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Abstract: The application of electrode-based microfluidic devices in biological entity often imposes
a problem due to joule heating. The strong applied potentials or micro channels having narrow
cross sections generate undesirable temperature inside the microfluidic channels leading to strong
thermal distribution inside the micro channel. When intrinsic distribution of temperature, if not fix
with threshold value, causes device damage or cell loss. In this work, we investigate the effects of
temperature generated due to joules heating effects and we attempt to address the design con-
straints for minimizing the joule heating effects in the microfluidic device for developing effective
microfluidic device. The device reliability was analyzed under different parametric constraints for
various types of substrate materials (PDMS, PMMA, Polyimide and glass). We also attempt to in-
vestigate the effects of cell reliability due to strong temperature gradients generated through dif-
ferent applied potentials on different cell types. Furthermore, the response of the device perfor-
mance due to different electrode configuration and different conductivity of the medium was also
studied. Our investigation will eventually provide guidelines for microfluidic researchers to fab-
ricate efficient electrode based microfluidic device which will ultimately help to choose a critical
channel dimensions, threshold potentials, and conductivity of solutions in order to avoid device
damage and cell loss.

Keywords: cell viability; device reliability; joule heating; eDEP devices.

1. Introduction

When cell sorting is carried out inside the microchannel, often forces is needed to
drive the sample flow throughout the microchannel. Electrokinetic phenomenon arises
due to the interaction occurring between induced electric charges and external electric
field. There exists many electrokinetic methods to control the flow of the sample inside
the micro channel, but dielectrophoresis remains superior [1]. Joule heating is often ob-
served in devices which uses electrode to drive the fluid flow. Joule heating arises due to
current flow through the buffer solution [2]. This current arises from the applied electric
potential on the electrodes inside the microchannel. The interaction of current with the
buffer solution has a keen impact on electrical resistance. When an electrical resistance
increases, more heat is dissipated onto the fluid. These results in temperature gradient
formation in the fluid present inside the microchannel. The strong electric field gradient
generated using Electrode based microfluidic devices has been widely used in
bio-medical application for cell trapping[3], for studying cell characteristics [4] and cell
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sorting [5]. Behavior of neurons were recorded using an integrated electrode array [6].
Cells like melanoma cells (M2), K562 cells was cultured and tested for viability, cell
shipment at different temperature conditions [7]. Shouhui et al. demonstrated that pros-
tate-specific-antigen (PSA) in human serum can be detected using the screen printed
electrode [8]. Chen et al. demonstrated that Micro electrodes can effectively be used for
separating the polystyrene particles [9].

Joule heating generated inside the microchannel also find application in many ways
such as trapping and concentration of cells[10].The joule heating in polymers changes its
microstructure and this improves the electrical properties of composite [11].The bio-
compatible temperature on electromagnetic based microfluidic device is achieved due to
the internal temperature generated due to joule heating [12]. Even though the joule
heating has many application as mentioned in above literature, the impact on human
cells due to joule heating often leads to lethal injury or cell death [13]. Joule heating in an
electro-osmotic flow based microfluidic devices results in deviation of velocity inside the
microchannel [14] which results in cell separation failure. The application in which strong
electric field density generated inside a microchannel results in higher joule heating effect
which denatures the protein components inside the human cells [15]. Furthermore, the
effect of joule heating also causes inefficient device performance in application towards
cell sorting (lowers separations resolution) [15]. Several DEP based microfluidic devices
were studied and experimentally investigated for cell sorting efficiency. It has been in-
vestigated that, a typical electrode configuration can generate a strong DEP force at
minimal applied voltages for efficient cell separation [16-18]. However, improper design
of electrode geometry may also results in strong joule heating effects that eventually de-
stroys the device performance.

In our recent work, we studied the sorting efficiency of red blood cells, white blood
cells, platelets, antigen presenting cells and circulating tumor cells using different elec-
trode geometries using DEP phenomena and optimal device design configuration was
found with triangular electrode. This DEP based cell sorting enables to separate distinct
cell types in different collection outlets in a single run which can be further used for
DNA extraction, drug discovery, high-throughput molecular screening, understanding
prognostic information about patients [19]. The electrode geometry has a direct influence
in the electric field distribution inside the microchannel [20]. The amount of heat dissi-
pated in the fluid also relies on electrode[21]. The electrode width and electrode height
remains responsible in generating the amount of dep force over the human cells.

Certain electrode geometry requires high applied electrode potential for cell sorting.
However, an application of high electric field creates strong thermal gradient across the
micro channel, especially around the electrode tip, creating strong joule heating region.
The cells that exposes in these region will eventually get impacted by high temperature
causing cell damages if the threshold temperature exceeds 316.25K [22]. The type of
electrode and substrate materials also contributes for generating different field gradient
for the applied voltage. In case of DEP based cell sorting application, threshold applied
potential is required for effective separation [23-25], however for few electrode materials
used in device, the device may generate strong temperature gradient that affects the cell
viability when it is flown out at collection outlet [26,27], though separation may be effec-
tive [28]. This ultimately shows the device degradability for cell sorting application
[29,30].

