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ARTICLE INFO ABSTRACT
Keywords: —Micropumps have attracted considerable interest in micro-electro-mechanical systems (MEMS),
Viscous fluids microfluidic devices, and biomedical engineering to transfer fluids through capillaries. However,

Electric potential

improving the sluggish capillary-driven flow of highly viscous fluids is critical for commercial-
Underfill flow

izing MEMS devices, particularly in underfill applications. This study investigated the behavior of
different viscous fluid flows under the influence of capillary and electric potential effects. We
observed that upon increasing the electric potential to 500 V, the underfill flow length of viscous
fluids increased by 45% compared to their capillary flow length. To explore the dynamics of
underfill flow under the influence of an electric potential, the polarity of highly viscous fluids was
altered by adding NaCl. The results indicated an increase of 20-41% in the underfill flow length
of highly viscous conductive fluids (0.5-4% NaCl additives in glycerol) at 500 V compared to that
at 0 V. The underfill viscous fluid flow length improved under the electric potential effect owing
to the polarity across the substance and increased permittivity of the fluid. A time-dependent
simulation, which included a quasi-electrostatic module, level set module, and laminar two-
phase flow, was executed using the COMSOL Multiphysics software to analyze the effect of the
external electric field on the capillary-driven flow. The numerical simulation results agreed well
with the experimental data, with an average deviation of 4-7% at various time steps for different
viscous fluids. Our findings demonstrate the potential of utilizing electric fields to control the
capillary-driven flow of highly viscous fluids in underfill applications.

1. Introduction

For decades, underfill materials have been transferred into chip-to-substrate standoffs using capillary-driven flow [1-6]. Con-
ventional underfill materials used in capillary-driven flow are composed of thermoset epoxy polymers with silica filler particles [7,8],
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generally demonstrating a slow flow rate owing to their high viscosity. Hence, a complete filling of the chip-to-substrate standoff and
shortening of the filling time have been regarded as technical challenges [9,10] in capillary-driven flow. Various studies have claimed
that capillary-driven flow can be enhanced by modifying the surface wettability [11-14], driving pressure gradient [15], thermal
stresses [16-18], and electric field effects [19-22].

In terms of wettability control, superhydrophobic coatings have been extensively explored to limit the contact area between the
capillary wall and liquid [23-25]. Owing to the presence of micro/nanostructures, a nonzero flow exists at the solid-liquid boundary,
enhancing slip-induced flow in low-viscosity fluids. However, an increase in the fluid viscosity can still increase the capillary filling
time. In previous studies, researchers improved the capillary-driven flow of a highly viscous glycerol droplet; they noticed that the
highly viscous glycerol flowed faster than water owing to deformation and air trapped within the micro/nanostructures of glass
capillaries created by the superhydrophobic coatings. The spreading behavior was investigated on wettability patterned tracks for
parametric modification of the liquid viscosity [26]. The findings revealed that the spreading morphologies of various viscous fluids
were similar; however, highly viscous fluids required additional time to reach the end of the channel track. The capillary flow of
different viscous fluids with varying surface wettabilities was analyzed to determine the capillary filling speed [14]. Consequently, all
liquids demonstrated a reduced speed for low-surface-energy capillaries compared to high-surface-energy capillaries.

The pressurized underfilling technique was previously used to examine incomplete filling under capillary flow, and the impact of a
pressurized flow on the underfill time was examined. The researchers found that while pressure increased the fluid flow, the filling
speed decreased when the fluid came into contact with a larger area [27]. The pressurized fluid flow had a shorter filling time,
requiring more precautions to ensure assembly and resistance against the pressure-induced flow to prevent failures during
manufacturing [28]. Notably, the use of pressurized fluid can cause the mold fluid and flip-chip package to interact with each other,
leading to package deformation or solder bump breakage.

