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Abstract
In this paper, both steady-state and transient thermal simulations were performed on functional fibers having an embedded 
electronic chip acting as a heat source. Simulations were conducted for a range of different fiber materials and arbitrary 
fiber cross-sectional shapes. We show that under steady-state heating conditions, the thermal response for any arbitrary fiber 
shape and fiber material system was convection dominated regardless of the effective thermal conductivity of the fiber, and 
that the corresponding temperature rise within the fiber can be predicted analytically allowing for the maximum tempera-
ture to be estimated for any known heat load and fiber geometry. In the case of transient heating, we show that for pulsed 
power operation of the embedded electronic device, the maximum temperature reached in the fiber is always greater than 
the maximum temperature of the equivalent steady-state average power. However, high peak powers can be safely achieved 
if the power-on pulse time and duty cycle are selected to limit the maximum temperature reached in the fiber. Based on the 
results from the transient simulations, a set of criteria was developed to determine whether the operating conditions would 
be: (1) allowable for the fiber system, thus requiring no transient simulations, (2) requiring a transient simulation to verify 
that the maximum temperature is acceptable, and (3) the operating conditions are too severe and device operation at these 
conditions are not practical.
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Introduction

The field of functional fibers and fabrics is growing rapidly, 
driven in part by advancements in fabrication methods that 
allow for heterogeneous integration of microelectronic and 
optoelectronic devices in fibers coupled with the ability to 
power such devices and communicate with them via con-
ductive wires, also embedded in the fibers [1–4]. Applica-
tions of such a fiber architecture span the range from dis-
tributed chemical and fluidic sensors [5, 6], physiological 
status monitoring sensors [7, 8], optical communications [9], 
energy harvesting [10–14], color changing [15], and more. 
The devices incorporated in fibers include light emitting 
diodes (LEDs) [16, 17], photodetecting diodes [18], tem-
perature sensors [19], pressure sensors [20–23], even radio-
frequency (RF) devices and antennas [24, 25]. Miniaturized, 

low-power devices are continuously being introduced with 
improved performance, including their associated integrated 
ultralow-power control and readout circuitry [26]. This gen-
eral trend in the field of micro-opto-electromechanical sys-
tem (MOEMS) further provides impetus to the coupling of 
such devices with the rejuvenated field of functional textiles.

The need to understand material behavior of these func-
tional fibers will be critical as new applications continue 
to grow. A major part of this understanding will be the 
thermal management of the heat generated from the opera-
tion of embedded electronics. It is to be expected that any 
active MOEMS devices will generate some amount of heat, 
depending on the power requirements, device efficiency, 
and device density. However, the resulting temperature rise, 
whether locally in the immediate vicinity of the device or 
even at some distance from it, is rarely of secondary con-
cern. In fact, it may prove to be the limiting consideration 
in the scale-up and even the very utility of many fiber-based 
system applications, as it may be detrimental to the opera-
tion of functional fibers. Excessive temperature rise can lead 
to failure of the electronic device, the fiber, or both. In some 
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applications knowing the temperature rise within the fiber 
is critical because it can have adverse effects on the sur-
rounding ambient. For example, functional fibers have the 
potential to be used in Optogenetics [27, 28] given fiber sizes 
and ability to address embedded LED’s, and photodiodes. 
For any in vivo techniques in this field, brain cells can only 
tolerate small changes in temperature (< 1 °C) before cel-
lular damage [29, 30]. Thus, any heat generated from either 
the light emitting device(s) and/or light collecting device(s) 
within the fibers and the resulting temperature profile has to 
be well understood.

Performing a detailed thermal analysis early in the design 
cycle is critical for identifying the limiting operating condi-
tions. Such an analysis will provide guidelines for the choice 
of materials, fiber geometry, and suitable thermal manage-
ment, as well as identifying limiting operational conditions 
of power, size, and device density. However, detailed ther-
mal modeling often requires specialized individuals to con-
duct these types of analyses, as well as dedicated software 
that might not be readily available for many researchers and 
designers working in this field. The goal of this work is to 
understand the thermal behavior in functional fibers con-
sisting of different materials, and arbitrary shapes, under 
different heating loads and ambient environments to: (1) 
gain a greater understanding of what parameters affect ther-
mal management in these types of systems and (2) to see if 
predictive analytical models can be found that estimate the 
expected temperature profile, making complex numerical 
modeling unnecessary. To this end, we created detailed finite 
element thermal models of a single-fiber/single-device case, 
with extension to the single-fiber/multiple-device case, leav-
ing more complex analysis of two-dimensional networks to a 
later effort. Both steady-state and transient thermal simula-
tions were performed.

