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Despite the important and pervasive nature of evaporative heat transfer phenomena, fundamental questions still
remain about the microscopic processes that occur in and around individual droplets on a surface. In order to
understand the underlying physics behind evaporative heat transfer, it is critical to have information at the
individual droplet level regarding the surface temperature distribution with time as well as the location and
speed of the moving multiphase contact line (MCL). In this work, a multifunctional microscale device comprised
of a resistance heater, an array of spatially distributed thin-film resistance temperature detectors, and a phase
interface sensing capacitance micro-sensor array has been utilized to measure the local heat transfer charac-
teristics and MCL behavior simultaneously for the evaporation of individual sessile water droplets on a horizontal
heated surface. The resistance- and capacitance-based operating principles of the micro-device means that it is
capable of detecting temperature changes and tracking MCL at the microscale in real time even for applications
with limited or no visibility such as within thermal management hardware or processing equipment. Importantly,
having knowledge of the MCL’s location and speed with microscale precision allows for its influence on surface
temperature and heat transfer to be directly studied rather than inferred. Results show that the MCL passage
precedes the change in local surface temperature and the duration of the time difference between these events
depends on the MCL’s speed. In addition, the passage of the MCL accounts for more than 70% of the overall

temperature change during the evaporation process.

1. Introduction

Evaporation is an essential phenomenon with ubiquity in everyday
life including significant scientific and engineering applications.
Studying the heat transfer mechanisms and moving contact line
behavior involved in the evaporation of sessile droplets has been a
matter of great interest in recent years due to its applicability in diverse
fields including medical diagnostics, inkjet printing, DNA mapping, and
multiphase thermal management techniques [1-6]. In terms of phase
change cooling, droplet evaporation facilitates high heat fluxes due to
the significant amount of thermal energy associated with the latent heat
of vaporization of the fluid which reduces the thermal resistance be-
tween the heat source and sink [1,7].

The thermo-fluid physics of evaporating droplets are comprised of
various complex processes, including but not limited to conjugate heat
transfer at the moving contact line (MCL) region, the motion of the MCL,
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micro-convection within the sessile droplet, and surface evaporation
[1,3,6]. Indeed, the MCL - a three-phase region where the liquid—-vapor
interface meets the solid surface - is an area of strong thermal and mass
gradients that greatly influences the overall evaporation process.
Different physical mechanisms govern the overall dynamics of the
evaporation process depending on the experimental environment. When
evaporation occurs in an open environment, the diffusive transport of
vapor into the atmosphere, the phase transition that occurs at the sur-
face of the droplet, the heat transport within the droplet, and the con-
duction of heat from the surface to the droplet are among the significant
influencing physical processes [8]. Although the physical mechanisms
involved in droplet evaporation have been extensively researched, the
interdependence of MCL behavior and the associated conjugate heat
transfer is not yet comprehensively understood [3,9].

The MCL of a droplet may look like a sharp interface at the macro-
scale, but actually consists of a combined macro-region and thin-film
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micro-region. As Fig. 1 shows, the micro thin-film region comprises an
adsorbed film and a transition film, where the adsorbed film results from
the strong adhesion interactions between the droplet and the substrate.
While the suppression of evaporation in the adsorbed film region is well-
established for a liquid droplet in contact with pure vapor, the behavior
of the adsorbed film region becomes more complicated in the diffusion-
limited evaporation regime such as when the environment is not pure
vapor. In this regime, the evaporation rate is limited by the rate at which
the vapor molecules can diffuse away from the surface of the liquid into
the atmosphere. The disjoining pressure, resulting from the change in
relative vapor pressure in the atmosphere, determines the thickness of
the adsorbed film region [8,10-12]. The neighboring region of the
adsorbed film where the thickness increases is known as the transition
film region. This region is home to intense evaporation and very high
heat flux values as the liquid-solid adhesion forces are weaker compared
to the thin-film region. The transition film thickness varies from 1 to 3
um [13], much thicker than the adsorbed film but still thin enough to
offer only a negligible resistance to heat transfer. The thermal resistance
increases with the film thickness in the macro-region consisting of the
intrinsic meniscus and micro-convection region. As the increasing film
thickness offers growing resistance to the overall heat transfer, both
these regions experience lower heat flux values compared to the tran-
sition film region. The macro-region holds the droplet’s bulk portion and
acts as the resource that supplies fluid toward the strongly evaporating
micro thin-film regions. The liquid-vapor interface generated from the
beginning of the intrinsic meniscus region is what is generally known as
the droplet’s macroscopic contact angle relative to the substrate’s solid
surface [3,14,15]. In terms of heat transfer mechanisms, researchers
have emphasized the importance of the three-phase contact line in
general and the micro-region that contains the transition thin-film in
particular as it is this region that possesses the strongest heat transfer
characteristics [16,17].

