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ABSTRACT

Free-surface microscale flows have been attracting increasing attention from the research
community in recent times, as attributable to their diverse fields of applications ranging from
fluid mixing, particle manipulation, to bio-chemical processing on a chip. Traditionally,
electrically-driven processes governing free surface microfluidics are mostly effective in
manipulating fluids having characteristically low values of the electrical conductivity (lower
than 0.085 S/m). Biological and biochemical processes, on the other hand, typically aim to
manipulate fluids having higher electrical conductivities (>0.1S/m). To circumvent the
inherent limitation of traditional electrokinetic processes in manipulating highly conductive
fluids in free surface flows, here we experimentally develop a novel on-chip methodology for
the same by exploiting the interaction between an alternating electric current and an induced
thermal field. We show that the consequent local gradients in physical properties as well as
interfacial tension can be tuned to direct the flow towards a specific location on the interface.
The present experimental design opens up a new realm of on-chip process control without
necessitating the creation of a geometric confinement. We envisage that this will also open up
research avenues on open-channel microfluidics; an area that has vastly remained unexplored.



I. INTRODUCTION

Free-surface problems often pertain to situations in which the interface topology is not
known a-priori and is determined from the coupled solution of the non-linear field equations.
% In many engineering and geophysical applications, such as flow in open channels, bubbly
flows, hydrodynamics, rivers, lakes, boiling, cavitations, sea waves etc., free-surface flow is
encountered. The physics of such flows becomes truly fascinating when other external fields,
such as electrical fields, are employed to manipulate the free surface. >

Recent studies on free-surface flows in miniaturized devices have promised potential
applications in fluid mixing, chip cooling and cleaning.®® Such progresses have been possible
as a consequence of a phenomenal recent advancements in microfluidic and nanofluidic
device fabrication processes,'®** which brought to focus several reduced-scale electrokinetic
transport mechanisms***’ and their derived technology.'® Recently, electric field-driven
actuation has emerged tremendously in microscale transport system due to its several
advantages, such as chip scale integrability, no moving part, high reliability, portability,
etc.!®% Alternating current electrokinetics (ACEK) stands as an effective choice for
manipulating fluid flows in several devices of these kinds, considering its excellent on-chip
integrity, low excitation voltage and precise controllability over miniaturized scales. *%'
Efficient and effective fluid mixing, ' pumping, ¥ particle manipulation, **! and two-
phase flow***® have been demonstrated with success, by employing ACEK mechanisms of
flow manipulation.

Alternating current electroosmosis (ACEQO) flow may arise through the
interaction between the induced charges in the electrical double layer (EDL) and
tangential component of the electric field.***" The pertinent operating parameters that
control the efficacy of an ACEK process primarily include the frequency of the
electrical pulsation and electrical conductivity of the working fluid. Beyond a
threshold  frequency (>100 kHz***') and electrical conductivity (>0.0855/m“®),

ACEO remains inefficient for fluid manipulation. However, a wider operating regime
of the device may be potentially explored, by exploiting thermal gradients in the
system, through the realization of an intricate interplay between the temperature-
depended electrical properties and the electrical stresses.***? Such mechanisms have
been successfully used for transporting fluids in confined geometrical pathways.>*>3%
The performance of such pumping mechanisms has been successfully demonstrated
widely varying geometrical and physical conditions such as grooved channel,®*° thin
film heater,>** DC (direct current) biasing® and two-phase electrical signalling.*®

Demands of deploying geometric confinements, such as microchannels, may
often impose fabrication and implementation restrictions for applying electrothermal
flows in conjunction with simple on-chip configurations for practical applications
ranging from chemical and thermal processing to biomedical technology. Evading

these limitations, here we report the first experimental results of generating controlled
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directional free-surface flows on a microfluidic chip by deploying an intricate
interaction between the electrical and the thermal field, without necessitating the
fabrication of a confined geometric passage. Interestingly, the thermal field exploited
for this purpose is not externally imposed but is intrinsically induced through electrical
Joule heating. This, in turn, imposes gradients in conductivity and permittivity,
inducing free charges into bulk fluid. These mobile charges effectively set the free-
surface fluid into motion. On the other hand, gradients in fluid density and surface
tension generate buoyancy force and thermocapillary force, respectively which
interplay with electric forces, and tune the free surface flow in a rather intriguing
manner. With suitable arrangement of the electrodes on the chip, one may impose
patterned variations in the temperature gradient over the domain, leading to the
inception of free-surface flow in a preferential direction. In what follows, we
thoroughly discuss the experimental setup, the methodology, and the theoretical basis
of the present study in Section Il. Then, we focus on our key findings and associated
discussion in the Section 11l. Finally, we summarise with the principal conclusions of
this study in Section IV.