Thermal Modeling

High-fidelity, three-dimensional finite element models were 
created for a single fiber having a single heat source. The 
generalized heat equation was solved using COMSOL Mul-
tiphysics (ver. 5.4). Figure 1 shows the typical functional 
fiber geometry simulated. It consists of a thermally drawn 
polycarbonate fiber with an embedded electronic device, 
simulated as a silicon chip that will provide the heat source, 
and two copper wires that provide power. The thermal draw 
from a preformed process of multimaterial fibers is described 
in [3, 4, 31]. In these simulations, only polycarbonate and 
copper wires were modeled in the material selection. How-
ever, it should be noted that the thermal-draw process allows 
for a large selection of materials to be formed into a fiber. 
At the Defense Fabric Discovery Center (DFDC) at MIT 
Lincoln Laboratory, fibers have been drawn, in addition to 
polycarbonate, from: polyetherimide (PEI), polyvinylidene 

fluoride (PVDF), polyethylene (PE), cyclic olefin copolymer 
(COC) and poly(methyl methacrylate) (PMMA) to name a 
few. Also, other common materials such as copper wires, 
aluminum wires, tungsten wire, Kevlar, and Vectran have 
been co-drawn with the polymer fibers. Though just a single 
material set was used in these simulations, as will be shown, 
the trends observed from the simulations are relatively inde-
pendent of the absolute materials properties being modeled.

The primary cross-sectional shape modeled was circular. 
However, other cross-sectional geometries were also inves-
tigated. Where applicable, geometric symmetry planes were 
utilized to help reduce the number of finite elements in the 
model.

To further simplify model construction and rapidly evalu-
ate different input variables, effective material properties 
were used instead of explicitly modeling the wire geometry 
embedded in the polymer fiber. For example, the effective 
thermal conductivity was defined as

where Ac is the total cross-sectional area of the fiber geom-
etry, Aw the total cross-sectional area of the metal wires, kwire 
the thermal conductivity of the metal wires, kfiber the thermal 
conductivity of the fiber material, and Af the cross-sectional 
area of just the fiber material and can be found from Af = Ac 
− Aw. Effective density and the effective specific heat were 
also calculated in a similar manner. Table 1 lists the material 
properties used in these simulations. It should be noted that 

(1)keff =
Aw

Ac

kwire +
Af

Ac

kfiber,

Fig. 1   a Representative functional fiber geometry with an embedded 
device and two metal conductive wires. b Geometry having symme-
try planes that was discretized into finite elements and the associated 
boundary conditions used in the thermal simulations
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the material properties were assumed to be constant, and we 
did not consider their variations with temperature. Over our 
temperature range of interest, the variations are relatively 
small, and they can be incorporated in future refinements 
of the model.

The fiber length was defined from the center of the 
embedded chip (longitudinal symmetry plane in the model) 
to a free end. The fiber length was assumed to be long 
enough to ensure no heat loss from the free end. This fiber 
length was determined from the theory of heat transfer for 
extended surfaces [33] and given as

where keff is the effective thermal conductivity, Ac the total 
fiber cross-sectional area, h the heat transfer coefficient 
and P the fiber cross section perimeter. For a circular cross 
section with diameter Df, the above expression reduces to: 
L∞ = 1.325 (keff Df/h)1/2.

The boundary condition at the fiber free end was defined 
as adiabatic, meaning that there was no heat flux across that 
boundary. The boundary condition along the perimeter of the 
fiber was defined as a convective heat flux to the surrounding 

(2)L∞ = 2.65

(

keffAc

hP

)
1∕2

,

ambient environment, set by the heat transfer coefficient, h, 
and ambient temperature, Tamb. Power from the chip was 
applied as a volumetric heat source defined as Qo/V, hav-
ing units of W/m3, where Qo is the heat from the chip and 
was one of the input variables in these simulations, and V 
is the volume of the chip. For consistency, the chip volume 
was kept the same in all simulations with dimensions of 
width = 150 µm, length = 300 µm, and thickness = 150 µm.

