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Abstract
Microfluidic actuators based on thermally-induced actuation are gaining intense attraction due
to their usage in disease diagnosis and drug release-related devices. These devices use a
thermally-expandable polymer called Expancel that expands once its temperature exceeds a
particular threshold value. Achieving such devices that are cost-effective and consume low input
power is crucial for attaining efficacy. Therefore, the need for a low-energy consuming actuator
necessitates the improved configurations of microheaters that provide the required heat. We
report a novel topology of a copper-based microheater called square-wave meander, exhibiting a
44% higher output temperature, showing high actuation efficiency, as compared to the
conventionally used meander design. The reason for increased temperature with low input
energy is attributed to increased resistance by a jagged structure while maintaining the same
surface area, i.e. without changing the effective thickness of the microheater. Numerical
modeling demonstrates the comparison of temperature and electric potential contours for
reported and conventionally used microheaters. We reveal the merit of the reported design by
comparing the volumetric thermal strains for both designs. We experimentally demonstrate the
increased expansion of 25% for the reported design at the same applied current of 200 mA and
faster operation time. Later, we show the microfluidic actuator device integrated into the
microheater and poly-dimethylsiloxane-Expancel, controlling the operation/actuation of a fluid
through a microchannel. This work might improve the performance of the advanced
microfluidic-based drug release and other fluid-based applications.

Supplementary material for this article is available online

Keywords: microheater, thermal expansion, microfluidic actuator, FEM analysis, microchannel

(Some figures may appear in colour only in the online journal)

3 Equal contribution.
∗

Authors to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1361-6439/23/035001+10$33.00 Printed in the UK 1 © 2023 Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6439/acb4a3
https://orcid.org/0000-0001-7417-9857
https://orcid.org/0000-0001-6730-4330
https://orcid.org/0000-0001-7640-0105
https://orcid.org/0000-0002-2296-2003
https://orcid.org/0000-0003-3279-0441
mailto:nadeem.qaiser@kaust.edu.sa
mailto:nazek.elatab@kaust.edu.sa
mailto:mmhece@purdue.edu
mailto:muhammad.hussain@kaust.edu.sa
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6439/acb4a3&domain=pdf&date_stamp=2023-2-1
http://doi.org/10.1088/1361-6439/acb4a3
https://creativecommons.org/licenses/by/4.0/


J. Micromech. Microeng. 33 (2023) 035001 N Qaiser et al

1. Introduction

In the area of personalized medicine, one of the major
fields consists of the precise, fast, and cost-effective dia-
gnosis of innumerable health problems. These diagnostic tech-
niques base on numerous state-of-the-art technologies, includ-
ing microfluidic systems. Such investigations mainly use the
micro/nanoscale sample in the form of the fluids exerting pres-
sure on them [1]. To analyze samples, flow control elements
such as valves [2], mixers [3], and pumps [4] are gaining wide-
spread attraction. For instance, microfluidic systems using
micro-valve, micro-pump, and micro-injector, were used in
protein/genomic analysis and bio-cells sorting devices [5–11].
Another compelling use of similar microfluidic systems is
the controlled drug-delivery system that utilizes the micro-
reservoir methods. The drug is temporarily stored in these
reservoirs and then released to the desired locations, either
in-vitro or otherwise, at a controlled rate [12–14]. These drugs
can potentially cure ocular diseases and treat cancer cells etc.
Generally speaking, these devices operate in a passive mode,
i.e. the drug is released at a pre-planned rate and is usually
irreversible [15]. Therefore, to acquire efficient and smooth
operation, it is essential to comprehend the design, working
mechanism, and physical significance of these devices.

The working mechanism of these devices depends on how
we actuate or control the stream of the fluid, which will
then be analyzed in the integrated device. One of the tech-
niques to control the movement of fluid is to use thermal
energy, i.e. devices operating on thermally-induced actu-
ation by using various thermal-responsive polymers. A micro-
injector using the thermally-expandable polymer was repor-
ted by Samel et al [16]. Likewise, previous studies have
shown the usage of numerous polymer-based actuators that
adopt thermally-induced actuation for drug delivery systems
[17–22]. The benefits of thermal actuators include controlling
the required expansion digitally, i.e. via a phone app, since
they are operated by the amount of electrical energy, no
additional mechanical components, and high efficiency due
to the absence of friction effects. Although dielectric elast-
omer actuators may provide the actuation, the amount of
actuation is limited to the intrinsic material properties of the
dielectric material. In contrast, the performance of thermal
actuators can be fine-tuned by improving the layouts of the
heater.