Despite this established viewpoint, unlocking the physical interde-
pendence of the MCL region and local temperature distribution remains
a critical need in order to validate models, enable a priori surface design,
and optimize evaporative cooling processes [17,18]. Numerous ap-
proaches in the literature have adopted analytical models that conclude
that the transition film between the intrinsic meniscus and non-
evaporating adsorbed film regions facilitates the highest evaporative
heat fluxes [1,3,5,6,18-22]. Additional works have developed numeri-
cal models, including some validated by experimental investigations for
evaporating thin liquid films on micro-grooves, which showed up to
80% of the total dissipated heat during droplet evaporation occurs at the
transition thin-film region [16,21].

The MCL behavior is the predominant factor that influences the
evaporation process of a sessile droplet, and various research works have
focused on investigating the substrate’s surface properties that signifi-
cantly affect the MCL behavior and wettability. As an example, in one
such work, Sobac and Brutin [23] studied the spontaneous natural
evaporation of sessile droplets under atmospheric conditions from
nanocoated surfaces of varying wettability with different working fluids.
The investigation revealed that the dynamics of the evaporative rate are
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proportional to the dynamics of the wetting radius, and the greater the
contact angle and the more pinned the contact line the shorter the
duration of the evaporation process [23]. The heat transfer character-
istics at the MCL regions have also been experimentally investigated,
although the number of works is relatively limited [16-19,22,24,25].
According to one empirical investigation with hydrofluoroether engi-
neered fluid (HFE), the local heat fluxes at the contact line region could
be 5.4-6.5 times greater than the average heat flux at other regions of
the evaporating droplet [18]. Experiments with other nonaqueous lig-
uids such as heptane have demonstrated that a 50 ym sub-region be-
tween the intrinsic meniscus and adsorbed film region facilitates
45-70% of the total heat transfer throughout the evaporation process
[16,17]. Additional experimental investigations with HFE for bidirec-
tional movements of its MCL observed higher heat fluxes at the three-
phase contact line region for advancing movement compared to the
receding motion of the moving interface [18,25]. The advancing MCL
causes a significant increase in the temperature change rate per unit
length by deforming the thermal boundary layer between the fluid and
heated wall, which in turn enables a high heat transfer rate [24]. These
experimental approaches have also demonstrated that during the
advancing movement of MCL, the evaporative heat fluxes near the
moving three-phase interface increase with the increasing speed of the
MCL. Interestingly, in contrast the highest heat fluxes near this region
during receding movement are independent of the speed of the MCL
[18,25]. Clearly, the MCL speed and direction are important factors in
controlling the rate of heat transfer in this critical region.

Measuring the local temperature distribution and correlating it with
the MCL behavior for an evaporating droplet has proven to be chal-
lenging due to the requirement of using non-intrusive microscale and
transient measurement techniques [16]. Experimental approaches
within the literature like those cited above have adopted macroscopic
thermocouple probes, which present significant constraints in terms of
temperature resolution, response time, and potential invasiveness to the
droplet under study [1,26]. To overcome low spatial resolution with
macroscopic sensing techniques, some researchers have utilized ther-
mochromic liquid crystals (TCLs), organic compounds with an optically
active twisted molecular structure that changes color with temperature
change within a specific range. Researchers studied the evaporation of
volatile liquid droplets deposited on a heated substrate in a pure satu-
rated vapor environment via TCLs, where the TCLs reflected a distinct
color depending on the temperature, and a charge-coupled device (CCD)
camera captured the color information for image processing to convert it
into temperature readings [27]. Although TCLs offer certain advantages
over macroscopic probe techniques, measurement uncertainty and low
shelf-life of the crystals limit their broader applicability [1,16,17].