Simulations were conducted for different fiber diameters, 
different effective thermal conductivities, keff, heat transfer 
coefficients, h, and heat inputs, Qo. The fiber diameters eval-
uated were Df = 250 µm, 500 µm, 1000 µm and 1500 µm, 
which are the range of sizes of fibers that are currently being 
developed for many functional fiber applications. The effec-
tive thermal conductivities were determined from the area 
ratios of copper wire to fiber, defined as Aw/Af. Values of 
0.0, 0.01, 0.1, 0.5 and 1.0 were used. For example, when 
Aw/Af = 0, the entire fiber is all polymer, and keff = 0.2 W/
(m K). When Aw/Af = 1, the entire fiber is all copper, and 
keff = 400 W/(m K).

Thermal Simulation Results

Steady‑State Simulations

An example of the results generated from the steady-state 
simulations is shown in Fig. 2, which shows the temperature 
contours in a 500-µm diameter fiber having an area ratio of 
Aw/Af = 0.01, chip heat of Qo = 10 mW, and h = 5 W/(m2 K). 
For this area ratio, keff = 4.2 W/(m K).

As expected, the maximum temperature was located at 
the cross-sectional plane through the center of the heat 

Table 1   Material properties

Material Density (kg/m3) Thermal con-
ductivity (W/m 
°C)

Specific 
heat (J/kg 
K)

Polycarbonate [32] 1200 0.2 1250
Copper [33] 8960 400 385

Fig. 2   a Temperature contour plot for a 500-µm diameter polycarbonate fiber under the following conditions: Qo = 10 mW, keff = 4.2 W/(m K), 
h = 5 W/(m2 K) and Tamb = 20 °C. Tmax = 82 °C. b Temperature profile along the length of the fiber



1612	 Advanced Fiber Materials (2022) 4:1609–1619

1 3

source. The temperature in the fiber decays from the heat 
source, along the length of the fiber, from Tmax to a Tmin 
value (Fig. 2b), and follows the same temperature distri-
bution derived for extended surfaces having an adiabatic 
free end [33],

where m = 
√

hP

keffAc

 . Equation 3 is valid as long as the heat 
sources are spaced at 2 × L∞, which will be discussed later 
in this section, as well as determining Tmax. The temperature 
profile at any cross section of the fiber was observed to be 
uniform through the thickness of the fiber. The uniform tem-
perature through the fiber cross section indicates that heat 
transfer is dominated by convection to the ambient, and not 
conduction within the fiber. In conduction problems that 
involve surface convection effects, the Biot number, a 
dimensionless parameter, can be used to estimate when the 
condition for uniform temperature distribution exists for a 
functional fiber design. The Biot number is defined by

where Lc is a characteristic length, and for an infinite long 
circular fiber, equal to Df/2. In general, systems with small 
Biot numbers, Bi < 0.1, are simpler to find analytical expres-
sions for the temperature field, since the fields are uniform 
through the body. When Bi > 0.1, a uniform temperature 
profile can no longer be assumed, the temperature distribu-
tion across the fiber will be non-linear, and often can only 
be determined through numerical simulations. For most of 
the functional fiber sizes being evaluated in this paper, the 
Biot values were found to be much less than 0.1 (Bi < < 0.1), 
meaning the temperature profiles through the fiber cross 
section were uniform and dominated by convection at the 
surface. The few exceptions to this were for the fiber sizes 
with Df ≥ 1 mm, h ≥ 50 W/(m2 K) and having keff ≤ 0.2 W/
(m K). For cases when keff > 0.2 W/(m K), the Biot num-
ber was much less than 0.1 for all the fiber sizes and heat 
transfer coefficients evaluated. Having uniform temperature 
profiles through the fiber cross section will be important 
for estimating the temperature rise in the fiber without the 
need for numerical simulation, as will be discussed later in 
this section.

However, even for small Bi numbers, the effective ther-
mal conductivity does have a role in the maximum tem-
perature the fiber will experience. Figure 3 plots ∆Tmax, 
defined as Tmax–Tamb, vs. Aw/Af, for Df = 500 µm, Qo = 10 
mW, and h = 5 W/(m2 K), leading to Bi < < 0.1 for all the 
modeling conditions.

