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A B S T R A C T

Knowledge of the location and speed of a moving multiphase contact line provides significant and valuable
insight into the fundamental physics behind condensation- and evaporation- based processes such as occur in
high heat flux thermal management solutions. From an application perspective, this information can be lever-
aged to ascertain and enhance device design and performance of phase change-based cooling processes. In this
work, we present a capacitance-based phase interface sensing approach capable of measuring the location and
speed of a moving multi-phase interface at the microscale, evaluate the impact of substrate material on its
performance, and demonstrate its ability to function at elevated temperatures during water droplet evaporation.
The sensing is accomplished via an array of planar interdigitated electrodes upon either a doped semiconductor or
dielectric substrate. Measuring capacitance changes with time facilitates sensing of the contact line as it passes over
each electrode pair. This capacitive sensing scheme is noninvasive to the system under study, allowing its
implementation into many types of existing hardware and devices and does not require optical access to the
phase change area of the device. Results for unconstrained water droplets are presented, and it is shown that the
choice of substrate material has a marked impact on sensing behavior in terms of sensor coupling. Finally, data for
the moving multiphase contact line of an evaporating water droplet is presented to demonstrate functionality
at elevated temperatures and during a dynamic heat transfer process.

1. Introduction

In a given three-phase system such as for a growing vapor bubble or
condensing/evaporating droplet, the three-phase contact line occurs at
the interface of the liquid, solid, and gas phases. This three-phase con-
tact line is able to move along the surface of the solid as the individual
bubble or droplet expands or contracts. Moving contact line (MCL) has
been a subject of extensive experimental and analytical studies because
of its ubiquity in interfacial science and many engineering fields,
including but not limited to microfluidic devices, various coating and
printing technologies, phase-change heat transfer systems, two-phase
flows in porous media, and nucleate boiling [1–5]. The strong temper-
ature and density gradients in the vicinity of MCL along with its mobile
nature make it a major factor in determining the overall heat transfer
characteristics of the phase change process. As a result, the MCL
behavior has also been widely investigated in recent years as it is the
region that facilitates the highest heat transfer in evaporative or other

phase-change heat transfer processes [6–10]. In terms of thermal man-
agement applications, the widespread utilization of multiphase cooling
strategies to handle high heat flux densities means that insights gained
into the behavior of the MCL and its associated thermal impacts can lead
to improved cooling devices, processes, and effectiveness via informed
surface engineering. Studying MCL behavior for phase-change heat
transfer processes like droplet evaporation has also become significant
as temperature data alone does not provide a comprehensive under-
standing. It requires revealing the interdependence of MCL speed and
location with heat transfer mechanisms involved in phase-change heat
transfer processes [9,11–13].

Although optical sensing has been the most prevalent technique
within the literature to study an MCL in laboratory settings, electrical
sensing schemes have advantages over optical techniques in terms of
precision, stability, and applicability at the microscale [14,15] or in
situations where visual access is blocked such as within heat exchangers,
vapor chambers, or other opaque enclosures. Optical techniques possess

* Corresponding author at: Institute for Micromanufacturing, Louisiana Tech University, Ruston, LA 71272, USA.
E-mail address: amoore@latech.edu (A.L. Moore).

https://doi.org/10.1016/j.mne.2022.100168
Received 11 May 2022; Received in revised form 21 September 2022; Accepted 3 November 2022

2590-0072/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

https://doi.org/10.1016/j.mne.2022.100168
www.sciencedirect.com/science/journal/25900072
https://www.sciencedirect.com/journal/micro-and-nano-engineering
mailto:amoore@latech.edu
https://doi.org/10.1016/j.mne.2022.100168
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


r, eff

π

(2Ԑ     Ԑ l w w) ( )

0

[ ( w w) ] ( )

M.T.H. Mondal et al.

low sensitivity and throughput, often require bulky and complex setups,
and are unsuitable for close-packed integration. On the other hand,
electrical detection comprising resistive and capacitance sensing facili-
tate high sensitivity, scalability, transient response, low cost, and
compatibility in compact integration [16–18]. Resistive and capacitive
sensing have been most prominent in electrical techniques, with some
important differentiators between the two types. Resistive sensing has
some known limitations including requiring a continuous conductive
phase in the sensing region and intricate patterns to achieve effective
performance [14]. In contrast, capacitive sensing requires only a spatial
separation between two coplanar electrodes for achieving sensing and
can be more easily scaled down to smaller feature sizes due to its less
complicated geometry requirements [19].