Il. MATERIALS AND METHODS
A. Experimental method

The concept geometry is shown in Fig. 1, where, for simplicity, we have taken two
pieces of indium-tin-oxide (ITO) electrodes. These electrodes are embedded on a clean
glass to form a microfluidic chip. The thickness of the ITO coating is 150 nm.  While
deployment of more numbers of electrodes with tunable spacing may offer better
control over the free surface flow, we do not attempt to elucidate those additional
results here, with a sole purpose of demonstrating the essential physical concept.

In a demonstrative example we first refer to, the minimum gap between the
electrodes is 65um and is increasing from the centre to the edges of the electrodes.

The height of water and glass are 1.1 mm, and 1 mm, respectively. The electric field is
maximum at the narrow gap and it gradually decreases towards the edges of the
electrodes. As mentioned previously, Joule heat is generated due to the presence of an
external electric field; hence, it will be stronger in the region of high electric field. A
maximum temperature will thus be generated over the electrode gap where the
electrode spacing is minimum. As the electric field strength decreases with increasing
electrode spacing, temperature also decreases towards the wider spacing. The
established temperature gradient therefore shows its peak at the narrow gap (maximum
temperature occurs around the electrode tip) and decreases towards the wider gap. Far
away from the electrode gap, temperature rise does not occur due to weak electric field
strength. This temperature gradient drives the fluid towards the narrow gap of the
electrodes where temperature is high. Glasses with ITO electrodes (thickness: 1.1 mm)
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were kept on a clean glass substrate. To maintain the gap between the electrodes and
to make a barrier, we used a sealing element around the electrodes (see Fig. 1). The
barrier is far away from the narrow gap so that end effects do not disturb the flow
field. KCI (Merck Life Science Pvt. Ltd.) electrolyte solution of electrical conductivity
0.099-1.92 S/m was used as fluid medium. AC field was employed using a function
generator (33250A, Agilent). Fluorescence microscopy imaging technique was
adopted to track the fluorescent particle (diameter 1 pm, FluoSpheres@carboxylate,
Life Technologies Pvt. Ltd) motion. An inverted microscope (IX71, Olympus) and a
CCD (charge-coupled device) camera (ProgRes MFcool) were used to observe and
record the fluid motion, respectively.

Microfluidic chip Barrier Glass substrate
—_— Fluid domain
l . I ITO electrode
10X objective -
L
[ | s
O e ® Mercury lamp AC signal
AC function Dichroic
generator mirror
=
E— —
CCD camera /? 'ﬁ' I:'-:\

Computer

FIG. 1. Schematic of experimental set up of free-surface flow. Fluid domain is filled by KCI solution.
On activation of electric filed a hot spot is generated at the centre of the fluid domain and fluid flows
towards the hot spot.

B. Theoretical basis

Here, we have considered quasi-electrostatic field,>"*® where induced magnetic field
can be neglected. The spatial distribution of the voltage (¢) in the domain can be obtained
solving the following equation: *"°

V-(oVe)=0, (1)
where o is the electrical conductivity. Electrothermal forces arise from the gradients of
electrical properties which are generated by the temperature gradient in the electrolyte.