(3)T(x) =
cosh

(

m
(

L∞ − x
))

cosh
(

mL∞
)

[

Tmax − Tamb

]

+ Tamb,

(4)Bi =
hLc

keff
,

The influence of the effective thermal conductivity on 
the maximum temperature that is reached in the fiber can 
be seen by the reduction in ∆Tmax as Aw/Af increases. As 
the results show, a 500-µm diameter fiber that is all poly-
carbonate, Aw/Af = 0 and keff = 0.2 W/(m K), would develop 
temperatures that exceed the melting point of the polycar-
bonate from only 10 mW of heat. However, if the fiber 
included a single copper wire having a diameter of 50 µm, 
leading to Aw/Af = 0.01 and keff = 4.2 W/(m K), ∆Tmax is 
now below the limiting operating temperature for most 
electronics, which is commonly assumed to be 85 °C for 
industrial applications [34].

The results in Fig. 3 refer to a specific set of parameters. 
In practice, it is helpful to have a generalized set of data, 
which can provide guidance under a broad range of experi-
mental conditions. To compare the results for all the other 
fibers sizes, ambient conditions, and material properties 
that were simulated, the results were normalized so that a 
single generalized plot was found that defines the thermal 
response for any arbitrary functional fiber shape. First, 
we define the effective thermal resistance as ∆Tmax/Qo. 
Using this parameter, we can scale the maximum tem-
perature rise at any heat power levels. Next, we define 
the fiber surface area based on the theory of heat transfer 
for extended surfaces [33], as As = P·L∞. By plotting the 
effective thermal resistance of a fiber vs. the fiber surface 
area, As, one obtains near-universal curves independent of 
the fiber diameter or the ratio of conductive wire to fiber. 
The data points represent simulation results for the four 
different fiber sizes and the five different copper wire-to-
fiber area ratios (0, 0.01, 0.1, 0.5 and 1), for h = 5, 50 and 
500 W/(m2 K).

Fig. 3   ∆Tmax vs. Aw/Af, for a 500-µm diameter polycarbonate fiber, 
under the following conditions: Qo = 10 mW, h = 5  W/(m2  K) and 
Tamb = 20 °C
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Figure 4 illustrates the effect on thermal resistance of 
varying h and keff. The results show that even when eve-
rything else is normalized, the parameter h is a powerful 
independent variable. Also shown are “universal” curves 
for three values of h: 5 W/(m2 K), corresponding to stag-
nant air; 50 W/(m2 K), corresponding to stagnant water 
as ambient; and 500 W/(m2 K), corresponding to actively 
cooled air ambient, such as in the presence of a fan. As 
expected from a convection dominated system, the thermal 
resistance is nearly inversely proportional to h.

The “universal” curves are calculated assuming effec-
tive thermal resistance must be equal to thermal resistance 
due to convection. From heat transfer theory, the thermal 
resistance due to convection is given by; Rconv =

1∕hAs
 . 

This is an idealization that assumes the entire length of the 
fiber is at ∆Tmax. However, since there is a temperature 
gradient along the length of the fiber from the heat source 
to the end of the fiber, there is an effect from the resistance 
due to thermal conductivity on maximum temperature in 
the fiber that needs to be accounted for. Based on all the 
simulations that were conducted, adjusting Rconv by a fac-
tor of 1.25 was found to approximately equal the effective 
thermal resistance as determined form the simulation data. 
Figure 4 shows the thermal resistance due to convection 
with the parameter β = 1.25, plotted with the simulation 
results (solid lines). This rationale for a correction factor 
can also be found in other one-dimensional heat transfer 
applications such as extended surfaces.

The results from Fig. 4 also indicate that developing high 
thermal conductivity materials for functional fibers can 
provide thermal management assistance even for a system 
dominated by convection. As Eq. 2 indicates, L∞ gets larger 
for increases in keff, therefore increasing As and thus reduc-
ing the effective thermal resistance, which generally means 
devices can operate at higher heat loads. However, one must 
keep in mind that increasing keff means that the thermal zone 
of influence of the device increases along the fiber, necessi-
tating a longer fiber and spacing between devices. The effect 
of increasing thermal conductivity, either by adding more 
wires to the fiber, or reducing the fiber diameter, or increas-
ing the conductivity of the fiber material, is deduced from 
the impact of changes in keff on As in Fig. 4, in combination 
with Eq. 2.