Infrared (IR) thermography has become a popular choice for
measuring local temperature distribution because of its non-contact
nature, higher spatial resolution than thermocouples, and good tem-
perature sensitivity. Although IR thermography is a well-established
technique, it can only be employed to measure temperature distribu-
tion if optical access to the surface is available in the wavelengths of
interest [28]. Moreover, the limitation on the camera resolution and
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Fig. 1. Schematic of the contact line region of a hydrophilic evaporating droplet on a solid surface.
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wavelength diffraction limit often restrains IR thermography from pre-
cise quantitative detection of the temperature distribution at the thin-
film region [1,16,17]. Microfabricated temperature sensors are attrac-
tive for microscale temperature sensing of evaporating droplets because
of their high temporal and spatial resolution [29] so long as they are
implemented in a non-intrusive manner to the droplet under study. A
few fundamental works exploring local processes in pool boiling have
developed specialized micro-thermocouples as these are smaller and
faster, whereas the macroscopic temperature probes lack sufficient ac-
curacy regarding spatial and temporal dimensions. Measurements of
local heat transfer mechanisms in dynamic heat transfer processes
require thermal sensors with sufficient fast response; these micro-
fabricated thermocouples facilitated the effective investigation of local
temperature fluctuations and spatial wetting dynamics for phase change
heat transfer processes [30-32]. Similarly, several significant experi-
mental investigations of heat transfer distributions at the interface be-
tween a solid substrate and fluid have employed microscale resistance
heater arrays on a quartz substrate. These approaches incorporated
infrared cameras with high-speed CCD imaging and revealed the sig-
nificance of specific heat transfer mechanisms in addition to microlayer
evaporation for boiling processes [33-36]. An experimental investiga-
tion measuring interfacial temperature distribution during droplet
evaporation of ethanol on a copper substrate also coupled infrared
thermography with a CCD camera [37]. Another experimental approach
with a novel technique of measuring heat transfer parameters utilized
infrared thermometry to investigate wall temperature and heat flux
distribution during droplet evaporation of PF-5060. According to this
work, as the droplet diameter decreased due to evaporation the highest
heat flux values occurred at the receding moving contact line of the
droplet [28]. Other fundamental works on the experimental investiga-
tion of phase change heat transfer have developed and implemented
novel test rigs for inspecting boiling heat transfer from a hot plate to
planar and impinging jets. These works employed a micro-optical
technique with a probe diameter of approximately 1.5 pym for efficient
tracking of droplet diameter or dry spot size of microscale droplets or
bubbles [38,39]. These micro-optical probe works investigated several
nucleate boiling experiments under steady-state and transient condi-
tions for different wetting fluids such as FC-72, isopropanol, and water
[40].

However, for all these methods knowledge of the surface tempera-
ture distribution alone does not necessarily provide the strong, direct
experimental link to microscale MCL dynamics needed to advance the
field and overcome its commonly invoked assumptions in regard to
interdependence. Besides temperature, a comprehensive understanding
of the physical mechanisms involved in droplet evaporation requires
correlation of MCL location and speed with the local temperature dis-
tribution. Several seminal works within the literature emphasized
photographic inspections of droplet structures during the evaporation
process and implemented very complex techniques due to continuous
capturing schemes still underdoing development during that period. The
implementation of the flash photographic method provided significant
insights for various phase change heat transfer processes, including but
not limited to Leidenfrost evaporation, collision dynamics of a liquid
droplet on a hot surface, and nucleate boiling [41-43]. Photographic
inspection also played a decisive role in the fundamental work on the
investigation of contact angle temperature dependence of water droplets
as the contact angle measurements were obtained from the captured
photographs of the droplets [44]. High-speed photographic techniques
and heat transfer measurements played equally significant roles in
another pivotal work investigating the effects of surface roughness on
water droplet evaporation [45]. Recent experimental approaches within
the literature have employed high-speed cameras and optical image
processing techniques to document MCL movement during evaporation
of small-scale droplets but are limited due to their macroscopic spatial
resolution and visibility, i.e. line of sight and viewing angle [46-49]. As
an alternative, electrical sensing approaches may facilitate real-time
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tracking of MCL location at the microscale and without necessarily
requiring line-of-sight visibility or set viewing angles [46,48,50].