In this work, we present a capacitance-based microdevice capable of
tracking the spatial location and motion of the moving MCL, evaluate
the impact of substrate material on its performance, and demonstrate its
ability to function at elevated temperatures during water droplet
evaporation. As shown in Fig. 1, the microdevice is comprised of a total of
six capacitance micro-sensors based on coplanar interdigitated elec-
trodes (IDEs) with a thin insulating polymer layer on top. This approach
also facilities a bulk micro-fabrication compatible means of sensing
phase interface such that many sensors can be created at one time.
Unlike existing optical methods used previously in literature [10,20,21],
this micro-sensor array approach does not require visual access to the
surface under study such that MCL tracking can occur within opaque
hardware or enclosures. Our previous work on tracking MCL location via
this type of sensing scheme on a semiconducting substrate was shown to
be effective for simple aspirated water droplets but also demonstrated
certain nonidealities, particularly in terms of capacitive coupling effects
between sensors in close proximity [22]. Here, we report on significant
improvements by utilizing a dielectric substrate, including but not limited
to obtaining a much stronger capacitance signal output from multiple
sensors in adjacent proximity with reduced coupling effects. The
motivations behind choosing soda-lime glass as the alternate sub-strate
are its cost-effectiveness and broad applicability in microfluidic and
other MEMS devices. Soda-lime glass substrates are also widely
implemented as they provide advantages over other materials in terms
of high electrical insulation, surface stability, high resistance to me-
chanical stress, and compatibility with a wide range of microfabrication
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techniques [23–25]. We also report for the first-time data for the moving
MCL of an evaporating water droplet to demonstrate this approach's
functionality at elevated temperatures and during a dynamic and real-
istic heat transfer process.

2. Methodology

2.1. Operating principle

The basic operating principle of this phase interface sensing micro-
device is based on changes in the relative permittivity of the medium
directly above the interdigitated electrodes with the passage of the MCL,
which in turn causes a change in capacitance signals obtained from the
sensor array [14,15,22]. Apart from the relative permittivity of the
medium ε , the capacitance C of the sensor array depends on the
width w and spacing 2a between two consecutive coplanar electrodes.
The following equation can be employed to calculate the capacitance C
in the sensor array [26],

[ √̅̅̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅̅  ]

C  = r,eff     0 ln      1 + 
a 

+ 1 +  
a 

2 
  1 (1)

where, Ԑ is the vacuum permittivity and l is the interaction length of the
electrode pair. Fig. 1(a) demonstrates a schematic illustration of the
capacitive sensing scheme, where electric field lines between two planar
electrodes extend above the thin insulating layer to interact with the
motion of MCL as the liquid droplet passes over it. These electric field
lines are caused by an applied sensing voltage to the electrode pair. The
sensing range of the electrical field from the top surface of the IDEs
(referred to as the penetration depth T) also varies with the width w and
spacing 2a between two consecutive coplanar electrodes by following
the equation below [26].

√̅̅̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅̅

T  =  asinh cosh  1     1 + 
a

=  a 1 +  
a 

2 
  1 (2)

2.2. Microdevice overview

The microdevice design in this work contains six capacitance sensors

Fig. 1. (a) A conceptual illustration of the capacitive sensing scheme (not to scale). (b) A laser-microscopic image of the microdevice showing resistance heater and
capacitance micro-sensor array. (c) A detailed view of the sensing zone enclosed by the dashed box in (b) showing six capacitance sensors based on interdigitated