Additionally, one may consider changing the cross-sec-
tional shape of the fiber to increase its perimeter P while 
keeping the area constant. Since As = P·L∞ and L∞ is depend-
ent on P as the inverse square root, the net effect is a sublin-
ear reduction in thermal resistance. Indeed, Fig. 5 confirms 
that arbitrary-shaped fibers are expected to obey the same 
universal trends as circular fibers. Both a rectangular cross-
sectional shape and a radially finned shape were modeled, 
in addition to the circular fiber geometry. It should be noted 
that because of the thermal draw from a performed fabrica-
tion process, nearly any arbitrary cross-sectional shape can 
be potentially drawn into a fiber as long as the shape can be 
made in a larger preform. While circular and rectangular 

Fig. 4   Effective thermal resistance, ∆Tmax/Qo vs. the fiber surface 
area, As for different values of heat transfer coefficients, h. As is 
defined as the perimeter of the fiber, P, times L∞. The data points are 
results from numerical simulations. The solid lines represent the fiber 
thermal resistance determined from convection, including a correc-
tion factor β = 1.25 due to thermal conductivity effects

Fig. 5   Effective thermal resistance, ∆Tmax/Qo vs. the fiber surface 
area, As for different fiber cross sections for h = 5  W/(m2  K). Data 
points are from numerical simulations. The solid lines represent the 
fiber thermal resistance determined from convection. The arbitrary 
shape in this plot was a radially finned shape consisted of circular 
center having a diameter of 0.5 mm and each fin width = 0.1 mm and 
fin height = 0.5 mm
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fiber cross sections are the most common, more exotic 
shapes are achievable, like the radially finned shape that 
was chosen here to illustrate that regardless of shape, heat 
transfer in these systems are convection dominated.

Furthermore, the spacing between discrete devices can 
greatly influence the temperature in the fiber. The value of 
L∞ defines the minimal separation between discrete devices 
required for negligible thermal cross talk between such 
devices. For instance, for keff = 4 W/(m K), h = 5 W/(m2 K), 
which is a typical value used for stagnant air, and Df = 500 
μm, the minimal device separation should be ~ 5 cm, which 
is 2 × L∞. Although 2 × L∞ defines the minimal distance for 
devices to be spaced for the lowest operating temperatures to 
be reached, discrete devices can be spaced at higher densities 
depending on the operating conditions. To evaluate the effect 
of device density, steady-state simulations were performed 
where heat sources were spaced at locations < 2 × L∞. Fig-
ure 6 plots ∆Tmax normalized by the maximum temperature 
for a device spaced at 2 × L∞ vs. the distance between devices 
normalized by 2 × L∞ for different values of keff for a fiber 
system of Df = 500 μ m, h = 5 W/(m2 K), and Qo = 10 mW.

The trends in results in Fig. 6 were typical for other fiber 
systems simulated. The results indicate that as the spacing 
between devices gets closer, the maximum temperature in 
the fiber increases for a constant set of operating conditions. 
A more than threefold increase in the maximum temperature 
can result when devices are spaced at ≤ 10% of 2 × L∞. How-
ever, depending on the operating conditions and the temper-
ature limits are for a specific application, it will be practical 
to have devices spaced at distances < < 2 × L∞, especially in 
systems with high thermal conductivity.

Based on the steady-state thermal modeling analysis 
results, and the “universal” trends observed, the maximum 
temperature rise in a functional fiber that has heat generating 
embedded electronic devices, regardless of cross-sectional 
shape, can be analytically predicted. For functional fiber sys-
tems having Bi < 0.1, the maximum expected temperature 
can be estimated from,

where β = 1.25 for the fiber sizes, and conditions evaluated 
in this modeling work. For functional fibers operating in 
stagnant air, As is commonly in the range 25–100 mm2 and 
therefore the effective thermal resistance is ~ 2 to 10 °C/mW. 
Assuming Tamb = 20 °C and maximum operating temperature 
of 85 °C, i.e., ∆Tmax = 65 °C, the allowable heat generation 
for steady-state operation of the embedded device is ~ 5 to 30 
mW. These values bound the operating range of embedded 
devices and provide guidance to the limitations of various 
envisioned applications of functional fibers.