Numerous attempt has been made to understand the effects of joule heating with
respect to cell death and device reliability. Erickson et al. performed combined experi-
mental and numerical analysis of the joule heating and heat transfers at microchannel
intersection in polydimethylsiloxane (PDMS) and hybrid PDMS/Glass microfluidic sys-
tems [31] and demonstrated that hybrid microfluidic system helps in maintaining the
uniform and low buffer temperature. Chein et al. presented analytical model for predic-
tion of pressure and temperature under joule heating effect in microfluidic device [32]. In
their study, they observe that, fluid temperature variation is with respect to heat transfer
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coefficient of cooling mechanisms. Zhu et al. studied the distribution of temperature on
the surface of polymeric chip by using advanced thermograph system [34]. They re-
ported that joule heating produced at high electric field can rise temperature of device
above 40°C additionally. It is further observed that, joule heating also affect the flow
profile in dielectrophoretic microfilters [33]. Brans et.al. observed the effects of temper-
ature profile on liquid inside a microchannel in which the particle is suspended [35].
The particles are optically trapped to establish the temperature of the surrounding liquid
and temperature increase due to Joule heating of the ionic liquid was monitored using
their setup. They compared Brownian movement of particles at both room temperature
and motion of microparticles when the power remains dissipated inside the microfluidic
system and provided the estimate of temperature increase inside the microchannel. In
application towards cell sorting and isolation, the collection of healthy cell after the cell
sorting mechanism tends to offer a wide range of scope in the field of DNA extraction,
drug discovery and cell culture. Most of the reported literature shows that, the system
either requires high voltage for cell separation resulting in joule heating effect or com-
plicated design constraints [3,36,37]. Application of higher voltages on the microfluidic
device also damages the microchannel hindering its application for multiple runs.

All the above literature has highlighted the investigation on the joule heating on the
device or the factors which contributes joule heating effects. In order to develop an effi-
cient and reliable microfluidic device to avoid cell damages in the presence of joule
heating needs to be critically addressed in all electrode-based DEP devices. Rise in device
temperature is often observed in all electrode based DEP system resulting in cell death,
separation failure which makes the device non-reliable for downstream analysis. All
eDEP based devices produces joule heating resulting in increased temperature gradient
inside a microchannel when design constraints not considered properly. Therefore, the
device experiences larger unusual temperature leaving the cells damaged.

All these issues can be overcome by selecting proper electrode geometry, electrode
potentials and choosing proper substrate materials which will eventually causes low
thermal effects inside the devices and avoids the issues of cell damage/loss and provides
reliable device performance. It is further noted that, the conductivity of the medium also
has significant impact on joule heating inside a microchannel when the applied voltage
exceeds above the threshold value [38]. Therefore, in this research, we attempt to explore
the effect of various parameters including applied potential, electrode geometry, sub-
strate materials and conductivity of the medium which can provide optimal solution to
avoid joule heating effects thereby improving device performance, reliability and
avoiding cell loss.

We observed the effects of temperature on the cell when it is exposed to the region of
strong thermal gradient at various positions in a microchannel (initial, center and rear
end). The thermal impact on cells and its survival time gives us a clear idea about cell
viability. Our study reveals the maximum temperature a cell can withstand inside a mi-
cro channel to remain viable and maximum voltages that can be applied to the device for
effective DEP based cell separation under various parametric constraints. We attempt to
evaluate the device performance by tweaking around various geometrical parameters
including electrode geometry, substrate materials, applied potentials and medium con-
ductivity. An effective and optimum design solution is derived from our study that will
enable the future researchers to design and develop reliable DEP devices and other elec-
trode based microfluidic devices for various bio clinical applications.

2. Materials and Methods

2.1.Theory of DEP and Joule heating

The Movement of uncharged particle under the region of non-uniform electric field
constitutes a force termed as ‘Dielectrophoresis’. Under this condition, each particle will
have different coulombic force at both ends which give rise to electrokinetic flow
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movement due to net force imbalance. The DEP force of the spherical particles is ex-
pressed as [39],

FDEP(i) = 21tsoste[fCM ((D)] R3 VE2 (1)

Where ‘en’ is the relative permittivity of the suspending medium, R is the radius of
the particle, VE? denotes gradient of the electric field, Re[fcm (w) denotes the real part of
the Claussius Mosotti [CM] factor that determines effective polarisability and is ex-
pressed as[40] ,

& — &
P 14 m
& Em) = —/—/—/—— 2
fem(Ep) Em) z ¥ 26, (2)
Where ¢~ is the complex permittivity and defined as,
~ - O—
£=e-j(=) ©
Therefore, CM factor can be written as,
& — &m) +j/w(o, — 0p)
fCM(eproprgmr Om» a)) = (( 14 m) 14 m (4)

&y + 2ep) +j/w(o, + 20,,)

The CM factor is dependent on the complex permittivities of the particles and the
suspending medium. When the suspending medium is less polarizable than the particles
are attracted to the higher field region commonly referred as positive dielectrophoresis
(pDEP), in contrast, when the suspending medium is more polarizable consequently the
particles are repelled from the region of higher electric field, this give rise to negative di-
electrophoresis (nDEP).