This work experimentally reveals the physical interdependence of
MCL motion and local temperature distribution underneath an evapo-
rating droplet via a novel combined microscale sensing approach. The
experiments reported in this work utilized a custom-designed micro-
electromechanical (MEMS) device comprised of spatially distributed
thin-film resistance temperature detectors (RTDs) and an array of
interdigitated electrode (IDE) capacitance-based phase interface sensors
for investigating the heat transfer phenomena and MCL motion for
evaporating droplets on the microscale. This novel approach of
combining a capacitance-based phase interface sensing scheme with
temperature-sensing microfabricated RTDs allows for simultaneous and
independent sensing of both critical aspects with high spatial and tem-
poral resolution. Results of this work show that the passage of the MCL
precedes the actual change in local surface temperature and the duration
of time lag between these two events depends on the speed of the MCL.
In addition, it is shown that the MCL speed depends on the surface
temperature. Specifically, higher surface temperature facilities higher
MCL speed, which in turn causes greater differences in wall temperature
underneath the liquid bulk and dry region, consequently enabling
higher heat flux values. Further, the three-phase contact line region of
an evaporating water droplet contributes more than 70% of the overall
temperature change during the evaporation process.

2. Methodology
A. Micro-device overview

The experimental investigations reported in this work have
employed a multi-functional MEMS device comprised of a thin-film
resistance heater, a series of RTDs, and an array of phase interface-
tracking IDE capacitance micro-sensors. Fig. 2(a)-(c) show laser micro-
scope images of the micro-device used for studying droplet evaporation.
Fig. 2(d) shows a diagram of the cross-sectional view of the micro-
device, where the resistance heater resides directly on top of the start-
ing soda-lime substrate. The first of the three polyimide polymer layers
resides between the resistance heater and the RTDs to provide electrical
insulation. A series of 28 platinum thin-film RTDs are spatially oriented
from the center of the device atop the first polymer layer to measure the
local temperature distribution beneath the evaporating droplets at
various locations. Fig. 2(a) shows a detailed view of the sensing zone.
For both the RTDs and IDEs, we follow a numbering scheme where 1
corresponds to a sensor closest to the center and numbering increases
with radial distance towards the periphery of the sensing zone. Naming
is further accomplished with an L for a sensor to the left of the device
center and R for a sensor to the right. Hence, RTD-1R is the RTD closest
to the device center on the right while RTD-14L would be the farthest
RTD to the left of the device center. A similar scheme is used for the
capacitance sensors, i.e., CS-1R, CS-3L, etc. It should be noted, however,
that despite centering the droplet on the device at the start of an
experiment, evaporation does not necessarily occur symmetrically or
end exactly at the device center.

An RTD works based on the operating principle that the electrical
resistance of metals having a positive temperature coefficient of elec-
trical resistance changes linearly with temperature. Since the tempera-
ture sensing depends on the element resistance, any added resistance
from the lead wires, contacts, or connectors will result in measurement
error for an RTD [51,52]. As shown in Fig. 2(c), a four-probe style of
RTD was utilized in this project that eliminates the influence of contact
and lead resistances and allows the resistance of the actual temperature-
sensing central four-probe region of each RTD to be accurately known.
The spatial resolution of the temperature sensing scheme employed in
this work is 40 um as dictated by the spatial separation between each
consecutive RTDs.

The capacitance-based phase interface IDE micro-sensor array was
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Fig. 2. Laser microscope images of the micro-device. (a) A detail of the sensing zone containing six IDE capacitance micro-sensors, a series of four-probe type RTDs,
and a resistance heater. (b) Thin-film resistance heater (serpentine feature) located beneath RTD and IDE layers. (c) A close-up of the sensing region showing detailed
view of the IDEs and RTDs. (d) Schematic diagram of the cross-section of the micro-device. Conceptual image, not to scale.

fabricated on top of the second polymer layer for microscale tracking of
the moving contact line behavior during the evaporation process. In our
prior works, the IDE-based sensing scheme demonstrated effectiveness
for microscale tracking of the MCL for advancing and receding aspirated
water droplets as well as during droplet evaporation processes [48,53].
The capacitance micro-sensor works based on the operating principle
that the relative permittivity of the region above the interdigitated
electrodes changes with the passage of the MCL of the droplet, which in
turn causes a detectable change in capacitance in the sensor array
[46,48,49,53]. This device employed a thin (500 nm) insulating layer of
polyimide directly atop the microfabricated IDEs, which possesses
relative permittivity ¢, of 3.4 [54]. With the dosing of the water (¢,= 80)
[49] droplet, the capacitance micro-sensors experience a significant
change in relative permittivity in the sensed region compared to when
mostly air (¢, = 1) [48] occupies the area directly on top of the IDEs. The
IDE array represents this change in relative permittivity by exhibiting a
change in capacitance signal output, which denotes the location and
passage of the MCL during the experiment. Further details on this
sensing scheme including its implementation and validation can be
found in our previous works [48,53].