For such thermally-induced actuation systems, the main
components include the poly-dimethylsiloxane (PDMS), a
thermally expandable polymer called Expancel, a heat source,
and a microfluidic channel-reservoir system. High flexibility,
permeability to oxygen, and easiness of operation of PDMS
make it a suitable material for biological and various micro-
fluidic systems [23–29]. Next, the Expancel is composed of
micro-sized spherical particles, which expand up to 40-fold
of their original volume when heated at a particular temper-
ature. The required temperature for the PDMS-Expancel is
provided by using the microheater that could be digitally con-
trolled to regulate the sample of bio-cell or release the drug.

Expancel is cost-effective and provides the same expansion at
a particular constant temperature, i.e. repeatable. Moreover,
the expansion ratio can be controlled by changing the pro-
portions of the PDMS/curing agent/Expancel. Various geo-
metrical designs such as meander, spiral, fan, and others,
have been reported that provide the heat using the Joule’s
effect [30–32]. Regardless of the application of Expancel-
based microfluidic systems, the design of a microheater for
low input power actuation is crucial for efficient operation.
Nevertheless, there are a few studies that reveal the role of
the topology of the microheater on the performance of the
microfluidic actuator. Therefore, there is room to layout an
improved design of a microheater that provides the set tem-
perature consuming low input power for a microfluidic actu-
ator. Another important factor that needs to be considered is
associated fabrication cost of these microheaters-based applic-
ations. Fan has reported a detailed analysis of the costs of
similar systems [33]. The examples of advanced methods that
potentially could lead to lower cost are casting/molding, addit-
ive manufacturing, and Laser ablation. However, the concern
would be how much accuracy or resolution of these micro
sized samples we can achieve. Therefore, there is a need
to use low cost and simple design-based devices that would
essentially would not cost insignificant cost to the whole
system.

Here, we report a novel topology of a meander-shaped
microheater, which provides a high output temperature by con-
suming the low input power as compared to the convention-
ally used straight-meander counterpart. The reported design
consists of a jagged topology or structure called the square-
wave meander that offers high resistance to the flow of elec-
trons resulting in a high temperature. We first compare the
performance of the conventionally used straight and our pro-
posed wave-square meander microheaters by using numer-
ical modeling. We then fabricate the microheaters using cop-
per (Cu) on the polyimide (PI) substrate and demonstrate
their working experimentally. Results show that a square-wave
meander microheater induces high temperature (i.e. 101 ◦C)
as compared to a straight meander (i.e. 70 ◦C) at the onset
of the same applied current of 200 mA. In other words, it
enables the boost of heating, up to 44%, or an increase in
corresponding actuation efficiency. Our reported design also
shows faster operation time. Then, we fabricate a microfluidic
actuator containing the components, i.e. the microchannel of
Poly(methyl methacrylate) (PMMA) and PDMS-Expancel on
the top of the microheater. The PDMS-Expancel provides
mechanical displacement to actuate or dispense the fluid from
the reservoir to the outlet of the microchannel. The expan-
sion profile of PDMS-Expancel shows that the square-wave
microheater results in a 25% higher volumetric expansion as
compared to the counterpart for the same amount of input
current. The reason for this enhanced volumetric expansion
was corroborated by numerical results. Our reported actuat-
ing device may potentially be used as a low power-consuming
component of the drug-release units and other fluid-based
applications.
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Figure 1. The straight and square-wave meander geometries of the microheater. (a) and (b) Schematic diagram of straight and square-wave
meander microheater (T: Terminal, G: Ground.). (c) and (d) SEM images of both microheaters with associated parameters, which reveal the
topology of square-waves throughout the microheater coil. The size of the square is 10 × 10 µm.