Experimental Measurements

To validate both the numerical simulations and the analyti-
cal model derived from the simulations, temperature data 
were collected from a 1-mm diameter polycarbonate fiber 
having embedded LED’s (CREE, C527UT170-S0400-31) 
spaced approximately every 50 mm apart. The functional 
fiber was fabricated in the DFDC using a thermal draw 
from a preform process. The LEDs in the fiber were elec-
trically contacted by two 100-µm diameter copper wires. 
Temperature was collected using an FLIR camera for dif-
ferent LED operating conditions in a laboratory setting 
(Tamb = 25 °C, stagnant air). Figure 7a shows a visible 
image of the fiber and a single LED, and Fig. 7b shows 
the resulting IR camera image of the LED operating at 
4 mA (dissipated power, Qo = 12 mW). Two toothpicks 
were placed over the fiber, 20 mm apart to act as a distance 
reference in the thermal image.

Equations 1, 2 and 5 were used to estimate the maximum 
temperature in the fiber based on the known fiber geometry 
inputs, dissipated power at different LED operating condi-
tions, and the ambient conditions. The only unknown in this 
analysis is the value of the average heat transfer coefficient, 
h, to be used in Eqs. 2 and 5. Since the fiber was operating 
in a controlled laboratory setting, values of h = 5, 10 and 
20 W/(m2 K) were used in the calculations to bound the 
stagnant air flow convection range and see the effect on the 
calculated maximum temperature over that range. Figure 8a 
shows the measured maximum temperature in the fiber as a 
function of dissipated LED power (Qo), and the estimated 

(5)Tmax = Qo

(

�

hAs

)

+ Tamb,

Fig. 6   ∆Tmax normalized by the maximum ∆Tmax for a device spac-
ing of 2 × L∞ vs. the distance between devices normalized by 2 × L∞ 
for different values of keff for a fiber system of Df = 500 μm, h = 5 W/
(m2 K), and Qo = 10 mW
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maximum temperature based on Eq. 5, under steady-state 
operation. Figure 8b lists the known and calculated param-
eters for h = 10 W/(m2 K), and Fig. 8c lists the actual meas-
ured maximum temperature and calculated maximum tem-
perature using Eq. 5 for h = 10 W/(m2 K).

As the results show, Eq. 5 can accurately estimate the 
maximum temperature in the fiber resulting from an embed-
ded heat source, confirming that in these fiber systems for 
Bi < 0.1, heat transfer is convection dominated. If the model 
input parameters, especially the heat transfer coefficient are 
well understood, the absolute maximum temperature in the 
fiber can be predicted with great accuracy. However, if the 
input parameters are not fully known, the problem space 
can be easily bound with this analytical approach helping to 
make design decisions.

Transient Simulations

Many electronic devices, especially MOEM devices operate 
with chip power pulsed at various duty cycles, often with 
high peak powers, relative to average operating powers. To 
understand what effect this type of temporal operation has 
on the maximum expected temperatures in functional fibers, 
transient numerical simulations were performed. The same 
modeling boundary conditions and effective material proper-
ties that were used in the steady-state simulations were also 
used in the transient simulations, except that chip power was 
applied as a function of time.

The transient simulations were done in two study steps 
within the same simulation. The first study was a steady-
state analysis to find the temperature profile in the fiber for 
an average chip power that is constantly on. In the second 
study step, the temperatures from the steady-state analy-
sis were then used as the initial conditions. The average 

Fig. 7   a 1-mm diameter polycarbonate fiber with embedded LED 
contacted by two 100-µm diameter copper wires. One wire is above 
the LED the other is below the LED. Image courtesy of the Defense 
Fabric Discovery Center at MIT Lincoln Laboratory. b Thermal 
image collected from IR camera for the LED operating at 4 mA (12 
mW dissipated power)

Fig. 8   a Maximum temperature reached in the 1-mm diameter poly-
carbonate fiber vs. LED power. Data points are measured values and 
solid lines are calculated. b Table of known and calculated parame-

ters using h = 10 W/(m2 K). c Table of measured maximum tempera-
ture in the fiber and calculated maximum temperature from Eq. 5
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operating power used in all the transient simulations was 
set at: Qavg = 10 mW. The peak power of the chip, Qp, was 
applied as a step function for a pulse time, ton, and duty 
cycle. The duty cycle and peak power were chosen so that 
average power equals 10 mW.

