapping nor distantly separated. Therefore, 
we can estimate the optimal distance between both LEDs to be in the 
range of 10 ≤ d ≤ 20mm so the thermal effects would be acceptable. 

4. Discussion 

In this research work, we have studied numerically by solving the 
heat transfer equation and experimentally by using infrared thermog
raphy the thermal distribution of heat caused by LEDs as bare, encap
sulated and yarn embedded electronic devices in smart textiles. Various 
important points should be mentioned and discussed as results of this 
work: 

4.1. Thermal profile 

The experimental results have shown that the LEDs dissipate rela
tively significant amount of heat with Gaussian-like profile. This have 
been also illustrated numerically as the solutions of the heat transfer 
equation own a similar shape. It is worth mentioning that this shape does 
not change in case of adding another LED to the circuit or by changing 
the value of the system’s emissivity, but overlap would occur depending 
on the distance with different temperature gradient. Parameters that 
influence the absolute temperature profile, given that any other pa
rameters are fixed, include the distance between the two LEDs and their 
mutual effect, the encapsulation of the LEDs, the yarn around the 
encapsulated LEDs and the heat dissipation process in conduction 
through knitting of the garment. The relationship, however, is complex 
as thermal capacity and heat transfer process will be affected by each 
change in the encapsulation of the LEDs and the knitting process; and 
more work is needed in this area as will be described in the following 
sections. 

4.2. Temperature difference as a function of distance between LEDs 

As a part of this work, we have analysed the temperature behaviour 
of two LEDs connected in series in the textile’s circuit. It has been clearly 
shown that not only the temperature of the two-LED system is noticeably 
higher than the one-LED system but also the distance between both LEDs 
has a crucial effect on the overall system’s temperature. We have seen 
that the closer the LEDs, i.e., the smaller the distance, the higher the 
overall temperature. Statistically speaking, Fig. 12-b shows the cali
brated temperatures for the two LEDs at different distances, and it can be 

Fig. 11. 2D knitted garments with one LED in (a) and two LEDs in (b) with a distance d = 10mm between both of them. 2D MATLAB generated images of the 2D 
knitted garments with the corresponding linear-interpolated thermal distribution plots are in (c) and (d). All temperatures are in 0C. 
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seen that their temperatures get lower with increasing the distance be
tween them. Fig. 12-c shows that the 2D garment that includes one LED 
produces a temperature that is lower comparing to the case of the two- 
LED system. 

It seems from the results that the cover yarn can help dissipating the 
heat, which could be related to increasing the heat transfer via con
duction through the material and the increase in diameter, and hence 
the volume and external surface. This would also help in enhancing the 
thermal convection. Therefore, the selection of the material and struc
ture is critical to the thermal performance of electronic devices 
embedded in e-textiles. This would explain the reason why the 2D 
knitted garment has a slightly lower temperatures. 

4.3. Error analysis 

All the experimental temperature data are certainly associated with 
error that relates to many factors, such as environment temperature 
change, human error, etc. One of the key errors in the experimental work 
of bare LEDs is the orientation relative to the infrared camera. Due to the 
small size of the LEDs, the orientation has been found to be very critical 
to the measurement. This error is found not to be significant in relation 
to the encapsulated and embedded LEDs due to the heat dissipation by 
conduction. However, the infrared data has also variation and noise 
during the measurement process on pixel level along the length of the 
yarns. To assess this error, the collected data is compared with its 
moving average. The moving average method is chosen as it helps in 
reducing noise, determining the underlying trends, and removing 
random variations in the infrared data. The moving averages are a series 
of averages calculated using sequential segments of data points over a 

series of values; where 10 data points are chosen for this calculation. 
Using this, the average error Eavg and the standard deviation std, between 
the averaged and the infrared data points were calculated. It can be 
noticed that the averaged error ( Eavg) is within a fraction of a degree as 
shown in Fig. 13. 

The same error analysis is carried out on the 2D textiles temperature 

Fig. 12. Bar charts of the linear-interpolated and calibrated temperatures for one LED in its three different states; bare, encapsulated and embedded n (a); for two 
LEDs with different distances (b); and for 2D knitted garments for one and two LEDs embedded inside the yarn (c). 

Fig. 13. Error analysis between the experimental and averaged smoothed data for all textile stages in both systems: one-LED and two-LED. (a) the average error, Eavg; 
and (b) the standard deviation, std. 

Fig. 14. Error analysis between the experimental and averaged smoothed data 
for 2D textiles for one-LED and two-LED systems with a separation distance of 
d = 10mm. 
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data points, as shown in Fig. 14. It can be noticed here that the averaged 
error (Eavg) and the standard deviation (std) are both approximately 
within 0.3 of a degree centigrade. 

4.4. The accuracy between the theoretical and experimental data 

It is tempting to draw a comparison between the experimental and 
the theoretical results to examine the core differences between them.  
Fig. 15 shows that there is a clear resemblance between both outcomes 
where it is obvious that the actual total thermal distribution of both 
LEDs is higher and wider comparing with the summation of both dis
tributions that refer to individual LEDs. This has been shown experi
mentally and also has been analysed mathematically; so the resultant 
profile reflects an accurate thermal phenomenon. 