If ‘0’ is the conductivity of the buffer solution between the positive and negative
electrode then the heating power per volume V depends linearly to conductivity of the
suspending medium (o) and to the square of the electric field strength and is expressed as
[41],

P,
q:%:g_}j‘fms < 0. Ufps ©)

Where ‘rms’ denotes root mean square value, ‘U’ represents the voltage applied
between the electrodes. The amount of heat generated (Pheat) is equal to the amount of
heat dissipated under the steady state condition [2]. The Electric field (E:ms) depends on
the conductivity of the suspending medium (o) which is greatly affected by the change in
temperature and is expressed as,

o =oo[l + a(T— To)] (6)

Here, ‘o0’ refers to the conductivity at a reference temperature To, and « is the tem-
perature coefficient of the suspending medium. The Joule heating-induced temperature
field is governed by the energy equation expressed as [42],

oCp (z—: +ug VT) =k V2T + MT)(V)? @
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where (p and ki represents the specific heat and thermal conductivity of the buffer
solution, respectively, and they are considered to be constant (i.e., independent of tem-
perature).

2.2.Geometry of the Microfluidic chip

The three dimensional microfluidic chip is shown in Figure (1). Device consists of
cells mimicking human WBC, APCs and CTCs in the size range of 15 um [43]. Under the
application of DEP force each cells experiences different dep forces [18]. Electric potential
is applied on top and bottom of device for generating non-uniform electric field. +V is
applied on the bottom of the device illustrated in Figure 1(b) and -V is applied on the top
of the device as shown in Figure 1(c). The device has a channel length of 1400 um and
channel width of 300 um. The electrolyte used is PBS solution in the ratio of 1:9 to the
blood was used throughout the simulation. The device has a thickness of 60 um as seen in
Figure (1d).

(a) o)y ()T
1400 pm T
:II
300 pm +V RY;
®
B
AL

60 um

Figure 1. (a) Three dimensional microfluidic device design represented in XY axis orientation. (b)
Bottom view of triangular electrode +V applied. (c) Top view of the electrode with -V electrode. (d)
An intermediate view representing thickness of the microfluidic device.

2.3.Numerical Analysis :

By using COMSOL Multiphysics software (COMSOL v5.3a), a three dimensional
simulation model was created in order to characterize the cell viability and device relia-
bility. Three dimensional model was developed as 2D model failed to show the distribu-
tion of temperature in the thickness of the microfluidic chip and around the surface of the
cells. Electric field profile is simulated using electric current model. Temperature distri-
bution on the cells caused due to joules heating effect is simulated using bio-heat transfer
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model is used. These interfaces were used sequentially to model the problem numerically
and detailed description on these interfaces are listed below.

(i) Electric current interface is used in simulation in order to generate non-uniform
electric field within the microchannel. The applied electric potentials are regulated by
Laplace’s equation, given by E= V. The electrodes are arranged adjacently to the chan-
nels wall and are provided with the applied voltages +V and -V on the top of the mi-
crochannel. The rest of the domain inside the model are insulated.

(ii) Bio-heat transfer interface in simulation is used to generate the thermal distribu-
tion on the blood cells which submerged with the Phosphate buffer solution for effective
isolation. In order to solve energy equation the outer boundaries were set to room tem-
perature of 290 K. The interface provides joules heating effect (i.e., the thermal exposure
over the cell caused due to heat dissipated on the solution). The heat transfer equation (7)
governs the different temperature distribution inside the microchannel.

(iii) The geometry is meshed with free tetrahedral with minimum size element of
0.18 pm and maximum size element of 50 pm and for the discretization of 62238 mesh
elements. A time dependent solver is used to solve electric field and thermal distribution
resulted through joules heating simultaneously. The three dimensional geometry and its
electrode is defined under the graphic section window.

3. Results

The cells are subjected to different region where it experiences different amount of
dep force. The cell path from the initial separation to the final collection outlet has been
listed in Figure (2). The three various region of measurement of thermal effects on the
cells include initial region (near by the inlets) at a channel length of 100 um and channel
width of 30 um. The next is the centre region (between the electrodes) at a channel length
of 700 um and channel width of 200 um. The final region is nearer to outlets at channel
length of 1300 um and channel width of 240 um . Each of the cells have distinct cell size.
However, all these cells will receive equal amount of thermal effects since they are kept
consistent in all the three region. Consequently, a single cell is used for the complete
simulation. The region of measurement provides valuable insight about whether the cells
remains healthy or exposed to unusual temperature which results in cell destruction or
cell dead. Amount of temperature exposed on the cells due to buffer conductivity , elec-
trode shape, substrate material, various metal electrodes was analysed and discussed in
below subsections.