Application of electric field causes Joule heating, which can be expressed as a volumetric
source term in the energy equation, as:

o(E*)=pC,V-VT —kV°T, )



where E (=|E|,E=—V(p) is the electric field, V is the fluid velocity, p is the mass density,

C, is the specific heat at constant pressure and k is the thermal conductivity. Generated

gradients in conductivity and permittivity are Vo =(0o/0T)VT and Ve=(0e/dT)VT,
respectively. For aqueous solutions, these gradients, typically are
(0e10T)le=c, ~-0.4%K™ and (0o /0T)/o=c, ~2% K™  Inhomogeneities in
electrical properties generate mobile charges in the electrolytic medium, as governed by the

following expression for the volumetric charge density:
q=(o(0c!/T)—e(0cloT)) I (oc+iwe)-VT -E; 6/t =iw; o being the frequency of the
AC signal. ®

Combined effects of induced mobile charges and electric field generate
electrothermal forces, where the volumetric force density is given by: ®

F. =qE-0.5E*Ve. (3)
The equation governing fluid motion is then given by:
POV [ ot =-Vp+ VvV +(F )+ F, +Fyy,
1|/(Ve Vo cE 1 (4)
<FE>=§|:(—— jE 2—§|E|2vgjl,

& O 1+(or)

where g is the fluid viscosity. (FE> is the time average electrothermal forces **%*®°. 7 is the

charge relaxation time. The buoyancy force reads F, = Apg = (6p/0T)ATg = pfATg, where
4 is the thermal expansion coefficient. Thermocapillary forces (Fry) may alter the fluid
velocity due to surface tension gradient with temperature. The expression of the

thermocapillary ~ force can be  found in  Ref. %% which s
32 2 n . . .
Fr :T§ |V VT —n; (VT-V¢)V¢+?/W¢ . & is the thickness of the interface

between water and air. 7, is the gradient of interfacial tension. In addition, electrical stresses
at the interface may also play role in perturbing the velocity field.

For low fluid velocity (~10™* m/s) the convection heat transfer is negligible compared
to conduction heat transfer. Therefore, from the energy balance (Eg. (2)) one may obtain
oE’I?

k

AT ~ (5)

where | is the reference length scale. Due to negligible effect of inertia force, viscous

force (~ uu/1?) is balanced by the electrothermal, buoyancy and thermocapillary

forces and can be expressed by

i, 112 = o2 Y O)g2y ogat + 2 MAL 6)
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The reduced order form of the above equation can be explored to avail a scaling
analysis of the system, the results of which are shown in Fig. 3. Here, u,is the

reference velocity. Further, gradients of conductivity and permittivity can be written as
60,61

Volo= (i)(a—G)VT =c VT =0.01VT
o oT )

Vele= (1)(8—8)VT =c, VT =-0.001VT
g OT

Egs. (5), (6) and (7) can be combined to evaluate the reference velocity as a function
of electric field as

u, ~ AE* + BE? (8)
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where, A:M, B:[,Bpg +§%jlf—a. The typical values of the physical
ku > ) ku

guantities used here, consistent to experimental values, are given in Table 1. Apart

from the scaling between various forces, some important dimensionless groups, such

as Reynolds number, Peclet number, capillary number have a range of 0.1-0.001, 0.1-

0.01, and 0.5-0.01, respectively, in this problem.

Table 1. Values of the parameters used in the scaling analysis.

c.(KhH ¢ (KH gmisd) KD e(CNVm) I (m) o(Sim) &(m) n (Nm'K?h

-0.001 0.01 10 -0.0001 1o 10°° 1 107068 10°

Some other parameters which are not mentioned in the table are : k ~0.1W/mK,
1=0.001Pa.s, and p ~1000 kg/m?.

1. RESULTS AND DISCUSSIONS
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FIG. 2. (a) and (b) show the tracking of particles to measure fluid velocity (Multimedia view) [URL.: ......... A1].

(c) depicts vector field of the flow and shows direction of the flow. The operating parameters are electrical
conductivity: 0.36 S/m, peak to peak voltage: 10 V, and frequency: 1 MHz.

In this section, we discuss the influence of operating parameters on controlled
directional free-surface flow. To illustrate the flow field characteristics, we have
shown the experimental results of particle tracking and the corresponding velocity
vector field (at a plane that is 30 um below the electrode surface) in Fig. 2

(Multimedia view); the parameters used in the investigation are mentioned in the
figure caption.