2. Results and discussions

Generally speaking, heat is generated in a given material by
the resistance to the flow of electrons when subject to elec-
tric current. Our proposed square-wave design converts a
straight line of the conventional meander-shaped microheater
into a jagged structure so that more resistance is offered to
the flow of electrons/current while preserving the covered
surface area. The name of the square-wave meander depicts
that it has square shapes along its boundary. Although res-
istance could alternatively be increased by decreasing the
thickness of a given microheater. Usually, from the perspect-
ive of the manufacturing’s feasibility, getting the minimal
thickness of these structures is one of the constraints. For
instance, the current manufacturing strategies of Cu are not
likely to further reduce the thickness. Therefore, to improve
resistance and output temperature with low-energy input, bey-
ond that point, the reported method can be used. The repor-
ted method raises the resistance of the conventional meander
structure without changing its thickness. The schematics of
conventionally used straight meander and jagged structure-
based square-wave meander are shown in figures 1(a) and
(b), respectively. The enlarged designs for both cases, along
with their parameters, are shown in figures 1(c) and (d). The
thickness (t), height (h), and width (w) of square-wave are
10 µm, 730 µm, and 600 µm, respectively, as shown in
figure 1.

Theoretically speaking, a given material could experi-
ence the temperature gradients, governed by the following
equation (1):

Q= ρCp
∂T
∂t

−∆.(k.∆T) (1)

Here, ρ, Cp, T, k, and Q are density (Kg m−3), heat capacity
(J K−1), temperature (K), thermal conductance (W m.K−1),
and heat source (J).

When an electric potential (V) is prescribed, resistive heat-
ing dictated by Joule’s heating raises the temperature. Then,
the generated heat follows the relation, given by equation (2):

Q= φ|∇V|2 (2)

whereas theφ represents the electrical conductivity (Sm−1) of
the material, which can be related to the resistance (R in ohm))
by using φ= 1

R . Also, we can relate the power consumed
(P in watt) for a constant applied current (I) in ampere using
the equation (3):

P= I2R (3)

Or for a constant applied potential, power consumed can be
found by using equation (4):

P=
V2

R
(4)

Next, as the material under temperature gradients will exper-
ience thermal stress and strain, coupled thermal and elastic
stress fields are used, as given by the following equations (5)
and (6):
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Figure 2. The fabrication process of the microheater and a thermal microfluidic actuator. (a) Sputtering of 100 nm Au, after spinning and
curing of Polyimide (PI) of 10 µm on Silicon (Si) substrate. (b) Patterning of microheater by lithography and developing the photoresist
(PR), (c) electroplating of copper of 4 µm using the input current of 0.105 A for 40 min, (d) removing the PR, (e) RIE etching of Au, and
(f) manually peeling-off the PI from Si wafer. The integration of microfluidic devices on the microheater. (g) Spinning the PDMS-Expancel
mixture, (h) fully assembled device with peeled PDMS from PMMA mold, microchannel integrated on the microheater, and (i) exploded
view showing the full device with PMMA mold.

εij =
1
2
(µi,j+µj,i) , i, j= x, y, z (5)

εij =
1
E
[(1+ϑ)σij − (ϑI1 −Eα∆T)δij] , i, j= x, y, z (6)

Whereas, εij, µi,j, E, ϑ, I1, α, ∆T, and δij are strain, dis-
placement (m), Young’s modulus (GPa), Poisson’s ratio, stress
invariant, coefficient of thermal expansion (m/m.K), temper-
ature change, and Kronecker delta, respectively. The stress
invariant is defined as I1 = (σxx+σyy+ σzz).

We fabricate both of the Cu-based microheater designs on
a PI sheet of 10 µm thickness. Figure 2 describes the fab-
rication process of the Cu microheater, the integration pro-
cess of the PDMS with the reservoir, microchannel, and a
fluid outlet, and the thermally expandable polymer (PDMS-
Expancel) based microfluidic actuator. The detailed assembly
process, i.e. the peeling process of PDMS, from the PMMA
mold, containing the reservoir, microchannel, and fluidic out-
let, and the assembly of the fully integrated actuator is shown
in figure S1, video SMovie 1, and SMovie 2, in the sup-
plementary information. This work will first demonstrate the
benefits of the proposed design of a square-wave meander
as compared to a conventionally used straight meander and
then will employ the microheater for a practical actuating

device, i.e. a microfluidic actuator. The detailed fabrica-
tion process from a microheater to a fully functional micro-
fluidic actuator is described in the experimental details of the
work.