Final region
Center region

Initial region

Figure 2. Shows the measurement region inside the microchannel on the particle tracks towards the
outlet

3.1. Effect of Buffer Conductivity:

The effect of buffer conductivity on various Cells were analysed. The different cell
types exerts same amount of temperature throughout the simulation while the
threshold temperature for individual cell types differs accordingly. For the human cells
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the damage occurs at 316.5 K [22]. The amount of cell damage is proportional to time it is
exposed[44]. Buffer conductivity ranging from 10[mS/m] to 100 [mS/m] was used in or-
der to evaluate the amount of temperature exerted on the cells. The region is classified as
initial position, centre position (region with high electric field density) and final region
(near to outlets).This region also refer to the tracks which it follow to reach their corre-
sponding collection bins[18]. When the cells are at the initial position as seen in Figure
3(a) with a buffer conductivity of 10[mS/m] the temperature exerted over the cells is
found to be 300.14 K at an applied electrode potential of 5Vpp. Under the same applied
voltage, when a buffer conductivity is increased to 30 [mS/m] for the same position of the
cell, the temperature exerted over the cell is found to be 305.14K as shown in Figure 3(b).
With further increase in buffer conductivity of 55 [mS/m] the temperature exerted over
the cells get raised to 310.38K .Further increase in buffer conductivity to 100 [mS/m], the
temperature of 326.23K is generated over the cells as shown in Figure 3(c). The cells were
tested at 10V with different buffer conductivity as shown in Figure 3(d), buffer conduc-
tivity from the range (10-100mS/m) was tested at 15V as shown in Figure 3(e). Maintain-
ing 25V with different buffer conductivity is shown in Figure 3(f). All these plot demon-
strates that temperature increases with the increase in buffer conductivity at a constant
applied potential. The temperature above 316.5K on the cells will often lead to cell
damage leading to the cell death if they are analysed over a long period of time as stated
in [45-47]. The second phase of simulation deals with same range of buffer conductivity
from (10 - 100 [mS/m]) at the channel length of 700 um and channel width of 200 pum.

As these region is nearer to the electrode, the distribution of non-uniform electric field is
greater compared to that of the other region. Nevertheless, the cells passing through
these region is intended to have more thermal effects. This condition exhibits larger
thermal values as the applied potential directly influence the buffer solution since it is
nearer to the electrode. The temperature exerted by the cell is found to be gradually in-
creasing from 311.41K to 325.58K with an increase in buffer conductivity. The buffer
conductivity of 10 [mS/m] and 30 [mS/m] is considered to be safer with a least cellular
damage. While increasing buffer conductivity from these range causes irreversible cel-
lular damage leading to cell death as it exceeds the threshold temperature of the cells.
The final phase of the simulation was carried out for the same range of buffer conductiv-
ity nearer to the collection outlet bins. The cell was positioned at the channel length of
1300 um and channel width of 220 um. The cells making their way from previous region
enters these region later on collected at the outlet as indicated in [18,48]. Thermal effects
tend to be low at this region of the device ranging from 295.32K to 311.41K as shown in
Figure 3(a). The healthy cells entering this region never suffer any lethal injury or cell
death throughout the buffer conductivity ranging from 10 to 100 [mS/m]. This detailed
result provides guidelines on cell viability.
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Figure 3. (a) Temperature exerted by cells in all three region with buffer conductivity 10 mS/m. (b)
Temperature exerted by cells in all three region with buffer conductivity 55 mS/m. (c) Response of
different buffer conductivity at three region with a constant applied potential of 5V. (d) Response
of different buffer conductivity at three region with a constant applied potential of 10V. (e) Re-
sponse of different buffer conductivity at three region with a constant applied potential of 15V. (f)
Response of different buffer conductivity at three region with a constant applied potential of 25V.

3.2.Effects of Applied Electric Potential

The Applied electrode potential was studied for the device reliability and cell relia-
bility. The heat energy generated due to joule heating is directly proportional to the
square of the electric field applied [49]. The applied potential in simulation are 5V, 10V,
15V, 25V, 40V. Under applied potential of 5V, the cells were found to be healthy and vi-
able as the threshold temperature does not exceeds more than 316.25 K as shown in Fig-
ure 4(a). The electric field at the three region is different, as a result thermal distribution
in each of these region is unique. When the applied potential is increased to 10V, the cells
exerts temperature more than 400 K . With the further increase in voltage to 15V, the cells
exerts temperature more than 600 K as shown in Figure 4 (b). Complete cell separation
can be easily achieved at the time period of 0.5 to 1 second [50]. Distribution of applied
electric potential inside the channel of 300 um is shown in Figure 4(c). The time at which
the cell reaches it threshold temperature level is found to be 1.45 seconds when 5V ap-
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plied as shown in Figure 4(d). Hence the cells remain viable for long time in this case.
Further increase in applied potential to 10V time gets reduced to 0.3 seconds as shown in
Figure 4(e). Inference with respect to threshold temperature is listed in Table 1.

Table 1. Time required to reach threshold temperature at different electric potential.