In addition to the surface wettability and pressurized capillary flow, thermocapillary stresses can direct liquid micro streams along
defined paths [29,30]. The thermocapillary method modifies the surface tension at one end of a liquid plug using heating devices
outside the channel [31,32]. The temperature difference between the front and rear ends creates a capillary pressure gradient for liquid
propulsion. Darhuber et al. investigated the effect of a thermal gradient on low viscosity fluid flow to develop a tunable and elegant
technique for fluid transport [33] and observed that induced thermocapillary stresses appropriately steered microfluid streams along
lithographically characterized pathways. Moreover, the migration behavior of liquid droplets on a metal substrate has been studied
using the thermocapillary effect [34]. The findings indicate the need for developing a viable method for predicting the migration
velocity as a function of the heat gradient, which can also increase the mechanical stress on the capillary wall. The flow of highly
viscous fluids can also be increased by tilting the capillary channel [35]; however, this method has limitations because tilting is not
feasible in several industrial processes.

In flip-chip packaging, the combination of the electrohydrodynamic (EHD) phenomenon with capillary systems has recently
attracted the attention of several researchers [36-41]. The EHD phenomenon has attracted interest in fluid control at the nanoscale
level, in addition to the processes mentioned above. EHD systems use electric fields to improve and control mass flow distribution
[42-44]. The EHD phenomenon has been employed in several applications, including capillary pumping, improved heat transfer, and
printed electronics [45-49]. The electric and magnetic forces significantly extend the fluid flow length and decrease void defects when
the electrodes are in physical contact with the capillary walls. In previous studies, for multiphase electro-kinetics applications,
pressure-driven movements of immiscible fluids were examined under an electric field [50], where the effects of surface potential and
liquid conductivity on filling dynamics were found to enhance the fluid flow. The electric current increased when an electromagnetic
field was applied to the capillary walls through the attached electrodes, reducing the filling time [51]. The influence of the polarization
force on the liquid flow was demonstrated by EHD pumping for dielectric liquid flow in a microchannel [52]. Numerical studies on the
polarization force showed a significant reduction in the encapsulant filling time and an improvement in the flow length in a micro-
channel [53]. Although EHD pumping can increase the fluid flow speed, presumably, we could not find any literature investigating the
flow of highly viscous and conductive fluids under the influence of the EHD phenomenon. The findings summarized in this section
indicate that the limited flow rate of underfill materials can be countered only to a limited extent by altering the wettability, driving
pressure gradient, thermal stresses, and electric field effects. Enhancing the slow speed of highly viscous fluids is still an important
concern of industry which takes a longer time to complete the underfill process.

Herein, we utilized the electric potential effect to increase the underfill flow length of various viscous fluids exhibiting dynamic vis-
cosities ranging from 0.0018 to 1.2 Pa s between parallel plates; the polarity of the viscous fluids under an electric field was also investigated.
To verify the effect of the electric potential on the underfill flow length of viscous fluids, we recorded the change in flow length by varying
the electrical potential from 0 to 500 V. The polarity of the highly viscous fluids was also altered by adding NaCl to glycerol to investigate the
dynamics of underfill flow length under the influence of the electric potential. The electrocapillary number was studied to explore the effect
of electric potential on the viscous and conductive fluid flow dynamics. The 3D simulation was also performed to analyze the viscous fluids
flow dynamics under the electric potential effect. Considering the Maxwell stress effect in the EHD system, we compared our experimental
results with theoretical and numerical models, which elucidated the dynamics of capillary filling in a small cylindrical tube [7].

2. Experimental setup
2.1. Materials and properties

Ethanol and deionized (DI) water were purchased from Daejung Chemicals and Materials (Siheung-Si, South Korea) to clean the
surface of the glass (Duran Wheaton Kimble) Glycerol, methanol, and NaCl were purchased from Sigma-Aldrich (South Korea).
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Ethylene glycol was obtained from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Nano NC in South Korea provided a
34-gauge plastic nozzle. A syringe pump (Chemyx Inc.) was used to maintain a steady flow during the experiment.