To understand the response of the Cu-based microheater
placed on top of the PI substrate, we numerically model both
of the designs by using COMSOL™. The geometry of the
structure and arrangement of materials is shown in figure
S2(a) of supplementary information. The material properties
of the Cu and PI are shown in table 1. For numerical calcu-
lations, the prescribed current on the terminal (T) was taken
from 25 mA to 200 mA. The electric potential gradients of
straight and square-wave meander microheaters are shown in
figures S2(b) and (c) of supplementary information, respect-
ively. Ohm’s law dictates that electric potential changes lin-
early to the applied current, as shown in figure 3(a). However,
the magnitude of electric potential is higher for square-wave
since it offers high resistance. The basic governing equations,
as well as the results in figure 3(a), exhibit that the output tem-
perature of the square-wave meander microheater is expec-
ted to be higher as compared to the straight meander micro-
heater. We map the output temperatures during the testing of
fabricated samples and compare the experimental results with
numerical calculations. Figure 3(b) reveals the experimental
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Table 1. Material properties of Cu and PI.

Material Size (h, w, t)-mm
Thermal conductivity-
(W/m. K)

Young’s
modulus-GPa Poisson’s ratio Density-Kg m−3

PI 50 × 40 × 0.01 0.12 3.1 0.34 1300
Cu 0.73 × 0.6 × 0.04 401 120 0.34 8960

Figure 3. Comparison of experiments and numerical calculations for straight and square-wave meander microheaters. (a) Numerical
calculations of potential gradients, (b) numerical and experimental results of temperature contours showing that results matched very well to
each other. Numerical calculations are showing the (c, d) maximum von Mises stress and volumetric strains for both designs.

temperature as a function of applied current and shows a
good match with finite element methods (FEM) calculations.
As expected, the temperature of the square-wave meander
microheater is higher as compared to the straight meander
counterpart.

Now, for a given material, the temperature gradients pro-
duce the thermal strain and stress as provided by equations (5)
and (6). It is worthy of mentioning that understanding of
evolved thermal strains is crucial since we would place
Expancel on top of the microheater and then employ the
expansion of Expancel to actuate the microfluid, the details
of which are discussed in the following sections. It is logical
to state that mapping the real-time stress and strain in the
Cu microheater by using experimental techniques would be

difficult. Nevertheless, as experimental findings of temperat-
ure and potential gradients are well-matched with numerical
calculations, we utilize the FEM modeling to calculate the
von Mises stress (σ) and volumetric strain (εvol) in the micro-
heater. Figures 3(c) and (d) show the evolution of maximum
von Mises stress (σmax) and εvol as a function of applied
current. Figures S3(a) and (c) of supplementary information
demonstrates evolved strains, i.e. the amount of thermal strain
(εth) and εvol in the straight meander microheater, and figures
S3(b) and (d) for square-wave meander microheater at the
identical boundary conditions i.e. at the same amount of input
current and thickness. As expected, the magnitude of the
evolved strains for the square-wave is high due to the increased
temperature. For reported devices, this might enhance the

5
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Figure 4. Evolution of temperature by FEM modeling and experiments for straight and square-wave meander microheaters. At the onset of
the applied current of 200 mA, FEM results showing (a) and (b) temperature contours for straight and square-wave microheater.
Experimental validation by thermal IR camera, at the same boundary conditions showing the (c) and (d) 2D contours and (e) and (f) 3D
contours of thermal gradients. Results show that for the identical areal coverage and prescribed boundary conditions, square-wave design
produces a high temperature, i.e. 101 ◦C as compared to 70 ◦C for the straight meander.

performance by providing a large expansion to the PDMS-
Expancel layer that, in turn, improves the actuation of the
microfluid for low power input. In other words, a square-
wave microheater-based microfluidic actuator will provide
high work output for the same amount of input energy
as compared to the conventionally used straight meander
counterpart.

Next, we demonstrate the details of the temperature con-
tours at a constant applied current. Figure 4 describes the
results of temperature evolution by experimental and numer-
ical calculations for both of the designs at a constant current
of 200 mA. Figures 4(a) and (b) demonstrate the tem-
perature contours by using numerical calculations. The 2D
and 3D temperature gradients by experiments are shown in
figures 4(c)–(f), respectively. Experimental results corroborate
with FEM calculations showing that square-wave microheater

yields high output temperature gradients for identical bound-
ary conditions, i.e. same geometrical shape, parameters, and
applied current. For instance, the maximum temperature for
the square-wave structure is 101 ◦C as compared to 70 ◦C of a
straight mender microheater, i.e. 44% higher for the compar-
able amount of input current. The reason for this increment is
attributed to the high resistance offered by the jagged topology
of the square-wave meander.