We start by considering two particles A and B in Fig. 2a (Multimedia view). As the
electric field is switched on, both the particles traverse towards the narrower edge of
the electrode. This can be seen from Fig. 2b (Multimedia view), where electric field
and thermal field are the strongest. Directions of motion of the particles A and B are
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shown by arrow. The electric field strength is maximum at the narrow gap of the
electrodes. Accordingly, the temperature is highest at the narrow gap of the electrodes.
Using a thermocouple temperature was measured above the narrow gap. A
temperature rise of 7.5 °C was found. The present configuration deals with low
Reynolds number flow where inertial effects are less compared to the viscous and
electrothermal forces. Hence, in the energy balance, thermal conduction scales with

the Joule heating source, so that AT : E?. Therefore, high local temperature gradients
prevail at locations having high local electric field strength. The temperature sharply
drops as one traverse from the narrow gap to the wider gap. This implicitly induces
high temperature gradients within the system at close proximity to the electrode edge.
The strong thermal field is effective in generating strong electrothermal forces.
Besides, due to the local change in density, a buoyancy force is also induced that
controls recirculation near the electrode gap. Further, variation in surface tension due
to temperature gradient generates thermocapillary flow. The direction of this flow
takes place from a higher temperature location to a lower temperature location.
Therefore, thermocapillary force may oppose the electrothermal forces at some
locations.

The corresponding vector field, depicted in Fig. 2c, shows overall converging flow
characteristics due to the combined effects of electrothermal, buoyancy, and
thermocapillary forces consistent with such electrode arrangement. The resultant fluid
motion takes place from the cooler region to hotter region which implies that the
electrothermal force is dominant over the thermocapillary force. The arrows show the
flow direction of the directional free-surface flow. It is clear that fluid motion takes
place from wide region to narrower region at this plane, owing electrothermal effects.
Strong electrothermal forces bring the surrounding fluid towards the centre of the
electrode system. It is noted that at this observation plane, the flow flux is directed
towards the central location of the chip. Another flow flux from the centre to the
outward direction is inevitable due to the fluid continuity constraint in the domain and
such a flux is actually observed at the free surface near the fluid-air interface. Here on,
we proceed to further explore the involved dynamics of electrothermally driven free-
surface flow in more details in the subsequent discussions.
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FIG. 3. Log-log plot of fluid velocity with applied voltage for two different conductivities
0=0.931.92 S/m at frequency 1 MHz. We also show the velocity vs voltage plot (solid line) obtained

from scaling analysis with index 2.9.

Our experiments have demonstrated that the flow velocity is strongly dependent on
the applied voltage and the solution conductivity. Fig. 3 highlights the variation in
fluid velocity with the applied voltage (log-log plot) for conductivity values of 0.93,
1.92 S/m, whereas the frequency of electrical pulsation is kept at 1 MHz. Here, we
have taken average flow velocity of the tracer particles. We have also shown the
velocity vs voltage plot (solid line) obtained from scaling analysis. It is clear that the
flow velocity drastically increases with the voltage. Stronger the electric field, higher
will be the temperature gradients due to Joule heating which increase the various
forces in the system. From the scaling analysis (Eq.(8)) fluid velocity due to
electrothermal forces varies with fourth power of the electric field strength.
Accordingly, dependence of the fluid velocity on voltage is U, ~¢°(since
E~¢@/g). However, in the system, other forces, such as buoyancy force and
thermocapillary force influence the overall velocity and interplay with electrothermal
forces. From regression analysis of the experimental data of velocity versus voltage
for four different conductivity values (o =0.099,0.36,0.93and 1.92 S/m), the
experimentally obtained index of electric field dependence of flow velocity is 2.69,
resulting in some deviations from the scaling analysis (it is 2.9 for scaling). This
deviation can be attributed to the fact that other phenomena viz. dielectrophoresis,
evaporation alter the flow field with some lesser extent. As a result, experimentally
obtained velocity slightly deviates from the scaling argument.
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FIG. 4. Experimentally obtained fluid velocity as a function of (a) conductivity for peak to peak voltage
10 V and frequency 1 MHz; (b) frequency for peak voltage of 10 V and conductivity 0.93 S/m. Error
bars depict the standard deviation of the velocity data. Due to large fluctuation in the velocity at high
conductivity (= 1.92 S/m) the error bar is quite large for o =1.92 S/m as compared to error bars at other
conductivities.