2.2. Microchannel fabrication, characterization, and experimental procedure

To adjust the capillary gap position (Fig. 1a), glass slides were diced to make a rectangular channel of (2 x 4 mm) and positioned
horizontally; these slides could also move in the vertical (y) direction. A stainless steel-nozzle (34-gauge) was used to deliver liquid at a
flow rate of 5.33 x 10~11 m%/s through a syringe pump. A high-speed camera (Mini UX100, Photron) was used to capture the spreading
behavior of the capillary fluid and fluid flow meniscus dynamics. A light-emitting diode (SPO Inc.) was connected to a coaxial zoom
lens to visualize the meniscal phenomenon. Videos and images were captured at 50 frames/s, with a time step of 100 ms and a shutter
speed of 1/5,000 s. An amplifier (10/40A high-voltage power amplifier, TREK, USA) and function generator (33220A, Keysight, USA)
were used to supply direct-current (DC) voltages to the nozzle tip to investigate the spreading dynamics of viscous fluids under
different electric fields. The data corresponding to the spreading behavior of the liquid between the parallel plates was scaled,
analyzed, and cropped using the ImageJ software. Fig. 1b and c presents the schematic of the experimental setup and voltage effect,
respectively, and the experimental parameters are listed in Table 1.

2.3. Analysis of physical characteristics of the fluid
We examined the viscous fluids conductivities using an electrical conductivity meter (DKK-TOA, Japan), and the contact angle

between water and the substrate was measured using a droplet analyzer (Femtofab Co., Ltd.). A surface tension analyzer (DST 60A,
South Korea) and a viscometer (ARES-G2, Rheometer, USA) were used to measure the surface tension and viscosity, respectively.
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Fig. 1. Schematic of the experimental setup, and fluid flow between parallel plates under the effect of electric potential. (a) experimental setup with
a high-speed camera and electric field generation; (b) experimental setup; a voltage is applied to the nozzle near the meniscus between the parallel
plates; (c) voltage effect on the fluid flow between parallel plates with channel height h and length L. Different viscous fluids were pumped using a
syringe pump and nozzle under a high voltage.
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Table 1
Experimental parameters and conditions.

Experimental parameters

Substrate Glass

Length of channel 0.004 m

Flow rate (Q) 5.33 x 10711 m%/s
Nozzle outer diameter (D) 0.000250 m

Slit gap 100 pm

Nozzle height from the substrate (m) 50 pm

Voltages 0-500 V

3. Numerical simulation

A three-dimensional (3D) numerical simulation analysis was performed to analyze and endorse experimental results of an external
electric field effect on the capillary-driven flow between parallel plates. COMSOL Multiphysics software was used to perform a time-
dependent simulation that included a quasi-electrostatic module, a level set module, and a laminar two-phase flow. The effect of an
increase in the applied electric field on capillary-driven flow was evaluated to confirm the experimental findings of this study. The
electrostatic interface, the laminar two-phase flow, and the level-set module were configured separately. The physics coupling was
performed using Maxwell electrical stress tensors between electrostatic forces and laminar flow. Maxwell stress tensor is a method
generally used to compute the volume force acting on a system. Similar to that in the experiment, the contact angle (15.4°) for the glass
surface was set based on the condition of the wetted-wall boundary on the inner sides of the parallel plates (Fig. S1). The slip length was
set to default as a factor of minimum element length and, parametrically varied from 0 to 1.5 while keeping the minimum mesh
element length of 4 pm at the wall. The factor was set to be 0.75 as it yielded results with quite low residual error and a smaller value
for slip length would force the mesh to be more refined, increasing the overall computational time.

The Navier-Stokes equation was used to determine the fluid motion between air and fluid. As the theoretical and experimental
outcomes required a mean interface location, a basic interface tracking model was performed using the level-set method. The changing
permittivity gradient and conductivity between the fluids caused the appearance of charge and thus, a localized electric force at the
interface [54]. The electric force acting on the fluid due to the development of surface charges at the interfaces was examined using
local electric fields. The divergence of the Maxwell electric tensor can be used to acquire the electrostatic body force density; this body
force, which expresses the electrostatic force produced by a non-uniform electric field, was represented as an external force within the
Navier-Stokes equation, which was used to create the numerical coupling (Equations (5) and (6)). The components required for
computing the Maxwell tensor divergence are the electric field and the dynamic permittivity of each mesh element based on the
volume ratio of fluid/air in that element. These parameters were derived from the electrostatic module, and force components were
calculated accordingly in Equation (9) for each mesh node. The derived force acts on the entire system; therefore, it was added as a
volume force (F) in the laminar two-phase flow module (Equation (1)); hence the coupling between both modules was achieved. To
further understand, we represented the multi-physics setup for the laminar two-phase flow; a level-set interface module was used to set
up the equations for the fluid motion according to the Navier-Stokes equation [55]:

P%er(u V)u=V.[—pl+p(Vu+(Vu)')] +F+pg+F @
V.u=0 @

Where u, , i, p and g denote the velocity, density, dynamic viscosity, pressure, and gravity, respectively (Equation (2)). Fy is the surface
tension force, 1 is the identity matrix, and F is the additional volume force, i.e., electrical force. To track the fluid interface, the level set
equation was described as follows [55]:

0D

Vo
Ziruvg=av.(eVo -o(1-0) -
S TuVo=a <el. 2 - @)W l)@ 3)

In above Equation (3), o controls the reinitialization (m/s), €;; denotes the interface thickness and @ is the level set variable. The
electrostatics interface module set up the following equation for the electric potential V:

—V. (8&,VV)=0 ()]
Here in Equation (4), & is the permittivity of vacuum, and ¢, is the dynamic permittivity of the fluid domain which is dependent on the
fluid fraction of both liquids. Finally, physics coupling was performed by adding the Maxwell electrical stress to the Navier-Stokes

equation to include the external electric field force acting on the system. This external electric field force, induced by the diver-
gence of Maxwell stress tensor, is mathematically expressed as;

F=V.T 5)

T=ED" -1 6)
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where T denotes the Maxwell stress tensor, E is the electric field, D is the electric displacement field the superscript T denotes the
transpose operator while I is the identity matrix. The expanded form of the stress tensor shown in Equation (6) is as following [56]
(Equations (7) and (8)):

E= - VV @
D =¢gye,E 8)
1
eo& B2 — SEoee (Ei +E + Ef) €0&EE, goe,E,E,

Txx Txy sz 1
T=|Ty Ty Ty|= €0t B, E, &0 B} — 560t (E§ +E + E2> e0e,E,E, ©)

sz sz Tzz

1
€0, E,E, €06, E,E, eoe.E2 — Seue, (B2+E+E)

Finally, the divergence of the tensor, as mentioned above (Equation (9)), was added to the Navier-Stokes equation (1) for coupling
the Multiphysics simulation setup. The simulation geometry was built using the experimental setup as a guide. The applied conditions,
including the flow rate (5.33 x 107! m3/s), electrode position and voltage variation (0 and 500 V) were the same as those used in the
tests. The outlet boundary condition was set to 0 Pa, and the ground boundary condition was placed at the outlet. Based on the po-
tential applied, the electric field components E,, E, and E, were determined locally as the fluid interface changed with time. Finally, the
electrical force calculated by COMSOL in the quasi-electrostatic simulation was connected to the fluid dynamics simulation to provide
a realistic simulation of the phenomenon. As a result, when the applied voltage was increased, the Maxwell stress produced by the
voltage at the fluid interface dominantly influenced the fluid flow penetration length.

A 3D rectangular micro-channel was designed with a slit gap of 100 pm, length of 4 mm, and width of 2 mm, as shown in Fig. 2a; a
circular microchannel was also constructed, depicting the flow path as the inlet of a rectangular microchannel. This circular micro-
channel diameter was 250 pm, the same as the syringe outer diameter, while the length was set to be 50 pm depicting the syringe
to slit distance (m). The boundary conditions for the simulation were set to be equivalent to our experimental setup. The system inlet/
syringe outlet was specified to have a constant flow rate of 5.33 x 107! m®/s. The side walls were given a no-flow condition while the
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Fig. 2. Comparison of numerical simulation results for meniscus flow at 0 and 500 V. (a) schematic of channel and boundary conditions; (b) volume
fraction of the fluid flow at 0 V under the capillary effect; (¢) volume fraction of the fluid flow with the electric field streamline (V) at 500 V; (d)
representation of electric field norm (V/m) and pressure contour of the fluid flow at 500 V.