Figure 5 reveals the 3D stress and εvol contours for both of
the microheaters by using the FEM calculations. As expected,
the results show that the PI substrate does experience insig-
nificant mechanical stress/strains; however, when compared,
square-wave meander attains relatively high magnitudes of
stress/strain. Moreover, mapping of volumetric strains for the
same proves that a square-wave microheater will experience
high tensile strain, and thus the polymer is expected to produce
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Figure 5. FEM modeling showing the 3D stress and strain contours at the onset of 200 mA. (a) and (b) 3D stress contours (MPa) for
straight and square-wave meander microheater showing the higher stress for square-wave since it experiences high temperature as compared
to a straight one. (c) and (d) Mapping of volumetric strain for the same proving that square-wave microheater will experience high tensile
strain, and thus the polymer is expected to produce high expansion.

high expansion. The evolution of 3D contours is shown in vide
SMovie 3 of the supplementary information.

Now, moving forward, we take advantage of the reported
jagged structure and essentially build a microfluidic actuator.
The details of fabrication were given in experimental methods
(shown in figure S1). We first configure the expansion profile
of the PDMS-Expancel polymer and validate that amount of
its physical expansion is high once placed at the top of the
square-wave meander microheater. Figure 6(a) shows the ini-
tial state of the device that includes the PI/Cu/PDMS-Expancel
structure. We then prescribe the current up to 200 mA and
compare their expansion profile to reveal the merit of the
reported design for the microfluidic actuator. Figures 6(b) and
(c) reveal the expansion profiles of the PDMS-Expancel for
straight and square-wave meander microheater-based devices,
respectively. The time required to reach the final expan-
sion, for the same input current, is called operation time
and is one of the important features to consider for the
stated device. Figure S4(a) and (b) exhibit that the repor-
ted design shows three times faster operation time. The
reason is that for a conventional heater, the polymer takes
a longer time to reach the threshold of getting the notice-
able expansion, as shown SMovie 4. In contrast, the max-
imum attained temperature for square-wave swells the poly-
mer in a shorter time due to higher values of temperature,
shown in SMovie 5. The details of the expansion profile are

shown in SMovie 6 of the supplementary information. Inter-
estingly, the expansion of PDMS-Expancel for square-wave is
found to be large (10.5 mm) as compared to straight meander-
based microheater (8 mm), showing a significant increase
of 25%.

Lastly, we fabricate the fully-integrated actuator;
figure 6(d) shows the optical image of the fluid reser-
voir, microchannel, and outlet. Figure 6(e) shows the fully
integrated actuator utilizing the reported square-wave micro-
heater in the stated device. The working of a microfluidic
actuator is shown in figure 6(f), indicating that the fluid
was transported from the reservoir to the outlet promptly
once the PDMS-Expancel expands and provides the required
momentum to the microfluid. It is worth mentioning that due
to non-linear relations, the expansion is slow at the start and
becomes profound after reaching a certain temperature, there-
fore, 44% higher heating caused only 25% expansion. As our
device aims for a one-time actuator/switch that would operate
at a certain temperature, the stated fact would not affect the
working of the microfluidic actuator. Our results suggest that
the reported device offers a sufficient amount of actuation or
controls/regulates the flow of fluid by consuming low input
energy. For instance, for a specific period of battery-power
input, our design provides increased heat in a given area.
These sorts of devices are key components for drug-release
and microfluid actuator-based units, and our design provides
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Figure 6. Expansion profile of PDMS-Expancel polymer and working of the microfluidic actuator. (a) Initial state, i.e. showing no
expansion in the polymer, (b) and (c) after applying the current of 200 mA. Results show that the expansion of polymer is higher when using
a square-wave microheater showing the higher output/performance for the same consumption of current. Working of the microfluidic
actuator based on integrated PDMS-Expancel polymer. (d) Optical image of a microchannel and fluid reservoir. (e) Top view of the fully
integrated microfluidic actuator and (f) fluid control by actuation provided by expansion of PDMS-Expancel. The fluid was successfully
released from a reservoir to the outlet passing through the microchannel. Scale bar = 500 µm.

an efficient way to get high performance by using low power
consumption.