Time to reach
Applied Electrode  threshold Temperture
Potential 316.25 K

(in seconds)

Inference

Effective cell separation with maximum

5 1.45

cell viability
10 0.3 Cell Separation leading to cell death
15 0.15 Cell Separation leading to cell death
25 0.04 Cell Separation leading to cell death
40 <0.01 Cell death occurs at initial region itself

With the further increase in voltage to 25V the temperature gets raised to 2500K at this
stage irreversible cellular damage occurs. When the voltage is further increased to 40V
the temperature exceeds above 2000K. There is a steady increase in temperature with
respect to the applied electric potential as shown in Figure 4(f). The temperature received
by human cells in all three region under different applied electrode potential is listed in
below tables.

The impact of applied electric potential on cell viability was analysed in all the three
regions. The initial region (near to inlet) receives less temperature than the centre region.
The thermal distribution on the cells at different applied electric potential in initial region
is listed in table (1). We varied the applied potential from the range of 5V to 40V. It is
found that the region receives minimum temperature of 301K under the application of 5V
maintaining the cell viability until the cell gets deposited on the outlet bins. The further
increase in applied potential to 10V drastically increases the temperature to 424K
decreasing the survival time of the cells. The temperature of 651K and 1240K are
distributed in this region at 15V and 25V. Even though, the cells has shorter survival
period these cells reaching the outlet are not viable. With the further increase in applied
electric potential the viability of the cells further reduces resulting in cell death.

Table 2. Temperature exerted by cell at initial region at different electric potential.

Applied Electrode L Temperature exerted at
Cell Viability)
Potential initial region (in kelvin)
5 100% Viable 301
10 Viable till 0.3 seconds 424
15 lethal injury, Cell death 651
25 lethal injury, Cell death 1240

40 lethal injury, Cell death 2132
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Figure 3. (a) Temperature distribution in different region at 5V. (b) Temperature distribution in
different region at 15V. (c) Potential distribution at three regions at 5V (d) Threshold temperature
plot for 5V. (e) Threshold temperature plot for 10V. (f) Temperature exerted by cell at different
applied electric potential.

The impact of applied electric potential on cell viability was analysed in all the three
regions. The initial region (near to inlet) receives less temperature than the centre region.
The thermal distribution on the cells at different applied electric potential in initial region
is listed in table (1). We varied the applied potential from the range of 5V to 40V. It is
found that the region receives minimum temperature of 301K under the application of 5V
maintaining the cell viability until the cell gets deposited on the outlet bins. The further
increase in applied potential to 10V drastically increases the temperature to 424K de-
creasing the survival time of the cells. The temperature of 651K and 1240K are distributed
in this region at 15V and 25V. Even though, the cells has shorter survival period these
cells reaching the outlet are not viable. With the further increase in applied electric po-
tential the viability of the cells further reduces resulting in cell death.

The centre region of the device has high thermal distribution and has great impact
on the cells. The temperature in this region is listed in table (3). It is noted that, the major
difference of around 10K to 15K is found between this region and to the region near the
inlet. The region exhibits minimum temperature of 313K under the applied electric po-
tential of 5V. With further increase of applied potential to 10V, the temperature recorded
in this region is found to be 466K, where the cell suffers lethal injury. However, if these
cells remain for quiet longer period may result in cell death. Furthermore, when the ap-
plied potential is raised to 15V, 25V, 40V may subsequently increase the region temper-
ature beyond 750K, 1500K, 2300K leading to irreversible cellular damage as the temper-
ature on the cells exceeds far beyond its threshold limit.
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Table 3. Temperature exerted by cell at centre region at different electric potential.

Temperature exerted at

Applied Electric Potential Cell Viability Centre region (in kelvin)
5 100% Viable 313
10 Suffers lethal injury 466
15 lethal injury, Cell death 752
25 lethal injury, Cell death 1533
40 lethal injury, Cell death 2367

Final region (near to the outlet) receives lowest thermal gradient. As a result the cells
entering in this region are subjected to low thermal effects compared to other regions.
Under applied potential of 5V, the temperature in this region is found to be 294K estab-
lishing safer temperature zone for the cells to be viable. These cells remains healthy at the
outlet bins. At 10V, the region has minimum temperature of 404K leading the cells to
undergo lethal injury. With a further increase to 15V, 25V, and 40V the temperature in
this region drastically increases to 606.5K, 1158K, 2005K resulting in cell death.

Table 4. Temperature exerted by cell at final region at different electric potential.

Temperature exerted at

Applied Electric Potential Cell Viability Final region (in kelvin)
5 100% Viable 294
10 Suffers lethal injury 404
15 lethal injury, Cell death 606.5
25 lethal injury, Cell death 1158
40 lethal injury, Cell death 2005

When the applied electric potential is increased the cell viability gets reduced as they are
exposed to high thermal effect. Irrespective of the time period it is exposed to it. Selection
of applied electric potential directly influences thermal impact on the cells. The temper-
ature exposure offers a consistent understanding of cell viability. However, the applied
potential of 5V to the device results in 100% viability of the cells.