R.U. Hassan et al. Heliyon 9 (2023) e16395

outlet boundary was set at 0 gauge or static atmospheric pressure. The up and down walls were given the wetted wall boundary
condition. Fig. 2b and ¢ shows the comparison of fluid flow at 0 and 500 V, where the contour plot in Fig. 2d represents electric field
norm variations across the system, which indicates a higher intensity of the electric field norm (V/m) owing to the higher permittivity
and polar conductivity of the field compared with the corresponding values for air. The contour lines indicate the pressure (Pa) from
the inlet to the channel outlet. Within the fluid domain, the colour of the streamline represents a change in the applied voltage,
whereas the streamline density indicates the electric field intensity. It is known that electric field lines tend to pass through high-
permittivity media. The simulation defined the electric permittivity as the proportionality factor between the electrical polarization
and field strength. The proportionality factor was dynamically computed according to the changing volume fraction in the mesh
element of the defined domain. The proportionality factor is computed in each mesh element from the internally defined volume
fractions of each fluid for the relative permittivity of air and liquid, respectively. A numerical simulation study was performed to
analyze the effect of a non-uniform electric field on a liquid owing to the variation of the permittivities. The advancing fluid front was
also observed, revealing the influence of an applied electric field on the penetration length, thus confirming the experimental results.

4. Results and discussion

4.1. Capillary number

The viscous to surface tension force ratio (%) [57,58] is known as the capillary number (C,). Here, u represents the flow velocity of

the fluid. Typically, the flow between parallel plates is dominated by capillary forces at low C, (Cq < 1), and viscous forces are
dominant at high C, (C, > 1). As illustrated in Fig. S2a, C, increases when the viscosity of the fluid increases at 0 V, indicating
substantial viscous effects on the fluid flow. Similarly, C, also increases continuously as the fluid flow advances between the parallel
plates, indicating the dominance of viscous forces over surface tension forces. In our analysis, the capillary number values were not
high, hence our experiments were dominated by capillary forces over viscous forces. Therefore, C, plays an important role in analyzing
the effects of viscosity on the underfill fluid flow length. In this study, the electric field and polarity effects were analyzed further to
overcome the slower speed of highly viscous fluids.

4.2. Electrocapillary number

Electric forces play a vital role in fluid flow dynamics when a voltage is applied between the meniscus and the ground on the other
side of the parallel plates. To examine the effect of external electric forces on the fluid flow length, the electrocapillary number (C,, ) is
analyzed, where C,, is defined as the ratio of the electric forces to the surface tension forces, as follows [59-61].

2
Cy = (%) (10)

where h, E, and ¢, represent the distance between the parallel plates, electric field, and permittivity, respectively. The impact of C,, on
the fluid flow is depicted in Fig. S2b for EG, where an increase in the electrocapillary number improves the fluid flow length owing to
the high electric field and strong polarity effects. Without an external pressure gradient, the EHD pumps require either a permittivity
gradient across the field or a weakly conducting incompressible dielectric fluid that can only be made to flow in the presence of an
electric field if space charges are generated in the fluid. The electric field created by the EHD flow can be used to achieve the bulk flow
driven by the Maxwell electric pressure gradient [62], which may arise without interfacial charges, owing to the gradient in the normal
component of the Maxwell stress tensor. Because we wished to investigate the capillary flow penetration length between the plates, we
modeled the fluid flow length (L) in the x-direction (Fig. 1b) under tangential and normal electric forces. A normal force is applied
along the channel length tangentially to the plate direction. A voltage source also generates an electric field at the nozzle end, which
acts as an electrode near the parallel plates meniscus, driving a fluid flow similar to that of the EHD phenomenon [63]. Electric force
induces not only motion but polarization; thus, the flow perturbs by the electric field and therefore alters the flow length.