In Fig. 4a, fluid velocity variation with the electrical conductivity of the solution,
for applied voltage 10V,, and frequency 1 MHz, is presented. It is noted that fluid

velocity varies almost linearly with the electrical conductivity of the solution. One can
see that in the energy equation, the temperature gradient varies as |VT|oco. Since

from force balance it was found that fluid velocity is proportional with VT, it is
expected that fluid velocity has linear dependence with electrical conductivity. Fig. 4b
depicts the influence of the frequency on the fluid velocity, for conductivity of 0.93
S/m and voltage of 10V . The pertinent electrokinetic forces comprise Coulomb force
and dielectric force. Coulomb force directly depends on operating frequency whereas
dielectric force is independent of the frequency. These two forces oppose each other
and form an angle between the relevant force vectors in the phasor space. A crossover
frequency, at which the magnitudes of the two forces are equal, may be obtained as:

f.=0/2ne\|1-2p /). Thus, it depends on the physical property of the fluid

medium. For conductivity o =0.93S/m, the crossover frequency becomes 718.5 MHz.
Below this frequency, the Coulomb force dominates over the dielectric force and
owing to complete saturation of free charges the net force almost becomes invariant
with the frequency. Our experiments were conducted in the frequency range of 0.1 to
80 MHz. Frequencies beyond 80 MHz were not imposed due to limitation of the
function generator. The adopted highest frequency is quite below that of the crossover
frequency. Accordingly, the net force in the free surface flow remains almost constant.
The measured velocity data shows imperceptible variations in the mean flow velocity,
with the lowest and highest velocities in the tune of 118 pm/s and 136um/s,
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respectively. Therefore, alteration of fluid velocity with AC frequency agrees well
with the theoretical predictions.

In the previous discussions, we have analyzed the characteristics of directional
free-surface flow and effects of various important parameters. It is seen that by tuning
the directionality of the imposed thermal field, it is possible to direct the free surface
flow along a specified location. In the following discussion, we show the application
of the concept to direct the fluid through an open channel. To form an open channel
flow configuration, we consider a taper electrode arrangement whose entry (at wider
gap of electrodes) and exit (at narrow gap of electrodes) appear as inlet and outlet of
the open channel, respectively.

Fig. 5 (Multimedia view) shows the particle tracking and velocity vector to
estimate the velocity magnitude and direction of the flow, respectively. The tracking
particles (particles A, B, and C) move along the tapper path (shown by green arrow).
As we have mentioned earlier that the temperature is increased from wider gap to
narrower gap, fluid flows from wide region to narrower region along the tapper
channel. Corresponding vector field shows the flow direction.

12
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FIG. 5. (a) and (b) show the tracking of particles to measure fluid velocity (Multimedia view) [URL.: ......... .2].
(c) Depicts vector field of the flow and shows direction of the flow. The parameters are electrical conductivity

0.36 S/m, peak to peak voltage 10 V and frequency 1 MHz.

To make an assessment of dependency of fluid velocity with electrode spacing
and characteristics of tapering, we have shown mean fluid velocity at inlet of the open
channel for two different cases: (i) widths of the narrow gap g, =65um and wider gap

g; =355um (ii) widths of the narrow gap g, =80um and wider gap g, =555um (Fig.
6). Subscripts i and o stand for inlet and outlet, respectively. For cases (i) and (ii) the
gap ratios are g,,=5.46and g,,=6.93, respectively. The results are shown as a
function of voltage (Fig. 6a) and fluid conductivity (Fig. 6b). Although increase in
electrode gap from narrow to wider region is sharp for case (ii) (since g,, >g9,,), the

mean fluid velocity is higher for case (i). Fluid velocity depends not only on how fast
electrode spacing becomes narrow to wide but also on the actual electrode spacing. In
the present scenarios, effect of electrode spacing is much significant than the drastic
change in electrode spacing. For the case (i), the electrode spacing is smaller compared
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to case (ii). The electric field strength is higher for case (i) which causes a much
sharper temperature gradient that induces large electric forces. As a result, fluid
velocity is high in case (i). An important point to be to be mentioned at this juncture
that due to occurrence of electrolytic reaction at high voltage (~ 12.5 V) for g, =5.46,

o =1.92S/m we have taken upper limit of voltage as 10 V (safe operating voltage i.e.,
free from electrolytic reaction).