3.3.Effect of Electrode material

Material such as Gold, copper, silver, nickel, platinum and aluminium are mainly used as
electrode in microfluidic devices [51]. The parameters including electrical conductivity,
coefficient of thermal expansion, density and thermal conductivity is modelled accord-
ingly and listed in table (5) . All the materials were chosen from COMSOL Multiphysics
library. The thermal effect on the cells for cell viability was tested and temperature gen-
erated in device using these material was contrasted for device reliability. The distribu-
tion of temperature varies accordingly with the region. The minimum temperature ex-
erted by the device is shown in Figure 5(c). Copper exerts lowest temperature of 294 K on
the device. Platinum and Gold exerts temperature of 315 K and 314.8 K which is recorded
has maximum temperature under the applied electric potential 5V. The maximum
temperature exposed by the various material is shown in Figure 5(d). The applied elec-
trode potential of 5 V was initially kept throughout the simulation. The temperature
generated on the cells varies from one material to another.
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Table 5. Material properties of various metal electrodes
Electrode material Electrical conductivity Coefficient of thermal
[S/m] expansion
[1/K]
Aluminium 35.5e6 23.1e-6
Gold 45.6e6 14.2e-6
Copper 58.1e6 16.5e-6
Silver 61.6e6 18.9e-6
Nickel 13.8e6 8.80e-6
Platinum 8.9e6 8.80e-6
Aluminium 35.5e6 23.1e-6

The commonly used electrodes in microfluidics include platinum, gold due to its
inertness, conductivity and malleability. All the material was tested under the same ap-
plied electric potential. The temperature exerted by the cells using copper electrode is
shown in Figure 5(a). Temperature exerted due to platinum electrode is shown in Figure
5(b). Gold and platinum resulted a temperature rise of approximately 1 to 1.5 kelvin rel-
ative to other materials. Gold and platinum electrode recorded highest thermal effect on
the cells with temperature of 312.80 K and 313.5 K at the centre region. At the region near
the outlets the temperature on the cells due to this electrode was found to be 297.85 K and
299.5 K. Even though, these material has unique withstanding property at higher tem-
perature. The cost makes it undesirable for many applications. If a cell is meant to be
exposed to the greater time period, then these materials are highly suitable for their
toughness. Aluminium and lithium confronts the temperature of 301.19 K and 301.30 K at
initial region. While copper and silver electrode experienced very low temperature at in-
itial region as much as 300.14 K and 300.50 K but at the centre region the copper exposes
the temperature as high as 311.41K and silver exposes the temperature of 311.6 K. The
comparative plot of temperature exerted by cell by different electrode material is shown
in Figure 5(e). This temperature remains safer for the cell in preventing them from cell
injury or cell death. At the region near outlet, copper material exposes the temperature of
295.32 K on the cells while silver results with 296.02 K temperature on the device.

Table 6: Temperature exerted by cell in all three region at applied electric potential of 10 V using
different electrode materials

Applied  Electrode Temperature Temperature Temperature
Electrode  material Exerted in Initial  Exerted in centre = Exerted in Final
potential region region region
(in kelvin) (in kelvin) (in kelvin)

10 Gold 425.13 417.8 406.75

10 Copper 423.52 416.41 405.61

10 Silver 423.88 416.6 405.95

10 Nickel 425.53 417.4 407.35

10 Platinum 426.48 418.7 408.20

10 Aluminium 424.57 417.56 406.19

10 Lithium 424.68 417.27 406.3
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The thermal distribution in all the three region using different electrode material is
listed in table (6).It is noted that, copper produces least temperature distribution of
around 405.61 K while the use of platinum electrode material results increased temper-
ature distribution of 408.20K. Major variation of 1K to 2.5K is noted in material like gold,
nickel, platinum , aluminium, lithium compared to copper electrode . This material are
often employed when there is need for multiple runs.

9 K
A 3
(a) Centre region Final region 23 (b) Centre region Final region A 315
T=3141 T=29532 T=3135 T=2995K
o 314
310 212
308 310
306 308
304 306
/ 302

N/ 304
i 300 302
Ply - 298 == 300

. .
v 296 1 Y 298
y L e Y AN ; =
t N = | -
N e v 201 = |2 mtairegon v 296
T=30014 K < T=3031K

(c Minimum Temperature Exerted By the Device (d) Maximum Temperature Exerted By the Device
55

208 315
315 3148 3148
207
& 3145
g Iy 31425 31418
296 e
g g 34
£ E 3135
%ns £3135
£
& & 313
204 313
203 325 I
292 33 33 33 33 33 i
Gold (Au)  Copper ~ Silver (Ag) Nickel (Ni) Platinum Aluminium  Lithium Gold (Au) Copper  Silver (Ag) Nickel (Ni) Platinum Aluminium Lithium
(Cu) ) (Al (Li) (Cu) 1) (Al (Li)

320

~
o
-’

315
3128

310

TEMPERATURE (K)
w w o
5 g b

g

2
*
b

g

Gold (Au) Copper (Cu) Silver (Ag) Nickel (Ni) Platinum (Pt)  Aluminium (Al)  Lithium (Li

+Atinitial region % At center region 7% At region near outlets

Figure 5. (a) Thermal effects on cell due to copper electrode. (b) Thermal effects on cell due to
platinum electrode. (c) Minimum temperature plot of different electrode material on device. (d)
Maximum temperature plot of different electrode material on device.