electrodes. The resistance heater and interdigitated electrodes are on separate device layers and separated by a polymer thin film as described in the main text.
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as shown in Fig. 1, with each sensor being comprised of an IDE pair. The
sensitivity or strength of the capacitance signal and penetration depth of
the electric field lines depends on the geometry of the IDEs. The
measured capacitance and penetration depth increase with the
increasing width of the electrodes. However, the capacitance decreases
with increasing spacing between electrodes. The strength of the capac-
itive signal also increases with the number of electrodes and their
interaction length [27]. Although increasing width, interaction length,
and the number of electrodes would enhance the sensitivity of the
sensing scheme, it would also reduce the spatial sensitivity of the
microdevice because of its increasing physical dimensions. Narrower
spatial separation between two consecutive electrodes will also lead
more challenging microfabrication and a reduction in the number of
defect-free devices. Hence, a balanced approach has been implemented
during the device design to facilitate a workable compromise between
magnitude of the capacitive signal, penetration depth, desired spatial
resolution, and high yield microfabrication. The final IDE array design
shown in Fig. 1(b-c) has an electrode width of w =  6μm, spacing be-
tween two consecutive electrodes a =  3μm, and an interaction length of
l =  250μm.

2.3. Micro-fabrication process

Identical capacitance-sensing microdevice arrays were fabricated on
two different substrate types in order to evaluate the impact substrate
material can have on MCL sensing performance. Commercially available
single side polished 500 μm thick boron-doped (1 ´  10 cm ) silicon
wafers with a 500 nm thermally grown oxide layer on top were obtained
to serve as a semiconducting substrate, while soda-lime glass wafers of
similar thickness were obtained to act as a dielectric substrate type. The
microfabrication of the capacitive micro-sensor array consisted of
photolithography, deposition of platinum (Pt), spin-coating of a thin
insulating polyimide top layer, and selective etching/patterning of the
deposited polymer layer by reactive-ion etching. To enable a heated
surface during the droplet evaporation testing, a 100 nm thin film of Pt
was deposited and patterned as a resistance heater directly on top of the
starting substrate via photolithography and DC sputtering deposition. A
1.2 μm thin film of the polyimide was deposited between the resistance
heater and the IDEs arrays via spin coating of the diluted polyimide
(75% PI-2661 +  25% NMP) to provide an electrically insulating layer.
Microdevices that were not intended for evaporation studies did not
include these processing steps and instead began with the IDE micro-
fabrication steps that follow. To create the IDE sensing array, a 70 nm
thin film of Pt was deposited and patterned via DC sputtering in an AJA
ATC sputtering system with a commercially available Pt target. A spin-
on polymer of polyimide (PI-2611) was obtained from HD Microsystems
which can be diluted with the addition of N-Methyl-2-Pyrrolidone
(NMP) to achieve thinner layers. A 440 nm thin film of polyimide was
deposited on top of the deposited Pt layer via spin coating of the diluted
polyimide (50% PI-2661 +  50% NMP) in a closed-bowl spin coater. The
440 nm thick polyimide layer was chosen to ensure a balanced approach
of increasing the sensitivity of the microdevice and providing a thick
enough protective coating atop the Pt layer to prevent it from creating
surface protrusions. The polyimide layer was patterned by reactive ion
etching (RIE) to open contact windows at the device periphery for
facilitating wire bonding between bond pads of the device and the chip
carrier.

2.4. Signal processing

The microdevice was installed and wire bonded within a commer-
cially available leaded ceramic chip carrier, where each of the bond pads
is individually connected to a pin at the backside. The microdevice and
chip carrier assembly interfaces with a computer-controlled data
acquisition system through a pin grid array (PGA) socket. A supporting
sensing circuit was employed to translate capacitance changes into
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voltage readings and to ensure a measurable change in signal magni-
tude, as the capacitance changes related to this sensing scheme can be
relatively small. As shown in Fig. 2(b), the supporting circuit contains an
RC oscillator couple, an operational amplifier, and a reference capacitor
connected in parallel with the sensing IDE capacitor. The planar inter-
digitated electrode arrays used for the six capacitance micro-sensor are
identical in geometry and have an average capacitance of 175 fF before
the experiments in the dry state with approximately 14% of senor-to-
sensor variation. Observation of the noise level indicates that the lower
limit of detecting capacitance changes is 0.2 fF, which is
approximately 0.11% of the average capacitance of the microsensors in
the dry state. An important matter to mention here is that, from a
sensing perspective, if the only goal is to determine the presence or lack
of the liquid within the sensing field of a given sensor, an edge-triggered
digitization scheme or signal inverter would enhance the clarity of the
obtained signal compared to the technique used in the current work.