4.3. Effect of liquid viscosity on capillary flow

In this section, we present a substantial dataset that characterizes the dynamics of the flow length versus time for various viscous
liquids in the absence of an electric field. The contact line expands when the fluid touches the inlet of the parallel plates, and the
capillary force causes the liquid to flow along the parallel plates. The capillary-driven flow time can be calculated using the Washburn
equation, as follows [64-67]:

_ 3ul(r)?
" hycos (1)

where (1), u, v, 0, and h denote the instantaneous penetration distance of the liquid, viscosity, surface tension, contact angle, and the
gap between parallel plates, respectively. Fig. 3a illustrates the effect of viscosity on the capillary-driven fluid flow of various viscous
fluids (0.0018-1.2 Pa. s), including 30% methanol in DI (MD), 20% ethanol in DI (ED), 50% ethylene glycol in DI (EGD), 50% glycerol
in DI (GD), and pure glycerol (G) at 0 V for 0.1-1.2 s. The underfill fluid flow length of MD reached a maximum of approximately 0.78
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mm at 0.1 s, where the flow length of the low viscosity liquid (MD) near the meniscus was higher than that of EGD (0.58 mm) and GD
(0.45 mm) in the same time interval. The fluid flow lengths of MD and pure glycerol at 1.2 s were 2.51 and 1.13 mm, respectively; a
54% decline in the flow length of the pure glycerol fluid was observed compared with that in the low viscosity liquid MD. These results
indicate viscosity is the most important factor influencing the underfill fluid flow length. The meniscus location was dependent on the
viscosity of the fluid and the meniscus of highly viscous fluid was shorter than that of a low viscosity fluid at the same time interval
owing to highly viscous forces. Equation (11) indicates that an increase in the viscosity [68] increases the filling time of the underfill
fluid, which accurately reflects our experimental evaluations. Thus, we can conclude that an increase in the viscosity of a fluid
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Fig. 3. Electric field effect on the penetration flow length of different viscous fluids (a) comparison of the penetration lengths of the different
viscous fluids at 0 V (b) 30% methanol in DI water; (c) 20% ethanol in DI water; (d) 50% ethylene glycol in DI water; and (e) 50% glycerol in
DI water.
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Fig. 4. Comparison of theoretical, numerical, and experimental results for different viscous fluid penetration flow lengths under an
electric field. (a, b, ¢, and d) penetration flow length of 50% glycerol in DI water, ethylene glycol in DI water, 20% ethanol in DI water, and 30%
methanol in DI water at 0 V. (e, f, g, and h) penetration flow length of 50% glycerol in DI water, 50% ethylene glycol in DI water, 20% ethanol in DI
\Lvater, and 30% methanol in DI water at 500 V.

increases the underfill flow time, which is the primary drawback of the underfill technology.
4.4. Effect of electric field on viscous fluid flow

The influence of the electrical potential on the spreading behaviour of several viscous fluids (MD, ED, EGD, and GD) was inves-
tigated while maintaining a similar surface tension value (27-34 mN/m) for all the working fluids. Certain combinations of liquids
were found in literature [69-71], for which different concentrations of the different liquids had a similar surface tension; this was also
verified experimentally. An electrical potential was applied to the nozzle near the meniscus formed between the parallel plates to
reduce the filling time of the viscous fluids. The flow-length patterns observed at various voltages are illustrated in Fig. 3(b, c, d, and e).
The low viscous fluids are exponential in the range of 0.1-1.2 s, as shown in Fig. 3b and c, whereas the equilibrium position of the high
viscous fluids was achieved at 1.2 s, as depicted in Fig. 3(d and e). Therefore, we selected the range from 0.1 s to 1.2 s for all liquids in
our measurements. At 0 V, the fluid profile widens as the fluid pierces through the gap between the parallel plates, demonstrating the
capillary effect for all the working fluids. At 500 V and 1.2 s, the MD, ED, EGD, and GD liquids exhibit maximum fluid flow penetration
lengths of 2.75, 2.42, 1.43, and 1.29 mm, respectively (Fig. 3(b, c, d, and e)). Results show that the low viscosity fluid MD demonstrates
a more significant fluid flow penetration length (2.75 mm), which is substantially higher compared to that of a highly viscous fluid,
such as GD (1.29 mm). These results indicate that the flow length increases gradually with an increase in the electrical potential for all
working fluids. The induced electrical potential increases the flow length of the highly viscous fluids, thereby overcoming partial and
slow underfilling. In summary, our findings indicate that an increased fluid flow penetration length is associated with the capillary
number, viscous fluid, and a high electrocapillary number.