Aluminium and lithium exposes the temperature of 312.6K and 312.27K in the
centre region and at the region near the outlets the cell gets experienced to the tempera-
ture of 297.36K and 297.4K. However, when lithium reacts with organic solvent (PBS
solution) for long period of time it becomes thermally unstable [52]. Nickel records the
temperature of 298.5K at the region near the outlets and higher temperature of 312.4K at
centre region. The thermal effect on the cell at this voltage will often result in lethal in-
jury, when further increased to 25V and 40V, the reliability of the device is weakened as
the temperature increases closer to its boiling point. The use of both copper and silver is
highly preferable in this case making it a suitable material for low-cost microfluidic de-
vice manufacturing.
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3.4. Effect of substrate material

The impact of technologically important substrate material on the cell of interest was
examined. Glass is mainly used in microfluidics for its beneficial optical characteristics,
stability[53]. Heat distribution in glass remains uniform unlike any other substrate ma-
terial[54] . It is noted that the substrate material which has high thermal conductivity are
more likely to damage the cells. The cells were analysed on all the three regions. Sub-
strate material like PDMS (polydimethylsiloxane), PMMA (Polymethylmethacrylate),
polyimide, glass was analysed using the simulation. Material properties of each of the
substrate has been listed in the below table (7).

Table 7: Material properties of substrate material

Parameters PDMS PMMA Polyimide Glass
Thermal Conductivity[1,2][W/(m-K)] 0.16 0.19 0.15 0.8
Electrical conductivity[3][S/m] 0.25 0.25 0.5 0.5
Density[4—6] [kg/m?] 970 1190 1300 2329
Relative permittivity 2.75 3.0 1 11.7
Heat capacity at constant temperature 1460 1420 1100 700
[/(kgK)]
Youngs modulus [Pa] 750e2 3e9 3.1e9 170e9
Poisson’s ratio 0.49 0.40 1 0.28
Coefficient of thermal expansion[1/K] 9e-4 70e-6 9e-6 2.6e-6
(@) o (b)
T= 205 32K Eaeiry ToS0tK garz kil Pl Canie Pegien Finel Rogien
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v 29 —x v 295
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Figure 6.(a) Thermal effects on cells at 5V using PMMA material. (b) Thermal effects on cells at 5V
using glass material. (c) Maximum temperature exerted on the device at 5 V. (d) Maximum tem-
perature exerted on the device at 10 V

The thermal effect on the cell using PMMA material is shown in Figure 6(a). At the initial
region the cells gets exposed to the temperature of 295.32K and 311.41K is exerted at
centre region. In the region near the outlet the temperature exerted is 300.14K. The tem-
perature exerted by cells using glass substrate material is found to be in the range of
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295.24K to 295.34K as shown in Figure 6(b). Under 5V, all these material exerted the
thermal effects within the threshold limit of 330K. The cells undergoes lethal injury when
it is exposed to temperature more than 316.25K. PDMS material generated minimal
temperature of 316K. Use of PDMS is restricted for prolonged cell separation as it is
high hydrophobicity can absorb some bio molecules [61]. Aging of these material also
changes its mechanical properties yielding biased results [62].

Polyimide exerts the temperature of 297.15 K at the region near the outlet and 302.82
Kat the initial region. The temperature exerted at the centre region is found to be 314.71
K. The temperature exerted due to different substrate material at 5 V is shown in Figure
6(c). The maximum temperature more than 440 K is exerted on the device due to different
substrate material at 10 V is shown in Figure 6(d). Polyimide serves an emerging sub-
strate material with high chemical resistance, much biocompatible with high dielectric
constant[63,64]. However, these substrate material is not suitable for commercial purpose
as it has low impact strength and remains expensive. PMMA is less expensive, more rigid
,has compatibility to many biological application[65].

3.5.Effect of Electrode Geometry

The thermal effects generated by different electrode shape was examined for device re-
liability. In an DEP based microfluidic devices, electrode geometry plays a vital role in
producing non-uniform electric field as gradient of electric field influences the DEP per-
formance[40]. Various electrode shape like square, triangle, rectangle, rectangle with soft
edges and square with soft edges was examined.

K K
A3 A 320

(b) 318

316
314
312
310
308
306
304
302
300

V299

' L[LWE I
um 70 pm

Figure 7. Dimension of various electrode geometry. (a) triangular shaped electrode (b) rectangle
with soft edges electrode. (c) rectangle shaped electrode. (d) square shaped electrode. (e) square
shaped with soft edges electrode.
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Triangular shaped electrode has height of 60 pm and width of 80 um as shown in Figure
7(a). Rectangle with soft edges has height of 70 um and width of 150 um while rectangle
shaped is of 140 um width and 80 um height represented in Figure 7(b) and Figure 7(c).
Square shaped electrode is of 80 pm height and width and Square shaped electrode
with soft edges is of 80 um width and 70 pm height as shown in Figure 7(d) and Figure
7(e). The edges are carved with the radius of 40 pm. Electrode geometry not only helps
in regulating strength of non-uniform electric field but also to facilitate fabrication.