3. Conclusions and summary

In summary, we conduct numerical modeling and experiments
to show the merits of the jagged topology of the square-wave
meander microheater as compared to conventionally used
microheater. We compare the expansion of PDMS/thermally-
expandable polymer (PDMS-Expancel) for both cases and
demonstrate the application in an efficient microfluidic actu-
ator with a reported microheater. These results conclude that
improving the microheater design while retaining a similar

shape and covered area enables the enhancement of heating
up to 44%, i.e. an increase in actuation efficiency. Numer-
ical calculations reveal the comparison of thermal stress and
volumetric strain of both designs. Next, when we place the
PDMS-Expancel layer on top of the square-wave microheater.
We test and compared their volumetric expansion. Results
show that the reported topology offers a 25% higher volumet-
ric expansion, and three times faster operation time, in contrast
to conventionally used microheaters. We also show the applic-
ation of reported topology in a microfluidic actuator that can
control or regulate the flow of a fluid in a microchannel. The
proposed square-wave microheater, along with a microfluid
actuator, could be a potential applicant in various microfluidic
and bio-cells sorting and drug-release devices.
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4. Materials and methods

4.1. Numerical simulations

The electrical and mechanical simulations were conducted to
display the electrical and corresponding mechanical response
of straight and square-wave meander microheaters. The geo-
metries of straight and square-wave meanders were designed
by using the commercially available computer-aided design
(CAD) tool Solidworks™. These designs were then imported
to the commercially available FEM tool called COMSOL™ to
perform the numerical calculations. The design of the PI sub-
strate was built in COMSOL™, and then the imported model
of microheater was assembled in the COMSOL™. Numerical
analysis was performed using Joule’s heating, and the range
of applied current was chosen from 25 mA to 200 mA. To
achieve the electric potential gradient, temperature distribu-
tions, and mechanical stress/strain, we used coupled modules
of electric currents, heat transfer in solids, solid mechanics,
and membrane. The electric currents were prescribed on one
of the terminals (regarded as T) of the microheater, while the
other was regarded as ground (G). The electrical conductivity
of Cu, heat transfer coefficient and air temperature were taken
to be 58.1× 106 S m−1, 20W (m2 K) −1, and 22.5 ◦C respect-
ively. The thickness of the Cu microheater and PI substrate
was taken as 4 µm and 10 µm, whereas the length and width
of the PI substrate were considered as 50 mm and 40 mm,
respectively. The convective heat flux was prescribed for cal-
culating the temperature distributions when subject to elec-
trical current. For mechanics calculations, the bottom surface
of the PI substrate was fixed, whereas the heating element
of the microheaters and other surfaces were free to expand
under thermal boundary conditions. We used a fine mesh on
the heating coil and surrounding area to ensure the solution
convergence. The material properties of Cu and PI are listed in
table 1.

4.2. Fabrication and characterization

First, we fabricated the straight and square-wave meander
microheaters by using the flow described in figure 2. To get
PI of a thickness of 10 µm on the Si substrate, we performed
the spinning at 2000 rpm for 30 sec. For curing of PI, we pro-
grammed the hot plate as follows: 90 ◦C for 90 sec, 150 ◦C
for 90 sec, ramp to 320 ◦C with 240 ◦C hr−1, and was held
at the same temperature of 320 ◦C for 30 min. A seed layer
of gold (Au) of 100 nm thickness was sputtered on the PI. We
designed the geometrical shapes of straight and square-wave
meanders with respective width on a mask. After that, we per-
formed patterning, using photolithography process EVG 620,
and developing of photoresist (PR) for the design of Cu-based
straight and square-wave meander shapes. Then, we did grow
4 µm of Cu by using electroplating. For electroplating, we set
the current of 0.105 A and run the process for 40 min to get
the required thickness. After the removal of PR, reactive ion
etching was used to remove Au. Then the PI from the Si wafer
was manually peeled off.

To perform the integration of microfluidic devices on
the microheater, we prepared a solution of PDMS-Expancel

(a thermally expandable polymer). We took the ratio of
PDMS: Curing Agent: Expancel to be 10:1:5, respectively.
After degassing, we performed the spinning of PDMS-
Expancel on the microheater. Lastly, we attained the PDMS-
basedmicrochannel, reservoir, and outlet, utilizing the PMMA
mold manufactured by the Laser ablation method, to get the
fully integrated actuator based on the microheater. For experi-
mental validation, a constant current ranging from 100 mA to
200 mA with an increment of 10 mA, was supplied by using
a direct current (DC) supply. The samples were placed under
a thermal infrared (IR) microscope to observe the temperature
changes. The temperature values were taken from the contour
under an IR microscope. To ensure repeatability, we conduc-
ted a minimum of 5 experiments for each case. To capture the
images at different stages of the experiment, we used a scan-
ning electron microscope and optical microscope.
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