4.5. Comparison between theoretical, numerical, and experimental results

Fig. 4 shows a comparison of the experimental and numerical simulation results with the theoretical model [19] for different
viscous fluids at different voltages (0 and 500 V). The experimentally observed values of the viscosity, surface tension, voltages, nozzle
height from the substrate, and length of parallel plates are presented in Tables 1 and 2 and employed in the comparison of the
experimental results with those of the numerical simulation and theoretical model. The fluid flow penetration length is a function of
the following three driving forces: electric, inlet, and capillary pressures. The theoretical model used simulated and average experi-
mental data from several time steps to examine the meniscus location and flow of the different viscous fluids. Fig. 4 (a, b, ¢, and d)
shows a comparison of penetration flow length of 50% glycerol in DI water, ethylene glycol in DI water, 20% ethanol in DI water, and
30% methanol in DI water at O V respectively. Fig. 4 (e, f, g, and h) represents the effect of voltage to enhance the penetration flow
length of different viscous fluids at 500 V. This comparison was used to determine the fluid flow length until it reaches the gap, along
with the distribution profile between parallel plates. Upon comparing the experimental data with that of the simulation and theoretical
models, we discovered that all experimental results exhibited an average variance of 4-7%. Consequently, these findings can be
considered proof of the enhancement in the fluid flow penetration length resulting from the externally applied electric field.

4.6. Effect of polarity on the fluid flow

The voltage has a higher impact on the low viscous fluids than the high viscous fluids due to the low viscous forces. As shown in
Fig. 3, when the viscosity of a fluid is increased, the effect of voltage decreases; therefore, further experiments were performed by
adding conductive NaCl in viscous glycerol fluid. The effect of ionic concentrations under an electric field was examined to address the
slow filling of the highly viscous fluid. NaCl was mixed with glycerol to elucidate the effect of fluid polarity on the underfill fluid flow
length under the effect of an electric field. A maximum of 4 wt% NaCl completely dissolved in the glycerol with the highest polarity

Table 2

Viscosity, surface tension, and conductivity of different viscous fluids (with and without NaCl).
Liquids Viscosity (Pa.s) Surface Tension (mN/m) Conductivity (uS/cm)
30% Methanol/DI 0.0018 32 5.76
20% Ethanol/DI 0.0022 34 5.05
50% Ethylene Glycol/DI 0.02 27 2.47
50% Glycerol/DI 0.04 30 8.94
100% Glycerol 1.20 63.4 2
0.1% NaCl/glycerol 1.25 8.30 30
0.5% NaCl/glycerol 1.31 8.10 70
1% NaCl/glycerol 1.38 7.54 135
2% NaCl/glycerol 1.45 7.20 154
4% NaCl/glycerol 1.52 6.80 195
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Fig. 5. Comparison of theoretical and experimental results of the electric field effect on the penetration flow length of glycerol and NaCl/glycerol at
varying concentrations of NaCl; viscosities ranging from 1.2 to 1.52 Pa s.