To reduce errors and variation in experimental infrared data, the 
following aspects should be taken into consideration when using 
infrared thermography to conduct similar work:  

• Emissivity of the system should be taken into consideration.  
• The distance between the camera and the sample should be fixed to 

simplify the calibration process and comparison between the tests.  
• The voltage and the current values should be monitored or controlled 

during the experiments.  
• Taking the temperature measurement when steady state is reached.  
• The experiment must be carried out in stable environmental 

conditions. 

4.5. Optimal distance between two LEDs 

We have seen so far that the total or resultant thermal distribution 
tends to highly overlap for small distances, i.e., d = 5mm, and acts as 
two separate thermal distributions for large distances, i.e., d ≥ 20mm. 
Since thermal overlapping leads to a high temperature outcome, small 
separation distances would create higher temperature levels. However, 

as the separation distance increases, the produced temperatures become 
within the acceptable thermal range and the final design would be more 
practical for long term reliability. Fig. 16 presents the interpolation of 
the temperature produced from the two-LED system at any given dis
tance within the range of 5 ≤ d ≤ 20mm. This certainly helps to better 
understand the multi-LED system with separation distances different 
from the ones proposed in this work. 

Fig. 15. The relationship between the separation distance between the two bare LEDs and the overall system temperature. Sub-figures (a), (b) and (c) show the 
mathematical simulation; while sub-figures (d), (e) and (f) show the experimental results. The green solid line represents the two-LED system and the blue and red 
lines represent the one-LED system.(For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) 

Fig. 16. The behaviour of the max (blue circles) and middle (red circles) points 
of Two-LED systems’ thermal distributions as a function of separation distance 
between the two LEDs, d(mm) for the embedded yarn.(For interpretation of the 
references to colour in this figure, the reader is referred to the web version of 
this article.) 
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All in all, we have seen that temperature is one of the most crucial 
characteristics that needs to be studied; and effective methods and ways 
to analyse its effects on the performance of electronic devices in e-tex
tiles should be developed. In our work, numerical investigation has been 
conducted by solving the partial differential equation of the heat 
transfer to simulate the thermal distribution within the device. Infrared 
thermography as well as thermocouple thermal techniques have been 
also used effectively to measure and record the overall temperature of 
our system. Not only both results have been equivalent but also, we have 
identified various significant experimental elements that could lead to 
more reliable outcomes. The importance of this research work is to show 
the significance of the heat dissipated from LEDs and the effect of the 
distance between them on the overall temperature. Hence, for reliable 
systems in the future, two approaches will be needed: (1) the develop
ment of high efficiency LEDs of small size that could operate reliably at 
higher temperatures; and (2) in the meantime maintaining suitable 
distance between LEDs to avoid temperature increase due to lower 
thermal dissipation which could significantly reduce reliability on the 
long term. This distance will depend on many factors including envi
ronmental conditions, efficiency of LEDs and length of operation; and 
performance should be investigated for each design and operation sce
nario to ensure high reliability. 

5. Conclusion and future work 

Temperature is one of the most crucial characteristics that needs to 
be studied to ensure high reliability of electronic textiles. The paper has 
presented a novel approach of using infrared thermography, with 
mathematical differential equations and numerical analysis, to investi
gate the thermal characterisation of embedded electronic devices in e- 
textiles. The results, theoretically and experimentally indicate the 
importance of the heat dissipation process that could be one of the 
limiting factors in developing high density sensory and actuation sys
tems in smart textiles. LEDs have been used as the actuator to assess the 
heat dissipation; as with the very small size LEDs and combined with 
encapsulation for the smart textile, the temperature issues could become 
a limiting factor in the capabilities of the technology and hence heat 
dissipation is a critical factor to consider in any future design and 
operation, particularly if used on human body and in hot climates; 
where heat dissipation becomes a problem. An infrared camera is uti
lised with a micro close-up lens to capture infrared images of the LED 
samples, where infrared images are calibrated using a thermocouple 
contact measurement. The results of this work provide evidence that 
using infrared thermography can provide significant non-contact infor
mation about the thermal behaviour of smart textiles; and the same 
technique could be used in the future to evaluate e-textile products 
before introducing them to market. It has been found that the thermal 
distribution of the integrated LEDs has a Gaussian-like distribution 
which gets higher and wider by adding additional LEDs to the circuit 
within a specific distance range; this plays a crucial role in determining 
the overall temperature of the system and shaping the final overall 
thermal distribution, and hence the potential thermal reliability of the 
smart textile on the long term. It s evident from the experimental data 
that the cover yarn in terms of material and structure could influence the 
thermal dissipation process. Future research should explore different 
heat dissipation design parameters to enhance reliability. The effect of 
yan and encapsulation materials on heat dissipation should be consid
ered further in future work. Due to the small scale electronic compo
nents, we have found that more work is needed to fully understand the 
transient and steady state thermal behaviour of smart textiles. 
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