Three different duty cycles were evaluated: 1%, 10% and 
20% duty cycle. For each duty cycle, three different pulse 
times were simulated: 1 ms, 100 ms, and 1000 ms. For 
example, a 10% duty cycle translates to a peak power of 
Qp = 100 mW, and if ton = 100 ms, then the total time for a 
single pulse cycle (power on and power off) is 1000 ms. The 
simulations were run long enough to have at least 4-pulse 
cycles simulated. Just as was done in the steady-state analy-
sis, a matrix of simulations was conducted for different fiber 
diameters, and different effective thermal conductivities, keff. 
The fiber diameters evaluated were Df = 250 µm, 500 µm, 
1000 µm and 1500 µm. The effective thermal conductivities 
and the other required material properties for transient simu-
lation, i.e., density and specific heat, were determined from 
the area ratios of copper wire to fiber, defined as Aw/Af. Area 
ratio values of 0.0, 0.01, 0.1, 0.5 and 1.0 were used in the 
simulations. Additionally, the ambient conditions assumed 
for all the transient simulations were h = 5 W/(m2 K) and 
Tamb = 20 °C, unless noted.

An example of the typical results that are generated from 
a transient simulation are shown in Fig. 9, which plots ∆Tmax 
vs. time for a 500-µm diameter fiber having an area ratio of 
Aw/Af = 0.01, for two different peak powers and duty cycles. 
Results are for a peak power, Qp, of 100 mW, applied for 
100 ms at a 10% duty cycle and for Qp = 50 mW applied for 
100 ms at 20% duty cycle.

For pulsed operation where the peak power is greater than 
the average power, the temperature rises above the steady-
state average power temperature if the power is pulsed on. 
The rise in temperature above steady-state is defined as ∆T1. 
Once the power pulse is turned off, the temperature decays, 
dropping below the steady-state temperature if the off time 
is long enough. As can be seen in Fig. 9, the maximum 
temperature as a function of time will oscillate consistently 
about a steady-state temperature when the peak power, pulse 
time, and duty cycle are set so that it equals the average 
operating power. If the peak power was left on indefinitely, 
the temperature would continue to rise until reaching a new 
steady-state value for that power level. Using Eq. 5, the 
new maximum steady-state temperature can be estimated. 
For the set of input conditions in Fig. 9, ∆Tmax = 600 °C for 
Qp = 100 mW, and ∆Tmax = 290 °C for Qp = 50 mW. Clearly, 
these temperature values are unrealistic, since the melting 
temperature of the fiber, ~ 150 °C for polycarbonate, would 
have been reached for both these heating conditions. How-
ever, as the results show in Fig. 9, the rise above steady-state 
∆T1 ≅ 10 °C for Qp = 50 mW and ∆T1 ≅ 25 °C for Qp = 100 
mW, indicates that in pulsed operation, very high peak 

powers can be acceptable, and maximum temperatures lim-
ited, if the peak power is pulsed at the proper duty cycle and 
pulse time.

Predicting the maximum allowable peak power and pulse 
time without the need of transient thermal modeling was 
found to be challenging. Analytical solutions for the general 
heat equation having a point heat source as a function of 
time, which is the case for a functional fiber having discrete 
heat sources, exist for only specific input parameters, and not 
for a set of general conditions. Similarly, evaluating param-
eters such as the thermal capacitance, or the thermal time 
constant, did not provide any general predictive behavior for 
a broad range of fiber designs. The same was found by try-
ing to develop an analytical model based on curve fitting the 
resulting temperature rise as a function of time for a given 
transient simulation result. These models would only be 
valid for that particular set of fiber inputs and heating condi-
tions, and did not extend to different input conditions. After 
evaluating the matrix of transient simulations performed in 
this study, several relationships were observed. First, the 
maximum temperature rise was found to be a strong function 
of the peak power, Qp, the time the power was on, and the 
effective material properties, namely, thermal conductivity 
and specific heat. Second, the rise in temperature followed 
a specific power input, pulse time, and thermal capacitance. 
Each power had its own unique ∆Tmax vs. t curve. Third, the 
ambient environment, unlike for steady-state conditions, had 
little effect on what the temperature increase would be for 
short pulse times (ton < < thermal time constant). Finally, as 
the effective specific heat decreased, meaning the effective 

Fig. 9   ∆Tmax vs. time for a 500-µm diameter fiber having an area ratio 
of Aw/Af = 0.1, i.e., keff = 4.2 W/(m K), for two different peak powers 
pulsed at different duty cycles, having ambient conditions of h = 5 W/
(m2 K) and Tamb = 20 °C. The dashed line (red dashed line) represents 
the maximum steady-state temperature, ∆Tss, from the average power 
of Qavg = 10 mW
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thermal conductivity increased, there was a decrease in 
∆Tmax for a given power and pulse time. These observations 
are captured in Fig. 10, which plots the delta temperature 

rise above the maximum steady-state temperature as a func-
tion of keff for different transient simulation case studies.