350 : - . ; ;
° gr =5.46 400 ° gr =5.46 7
000 L g =693 1 = = g =693
r ~ T
250t * g 300} .
200+ 1i 2 }
3 200t { -
150} { R
= |
-
1007 I 1 2 100t 1
¢ = ¢
sof : .1. ] %
2 4 6 8 10 0 0.5 I 1.5 2
Voltage (V) Electrical conductivity (S/m)
(a) (b)

FIG. 6. Fluid velocity as a function of (a) voltage and (b) conductivity for two different electrode
arrangements: case (i) electrode gap at inlet and outlet g, =355umand g, =65um, respectively; case
(ii) electrode gap at inlet and outlet g, =555umand 80um, respectively. For (a) other parameters are:

conductivity 1.92 S/m and frequency 1 MHz. For (b) other parameters are: peak to peak voltage 10 V
and frequency 1 MHz. Error bars show the standard deviation. From the value of error bars, it is
confirmed that due to large fluctuation in velocity measurement at higher voltage the standard
deviations are also high at higher voltages.

From Figs. 6a and 6b it is evident that fluid velocity is also function of the
applied voltage and solution concentration. Mean fluid velocity drastically increases
with voltage and gradually increases with electrical conductivity. At higher voltage,
strength of the electric field becomes more to generate high electrothermal forces. On
the other hand, increased concentration also increases temperature gradient in the fluid
domain. Therefore, fluid velocity increases with electrothermal forces, which gets
enhanced with increasing voltage and conductivity.

The understanding of alternating current electrothermal mechanism to control
the open channel flow can be further elucidated by comparing the results for cases:
g, =1.05(g;, =220pm, g, =210um) and g, =5.46(g; =355um, g, = 65um) shown in Fig.
7; parameters used in the simulation are conductivity 1.92 S/m and frequency 1 MHz.
For g, =1.05, the spacing of the electrodes along the channel is almost same and the
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temperature gradient is almost uniform. Uniform temperature cannot generate
variation in properties and thereby low electrothermal forces are induced. It is
noteworthy that fluid velocity is much lower for g, =1.05 in comparison with the case

of g, =5.46 at which the electrode spacing drastically changes from narrow gap to
wider gap. Although the electrode gap g, =355um is large compared to an electrode
gap of g, =220um, where electric field strength is high (for g, =220pm), steeper
temperature gradient prevailing in the fluid domain for g, =355um results in higher

fluid velocity. Therefore, tapering of the open channel plays a critical role to alter the
flow velocity.

300 - . 1 .
o g=105¢g= 220 wm, g, = 210 um

. 250r| o g =5.46,g =355um, g =635 um i
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FIG. 7. Comparison of experimentally obtained fluid velocity for two different electrode arrangement:
g, =1.05,5.46 . Parameters used in the experiment are: conductivity 1.92 S/m and frequency 1 MHz. Error bars

are highlighted by the standard deviation. It is clear that value of error bar is the highest at relatively high
voltage (= 10 V) due to fluctuation in the velocity values during experiments at 10 V.

IV. CONCLUSIONS

In summary, we demonstrate a novel strategy of generating directional free surface
flow on a microfluidic chip, by deploying interactions between electrical forcing and
strong local thermal gradients. Using the internally evoked Joule heating, spatially
varying gradient in electrical conductivity and permittivity can be generated in the
domain. Interactions between the gradients in electrical properties and the alternating
voltage give rise to motion of mobile charges on the free surface of fluid, setting the
fluid also into motion in a specific direction via interactions between electrical forces,
buoyancy forcer and thermocapillary force. Our findings are likely to open up novel
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research on efficient free-surface targeted transport for on-chip platforms used in
biochemical analysis, without employing a geometrical confinement.
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