2.5. Experimental setup

Fig. 2(a) shows a simplified schematic of the experimental setup,
where the microdevice was placed on a sample stage beneath a syringe
controlled by a drop shape analyzer (DSA 25E, KRÜSS Scientific). The
DSA provided controlled dosing and retraction of deionized water
droplets during initial aspiration experiments that did not involve a
heated substrate for droplet evaporation, and controlled deployment of a
known starting droplet size for the evaporation studies that followed. An
optical camera attached to the DSA also monitored the macroscopic
behavior of the MCL, which served to validate that the microdevice
array was functioning as intended. The captured images/videos via DSA
shown in Figs. 3 and 4 also facilitated a usable comparison of the MCL
speed between the microdevice and the optical technique. Simple dosing
and retraction without substrate heating (i.e. aspiration) was first uti-
lized to study the impact of substrate material on sensing behavior.

Once the dielectric substrate was found to be superior through these
early studies, evaporating droplet testing at elevated device tempera-
tures was performed. For ensuring elevated surface temperature during
the droplet evaporation experiment, the thin film resistance heater of
the microdevice was powered with known voltage and current from a
DC power supply. Before dosing the water droplet, the resistance heater
was powered by a set electric input power via the DC supply to attain the
desired surface temperature of the microdevice. The DSA provided
controlled dosing of the water droplet at various surface temperatures
and recorded the entire evaporation process that followed. The cali-
bration of surface temperature at various electric power inputs to the
resistance heater was carried out by employing an IR camera (FLIR
A300) and a commercially available thermocouple, with the latter being
in good thermal contact with the center of the device. This calibration
was performed after all MCL sensing activities were completed to avoid
damaging the wetted surface region.

3. Results and discussion

The normalized capacitance changes with time were measured for a
cycle of dosing and retraction of deionized water droplets for identical
microdevices fabricated on either a semiconducting (doped silicon) or
dielectric (soda-lime glass) substrate. Fig. 5 demonstrates the changes in
capacitance signals for the capacitance micro-sensor array deposited on a
silicon substrate. As Fig. 5 shows, during dosing of the water droplet, the
MCL associated with the droplet's leading edge first moves over
capacitance sensor CS-1 and causes an increase in signal. The MCL next
reaches capacitance sensor CS-6, which also demonstrates a rise in
capacitance signal with the passage of the MCL. These events are
reversed when the water droplet leaves the sensing zone of the micro-
device. This effectively demonstrates the basic measurement principle of
measuring the capacitance changes with time as the MCL passes over the
capacitance sensors. The four dashed boxes shown in Fig. 5 demonstrate
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Fig. 2. (a) Schematic of the experimental setup for tracking speed and location of MCL with a capacitance-based phase interface sensing microdevice, (b) Schematic
of the supporting electric circuit used for each IDE electrode pair.

Fig. 3. Optical images of gradual dosing (Images 1–3) and retraction (Images 4–6) of a water droplet captured by the drop shape analyzer tool during
initial  aspiration experiments on substrate effects. The dashed box in Image 6 shows the location of the sensing zone of the microdevice comprising six capacitance

micro-
sensors CS-1 to CS-6 (numbered left to right).
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Fig. 4. Optical images of the evaporation process of a water droplet captured by drop shape analyzer equipment during the experiment. The dashed box in Image 1
shows the location of the sensing zone of the microdevice.

Fig. 5. Measured normalized capacitance changes for advancing and receding deionized water droplets using the sensor pair CS-1 and CS-6 on a doped silicon
substrate, where the dashed boxes denote the significant movements of MCL as shown in the optical images on top.

the MCL's significant advancing and receding movement toward and
away from the sensors employed during the experiment. The optical
images on top of Fig. 5 represent MCL's corresponding fundamental
movements, while the collaged images shown in Fig. 3 exhibit the
overall aspiration experiments comprising gradual dosing and retraction
of water droplets. All capacitance change data presented in this work has
been normalized relative to the initial capacitance signal before the
experiment when only air alone was present over the sensing zone.