Based on these observations from the transient simula-
tions, we developed a set of criteria to be used to help predict 
what effect high peak chip powers pulsed at various duty 
cycles would have. The criteria developed and the associ-
ated recommendations are presented in Table 2. It should 
be noted, that prior to a transient peak power evaluation, 
the maximum temperature from steady-state average power 
operation first needs to be evaluated for the fiber system.

Conclusions

The goal of this work was to understand the thermal behav-
ior in functional fibers having embedded discrete electronic 
elements that produce heat. We conducted detailed numeri-
cal thermal analyses for a single functional fiber geometry 
that had a single heat source, and expanded it to multiple 
devices in a single fiber. Different fiber materials, which 
were modeled by varying the effective thermal conductivity 
of the fiber, as well as arbitrary fiber shapes were evaluated 
under different heating loads and ambient environments. The 
simulation results showed that for steady-state heating appli-
cations, the expected temperature rise follows predictive 
curves making numerical modeling unnecessary for a class 
of problems. For fiber geometries and operating conditions 
that produce Biot numbers, Bi < 0.1, the temperature distri-
bution through the thickness of the fiber was observed to be 
uniform. The key implication of this is that heat transfer is 
dominated by convection to the ambient, and not conduc-
tion within the fiber, meaning the maximum temperature can 
be analytically determined from just the convective thermal 
resistance as shown in Eq. 5. Unless the operating ambient 
environment is well known, using values for the convec-
tive coefficient for stagnant air (2–20 W/(m2 K)) will yield 
conservative results. For Bi > > 0.1, a non-uniform tempera-
ture profile through the fiber cross section will develop. For 
these conditions, numerical modeling may be necessary to 
accurately determine the temperature rise, especially near 
the heat source.

Fig. 10   ∆Tmax above the maximum steady-state temperature vs. area 
ratio Aw/Af for different power, pulse times, and ambient conditions. a 
Results for a fiber diameter of 250-µm. b Results for a fiber diameter 
of 500 µm

Table 2   Transient modeling criteria and recommendations

Criteria Recommendation

Peak power ≤ 100 mW, and
Peak power pulse time (ton) < 1000 ms, and
keff ≥ 40 W/(m K), and Dfiber ≥ 250 µm

No transient simulation required
Small temperature rise above steady-state temperature
Safe operating conditions for device and fiber system

Peak power > 100 mW, and
Any peak power pulse time (ton), and
keff ≤ 40 W/(m K), and Dfiber ≤ 500 µm

Operating conditions damaging to device or fiber system or both
Large temperature rise above steady-state temperature expected
Device operation at these conditions not practical

All other conditions not captured in criteria 1 and criteria 2 Transient simulation recommended to confirm safe operation of 
device and fiber system
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In the case of transient thermal simulations, pulsing the 
power of the heat source at different duty cycles was evalu-
ated. A key take-away was that the maximum temperatures in 
pulse power operation are always greater than the maximum 
temperature of the equivalent steady-state average power. 
Additionally, if the peak power was pulsed at a time and duty 
cycle that equals the equivalent average operating power, then 
the maximum temperature will oscillate consistently about 
the average steady-state temperature. The transient simula-
tion results also indicated that in pulsed operation, very high 
peak powers can be acceptable, and maximum temperatures 
limited, if the peak power is pulsed at the proper duty cycle 
and pulse time. Analytically determining the maximum 
temperature rise above the average steady-state temperature 
without complex numerical modeling proved challenging. 
However, based on the transient simulations carried out in 
this study, a set of design criteria was developed to assist in 
predicting whether operating at a particular peak power and 
duty cycle was acceptable for that fiber system, or if complex 
thermal simulations would be required.
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