The thermal effects on both cell and to the device due to the electrode geometry will
be different. We investigated temperature generated on the device on all the three re-
gions. The temperature at the region near to outlet (final region) received a low temper-
ature, the triangular shaped electrode exploits very low temperature as much as 294 K on
the device. While square shaped electrode exposed a temperature of 298 K while square
shaped with soft edge exposed a temperature of 296K. Rectangular shaped electrode ex-
erted temperature of 300K compared to all other electrode geometry. Rectangular with
soft edges exerts temperature of 299K. At initial region temperature of 295.32K is ex-
posed with triangular electrode. Square shape and square shaped with soft edged elec-
trode exerts the temperature of 297.23K and 299.95K. While rectangle and rectangular
shaped electrode result with temperature rise of 301.24K and 302.25K.

Table 8. Temperature generated across the three region on different electrode geometry with ap-
plied electric potential of 10V.

Minimum Maximum
Temperature
temperature on the temperature on the L.
. . at initial
Electrode Geometry device device .
region

(at near the outlet) (At center region)
(in kelvin)

(in kelvin) (in kelvin)
Triangular 405.61 465.72 423.52
Square shaped with soft edges 407.53 468.25 425.25
Square shaped 410.56 472.32 426.50
Rectangle with soft edges 412.10 474.25 428.35
Rectangle shaped 413.36 478.05 431.25

Compared to other region, the cell has a high temperature in the centre region. The
maximum temperature of 322.25K received by the cell is with rectangle shaped electrode.
The cell undergo lethal injury as it exceeds threshold temperature. The triangular elec-
trode exposes the temperature of 311.4K on the cells , however the cells remains viable.
The square shaped with soft edges and rectangle shaped with edges electrode exerts
temperature of 314.50K and 318.25K on the cells. In this case, the cell remains remain
viable with square shaped with soft edges. Triangular electrode has a single sharp edge
that concentrates a strong electrical field only at that location. The tip and dimension the
electrode causes strong gradient in non-uniform electric field[66]. Thus, each electrode
shape will have distinct region of electric field. As a result, the dimension of square
shaped and rectangle shaped electrode results in strong gradient of electric field com-
pared to other electrode geometry. The temperature exerted by the cell at different region
at applied electric potential of 10V is listed in table (8). In order to check device reliabil-
ity the electrodes were tested under with 5V,10V, 15V, 25V, 40V. The maximum temper-
ature exerted by the electrode is shown in Figure 8. The thermal effects generated using
triangular electrode never impacts injury on the cells when analysed at 5V.
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Figure 8. Maximum temperature exerted on the device (a) at applied electric potential of 5V. (b) at
applied electric potential of 10V. (c) at applied electric potential of 15V. (d) at applied electric po-
tential of 25V. (e) at applied electric potential of 40V.

In all cases when the applied voltage is varied accordingly, the thermal effect on the tri-
angular electrode is low compared to other electrode. This makes it suitable electrode for
fabrication of device. While other electrode at the same applied potential results in in-
crease of temperature of about 10K to 15K compared to triangular electrode. This makes
it reliable compared to all other electrode geometry.

4. Conclusion

This papers illustrates the thermal exposure on the cells and device due to joule
heating in an electrode based dielectrophoretic devices. Thermal variation generated by
using different parameters like electrode material, electrode geometry, substrate materi-
al, buffer conductivity of the medium, applied electric potential was investigated at room
temperature. Minimum temperature distribution is found at the outlet region whereas,
the maximum temperature distribution occurs at the region of strong thermal gradient
(in center region). The cells remains viable to the maximum time of 1.45 seconds with
buffer conductivity of 10 [mS/m] with 5V which is quiet enough for trapping healthy cells
in the outlet bins in an microfluidic device. However, survival time of the cells inside
the microchannel was found to be decreasing with the increase in applied electric poten-
tial with buffer conductivity in the range of 10[mS/m] to 55[mS/m]. Furthermore, the in-
crease in buffer conductivity also contributes increased joule heating that eventually
leads to more heat generated on the cells that may cause cell death. In our case study for
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DEP based cell separation application, we observed that, the device material fabricated
using PMMA substrate and electrode with triangular geometry arrangements are po-
tential to generate least amount of joule heating compare to other electrode arrangements
resulting in perfect separation of cells ensuring the cells remains viable. The proposed
triangular electrode arrangements with copper material are very rich in generating low
thermal gradient which regulates high temperature at the tip of electrode region rather
than any other portion of the device in case of single run. Gold and platinum electrode
material remain effective for many runs, as the main channel does not darken in this case.
Thermal damage to cells using a triangular electrode is less than any other electrode
geometry with a applied potential in range of 10V to 40V which makes it suitable to use
in all electrode based dielectrophoretic devices. Hence, our proposed guidelines will
enable the researcher to design microfluidic devices without relying on complex process
in order to minimize the joule heating effect inside the microchannel. The proposed pa-
rameters are more efficient in collecting healthy cells at the outlet bins with minimized
joule heating in all DEP based devices.
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