The captured images of gradual dosing and retraction of the water
droplets shown in Fig. 3 are in good agreement with the timing of the
observed capacitance changes, which helps confirm that the observed
signal changes are due to passage of the droplet's MCL and no other
phenomena. Besides indicating MCL location at a specific time, the
measured capacitance changes also enable measurement of MCL speed
by utilizing the time lag shown in the graphs and the known spatial
separation between the capacitance sensors. For example, as shown in
Fig. 5, during dosing the water droplet first reached CS-1 at t =  52 sec
and the change in capacitance signal for CS-6 was detected at t =
64 sec. Utilizing this time lag Δt =  t2   t1 =  12.0 sec and the known

distance (Δx =  658 μm) between CS-1 and CS-6 the speed of the MCL
was calculated as 54.8 μm/s by applying v =  Δx/Δt.

Despite its demonstrated functionality, the capacitance sensing with
the microdevice based on doped silicon substrate exhibited some un-
desirable sensor proximity effects with the simultaneous implementa-
tion of three or more (out of six total) capacitance sensors to track the
MCL. As an example, Fig. 6 shows the normalized capacitance changes
for capacitance sensors CS-1, CS-3, and CS-6 on a doped silicon sub-
strate, where the capacitance signal from the middle sensor is inverted
from the expected trends shown in Fig. 5. This signal inversion did not
cause any interruptions in the ability to track the MCL as the signal
response is still present even with inverted trend, but still represents an
undesirable effect on the signal.

By repeating the same fabrication and testing procedure for sensors
supported on a dielectric soda lime glass substrate, it was found that
using a dielectric substrate as the device base minimized the proximity
effect that caused the inversion of the capacitance signal. The substitu-
tion of soda lime glass for doped silicon facilitated well-ordered capac-
itance signals and enabled increased relative change in capacitance
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Fig. 6. Normalized capacitance changes with time for advancing and receding deionized water droplets using capacitance micro-sensors CS-1, CS-3, and CS-6 with
the microdevice based on a doped silicon substrate.

Fig. 7. Normalized capacitance changes with time for advancing and receding deionized water droplets using capacitance micro-sensors CS-1, CS-3, and CS-6 with
the microdevice based on a soda-lime glass substrate.

compared to its semiconducting counterpart as shown in Fig. 7, where
the same sensor combination from Fig. 6 (doped silicon) was used for
capacitive sensing.

Based on results from the previous doped silicon substrate experi-
ments [22], a sensor triplet comprising CS-1, CS-2, and CS-3 represents
the most extreme scenario of sensor proximity effects where two out of
three capacitance sensors exhibited inversion in their capacitance sig-
nals. Fig. 8 illustrates the relative change in capacitance for this sensor
combination for doped silicon, where CS-1 still shows an uninterrupted
detection of the spatial location of the MCL. The semiconducting base of
the microdevice and the small spatial separation (~40 μm) among these
immediately adjacent sensors are the major causes of this inversion,
which constrained their simultaneous implementation in tracking MCL.

In comparison, adopting a dielectric base instead of the semi-
conducting one produced another improvement by weakening coupling
effects, with only one sensor providing inverted signals shown in Fig. 9.
As this data indicates, the experiment employed three sensors simulta-

neously in the highest sensor proximity configuration, where CS-3
contains inverted but still detectable MCL passage signal response.
Taken together, these experiments indicate the achievable limit of

spatial resolution (~40 μm) for this sensing scheme which essentially
depends on the geometry and design of the sensor array regardless of the
substrate material type.