(Fig. S3), whereas higher quantities (6% and 8%) resulted in agglomeration in the solution. A comparison between the effects of the
electric field and fluid polarity at varying glycerol and NaCl/glycerol concentrations is shown in Fig. 5; herein, a similar pattern of fluid
flow is observed in the case of all curves, which illustrates that at the initial level, the flow drastically increases, and the gradually
decreasing behaviour of the fluid flow can be attributed to air and frictional forces. Glycerol (NaCl = 0) demonstrated the lowest
viscosity among all tested NaCl/glycerol solutions and spread slowly approximately up to 0.98 mm at 1.2 s; the flow length of glycerol
(NaCl = 0) increased only by 12%, despite the application of an electric potential of 500 V. Fig. 5 shows that NaCl/glycerol responded
effectively in fluid flow length under electric field influence due to improved conductivity of NaCl/glycerol concentrations; however,
the viscosity increased, and surface tension decreased by adding NaCl in glycerol (Table 2). Therefore, in our measurements, con-
ductivity has a dominating role in enhancing fluid flow length under the electric field effect. Increased concentrations of NaCl/glycerol
resulted in longer underfill flow lengths between the parallel plates owing to the high polarity interaction between the solution and
electric potential difference. The electrical polarization of a substance is determined based on its permittivity, which is directly
proportional to C,, in the electrocapillary number equation (Equation (10)). A higher electrocapillary number indicates a highly
polarized fluid in the system (Fig. S4). Based on this, we can conclude that the stronger the polarity effect within a substance, the
higher is the permittivity of the system and, hence, the higher is the electrocapillary number. Owing to the strong polarity and higher
system permittivity gradient across the substance, the underfill flow length improved when the electrocapillary number increased.
Compared with glycerol at 0 V, the presence of 4% NaCl in glycerol increased the penetration length of the highly viscous fluid flow by
41% under an applied electric potential of 500 V. The fluid flow length of glycerol increased from 0.98 mm (glycerol alone) to 1.22 and
1.55 mm upon adding 0.5% and 1% concentrations of NaCl respectively at 1.2 s. This represents a significant improvement of about
20% and 37%, respectively, in the flow length and shows how even a small amount of additive can increase the flow length of viscous
conductive fluids. Fig. 5 also presents a comparison of the experimental and theoretical results obtained when NaCl is added to high-
viscosity glycerol. We observed the effect of voltage increased the fluid flow length of NaCl/glycerol liquid by overcoming the viscous
forces due to enhanced conductance of NaCl/glycerol liquid. The permittivity of fluid also plays an important role in the electric field
effect, which can be further studied.

5. Conclusion

It is known that the viscosity of a fluid considerably affects the dynamics of capillary-driven flow in microfluidic devices and
underfill applications. In research and industrial operations, high-viscosity fluids increase the viscous resistance, thereby decelerating
the penetration flow length, which is undesirable. With the electronic industry moving toward more efficient chip packaging processes
in terms of underfilling and functionality, the rapidly flowing of highly viscous fluids is becoming increasingly important.

Herein, we investigated the effect of viscosity on underfill fluid flow length with respect to C, , Cq,, polarity, and electric field
effects. Consequently, we noticed that the increment in C, owing to high viscosity reflected the presence of substantial viscous effects
in the viscous fluid flow. In the case of electrocapillary number, an increment in C,, lead to an increased underfill fluid flow length due
to the enhanced electric field and permittivity effects. Furthermore, the effects of the electric field on highly viscous fluids were
examined; owing to the applied electrical potential, the penetration flow length of the viscous fluids increased by 45% compared to
that under capillary-driven flow without the electric field effect. The effect of the electric field on low-viscosity fluids was found to be
prominent compared to that on high-viscosity fluids, owing to increased viscous forces. To overcome the effect of the viscous force, we
modified the fluid polarity by adding NaCl to glycerol, and the results indicated a longer underfill flow length than that for glycerol
under the effect of an electric field. We further discovered that compared to glycerol at 0 V, 4% NacCl in glycerol under an applied
electrical potential of 500 V increased the penetration length of the highly viscous fluid flow by 41%. In particular, adding 0.5% NaCl
to glycerol increased the underfill flow length by 20%, demonstrating that even a small amount of additive, could significantly increase
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the flow length under the electric potential effect by enhancing the polarity of the fluid.

The research presented here can have implications in point-of-care diagnostic equipment, viscous and conductive liquids mixing,
and transportation of highly viscous oils and organic solvents, where working fluids demonstrate a wide variety of properties. In the
future, highly viscous fluids can be studied to analyze flow characteristics under electric field effects. More conductive particles/
materials can be embedded in highly viscous materials to study their characteristics under electric field effects. The experimental and
simulation-based study can be investigated to analyze the shear thinning viscosity behavior and dynamics of non-Newtonian fluid flow
under the electric field and thermal effects.
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