During the above experiments, the DSA provided controlled dosing
of the water droplet, where a short interval between successive dosing
was maintained by pausing the droplet flow from the syringe to ensure a
noticeable time lag among the sensors employed for tracking MCL. In
contrast, during retraction, the suction of the water droplets through the
syringe was uninterrupted and enabled a faster retracting motion of the
MCL; consequently, retraction events happened faster than dosing
events and thus demonstrated a smaller time lag. The experiments
intended to allow a noticeable time lag among sensors to ensure indi-
vidual functionality rather than an identical time lag for dosing and
retraction.

To have more insights into the reason behind signal inversion when
neighboring sensors are used requires scrutinizing Figs. 6–9 closely.
Fig. 6 shows that the capacitance sensing based on a doped silicon
substrate exhibited signal inversion of at least one sensor when three or
more (out of six total) capacitance sensors were employed to track the
MCL. According to the conceptual schematic of electrical field
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Fig. 8. Normalized capacitance changes with time for advancing and receding deionized water droplets using three capacitance micro-sensors (CS-1, CS-2, and CS-3)
in adjacent proximity with the microdevice based on a doped silicon substrate.

Fig. 9. Normalized capacitance changes with time for advancing and receding deionized water droplets using three capacitance micro-sensors (CS-1, CS-2, and CS-3)
in adjacent proximity with the microdevice based on a soda-lime glass substrate.

distribution shown in Fig. 10, the electric field lines resulting from two
adjacent IDE-based capacitance sensors interfere with each other. This
interference or coupling effect among capacitance sensors placed adja-
cent to each other facilitates a variability in the electric field that drops
the overall capacitance of the region. Therefore, electric field interfer-
ence often led to signal inversion when neighboring sensors were used,
especially for microdevices based on the doped silicon substrates. Later,
an electrically insulating and lower dielectric constant substrate was
adopted to overcome interference in capacitive signal outputs. Apart
from lower dielectric constant, availability in conventional substrate
form and cost-effectiveness made soda-lime glass an ideal candidate as
the starting base of the microdevice. As shown in Fig. 7, the imple-
mentation of the soda-lime glass substrate abated the signal inversion
caused by proximity effects.

Interestingly, another consequence of proximity effects was observed
during the experiments, where the outermost sensor provided a signal
with higher amplitude. To illustrate, CS-1 and CS-6, two external sensors
in the sensing zone, enabled higher amplitude signals. These external
sensors, surrounded by another sensor on a single side, experienced less
interference or coupling than the interior sensors. In contrast, the

internal sensors, such as CS-3 (surrounded by other sensors on both
sides), provided lower amplitudes due to interference from both sides.

The capacitance changes in the sensor array also enable location and
speed tracking of MCL at elevated temperatures and in dynamic heat
transfer processes such as occurs during the evaporation cycle of a water
droplet. To investigate this, a thin-film resistance heater was integrated
with the microdevice as described above, which facilitates heating of the
topmost surface at various controllable temperatures. Figs. 11, 12, and
13 show the normalized change in the capacitance signal of six capac-
itance sensors during the evaporation cycle of a 1 μL water droplet at
surface temperatures of 57.2 �C, 70.7 �C, and 85.5 �C. These results
indicate that, as expected, the duration of the evaporation event gets
shorter as the surface temperature increases. According to the capaci-
tance sensing perspective, the passage of the MCL due to the evaporation
process occurred after 150 s at 57.2 �C, 106 s at 70.7 �C, and only 79 s
when the surface temperature was at 85.5 �C. The DSA provided
controlled dosing of the water droplet during experiments and captured
images of the entire evaporation process during each of the experiments
as shown in Fig. 4. During droplet evaporation studies, MCL's speed
associated with the dosing was much lower than the speed of MCL due to
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Fig. 10. Schematic of electric field lines distribution when a capacitance sensor is operating on its own (top) and when two IDE-based capacitance sensors are placed
adjacent (bottom).

Fig. 11. Normalized capacitance changes with time for droplet evaporation on a heated polyimide surface at 57.2 �C using all six capacitance micro-sensors (CS-1 to
CS-6). The dashed box on the top right shows a close-up of the time lag among the sensors as the droplet evaporates away from the sensor region.

the evaporation at the near end of the experiment. Therefore, the MCL
took a shorter time to move away from the sensor region, consequently
demonstrating a shorter time lag during retraction.

The captured images of droplet evaporation shown in Fig. 4 are in
good qualitative agreement with the observed capacitance changes in
the sensor array. As shown in Fig. 4, during the evaporation at 57.2 �C
and 85.5 �C, the MCL of the water droplet moved away from the
rightmost capacitance sensor (CS-6) to the leftmost one (CS-1). The
normalized changes in capacitance signal shown in Figs. 11 and 13
exhibit the same sequence and time lag among each of the six sensors
employed during the experiments. These results indicate the efficient
functionality of this micro-device at elevated temperatures and during
dynamic heat transfer processes.

Previous approaches within the literature to experimentally inves-
tigate the effects of droplet evaporation under external electric fields
have demonstrated very useful insights [28–30]. These works adopted
parallel plate/disc capacitors to apply an external electric field to the
droplet under study. High voltage power converters were employed to
generate the high voltage between the capacitor plates such that the

applied electric fields were in kV/cm ranges. For noticing detectable
changes in water droplet geometry such as contact angle, baseline, and
surface area, the strength of the electric fields has to be quite strong,
often in the several kV/cm range. In contrast, in our work each IDE-
based capacitance sensor is connected to a function generator that
provides a sinusoidal signal with a frequency of 200 kHz and amplitude
of 7.07 Vrms. Even considering the microscale dimensions of our
microdevice, we estimate a maximum possible field strength in the
sensing region of less than 0.5 kV/cm, which is significantly smaller than
field strength values in the literature [28–30]. Further, we have not
observed any effects or changes in the geometry of the dosed water
droplets during the experiments with the IDEs powered vs. not powered.
For these reasons, we conclude that the applied voltage in our work was
not strong enough to impose any impact on the droplet under study.

In the future, the improvement of this capacitance sensing micro-
device should primarily focus on further reducing the proximity effect
by enhanced filtering and minimizing parasitic capacitance in leads,
traces, interconnects, other system elements. Another emphasis in de-
vice improvement should be increasing the spatial resolution, via more
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Fig. 12. Normalized capacitance changes with time for droplet evaporation on a heated polyimide surface at 70.7 �C using six capacitance micro-sensors (CS-1 to CS-
6). The dashed box on the top right shows the time lag among the sensors as the droplet evaporates away from the sensor region.

Fig. 13. Normalized capacitance changes with time for droplet evaporation on a heated polyimide surface at 85.5 �C using six capacitance micro-sensors (CS-1 to CS-
6). The dashed box on the top right shows the time lag among the sensors as the droplet evaporates away from the sensor region.

compact geometry for the IDEs. This in turn, however, will require
enhanced sensing of small capacitance changes and potentially more
complicated micro/nanofabrication. For exploring new applications,
this sensing scheme can be employed in complex phase-change heat
transfer phenomena such as nucleate boiling processes and thin film
evaporation. It may also be useful for application areas outside of
thermal management such as water harvesting, pollutant detection, or
immiscible liquid/liquid interface studies.

4. Conclusions

In this work, we have presented a comparison of capacitive MCL-
tracking microdevice performance and its dependence on substrate
type. The sensing scheme presented in this work has facilitated a highly
sensitive and bulk-fabrication compatible means of MCL sensing, which
is capable of tracking moving phase interfaces for unconstrained liquid
droplets with both advancing and receding movement. Although the
previous approach of implementing multiple capacitive sensors in

adjacent proximity for the semiconducting base has demonstrated a few
limitations including coupling effects, it did not prevent the effective
detection of MCL. Utilization of a dielectric substrate has demonstrated
notable improvements, including but not limited to increased capaci-
tance signal outputs and reduced coupling effects for multiple sensors in
adjacent proximity. Moreover, this sensing scheme has demonstrated
the efficient tracking of MCL during droplet evaporation at three
different surface temperatures, which establishes its functionality at
elevated temperatures and during a dynamic heat transfer process in the
form of an evaporating water droplet. The future improvements related
to this sensing scheme should emphasize increasing the spatial resolu-
tion and further reducing the proximity effect by minimizing parasitic
capacitance.
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