B. Microfabrication process

A 500 pm thick soda-lime glass wafer was chosen as the starting
substrate for this micro-device because of its low thermal conductivity,
microfabrication compatibility, and ability to enhance the strength of
the capacitance signals while reducing coupling effects for multiple IDE
sensors in adjacent proximity. The microfabrication of the MEMS device
consists of the deposition of platinum (Pt) as the resistance heater, RTDs,
and capacitance micro-sensor array by standard photolithography and
lift-off techniques. The microfabrication process also includes the spin
coating of the thin insulating polyimide polymer layers to provide
electrical insulation between metal layers and to enable a thin topmost
protective coating. To begin, a 100 nm thin film of Pt was patterned as
the serpentine resistance heater directly on top of the starting substrate
(Fig. 2(b)), where a 15 nm thin film of titanium (Ti) acted as the ad-
hesive layer. The deposition of the Pt layer was carried out in an AJA
ATC sputtering system with a commercially available 3-inch sputtering
target, which provided a deposition rate of 75-100 nm/min at 200 W.
This same Pt deposition process was used in turn for all three metallic
layers, i.e., the main heater, RTD, and IDE layers.
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A spin-on polyimide (PI-2611) was commercially obtained from HD
Microsystems for depositing the insulating layers. The stock PI-2611
polymer provided a comparatively thick layer of 2.8 pm at a spin
speed of 5000 RPM. Adding N-Methyl-2-Pyrrolidone (NMP) with PI-
2611 provides thinner layers at the same spin speed. A diluted PI-
2611 (75% PI-2611 + 25% NMP) provided a thin film of 1.2 pm atop
the resistance heater, which acted as the electrically insulating layer
between the resistance heater and the RTDs. Next, the array of 28 RTDs
was patterned on top of the initial polyimide insulation layer. A second
1.2 um polyimide film was then deposited via spin coating to serve as the
electrical insulation between RTDs and the capacitance-sensing IDE
micro-sensors to follow. The IDEs utilize a 70 nm thin layer of Pt
deposited on top of the second insulation layer of polyimide and are
shown in Fig. 2(a). Finally, a thin layer (~500 nm) of polyimide was
deposited on top of the IDEs to create a topmost protective coating of the
micro-device and prevent shorting when a water droplet is present. Bond
pads for every sensor on each deposited metal layer were located at the
chip periphery on the starting substrate for convenient and reliable wire
bonding. After deposition of the final polymer layer, the three polyimide
layers were patterned via reactive ion etching with an etchant of 5 sccm
CF4 and 20 sccm of O; to remove unwanted polymer from the edges of
the chip before depositing the bond pads onto the exposed soda-lime
surface.

C. Experimental setup

Fig. 3 shows a schematic of the experimental setup for studying the
droplet evaporation process along with the micro-device to be tested.
The bond pads of the microfabricated test device were individually wire-
bonded with bond pads of a commercially obtained leaded ceramic chip
carrier (Spectrum Semiconductor Materials Inc.). The test device and
ceramic chip carrier assembly was connected with a pin grid array (PGA)
zero insertion force socket, which was in turn embedded onto a custom
sample stage. This assembly was aligned underneath the syringe of a
computer-controlled drop shape analyzer (DSA 25E, KRUSS Scientific)
for the evaporating droplet studies as illustrated in Fig. 3. During ex-
periments, the dosed volume of the water droplets was 6.0 uL with a
dosing rate of 1.0 pL/s. The initial temperature of the droplet was
24.0 °C.

The DSA provided controlled dosing of individual water droplets and
an optical camera attached to the DSA recorded the evaporation process
during each experiment. The images and videos captured by the DSA
during the evaporation process like those shown in Fig. 4 enabled the
validation of the intended functionality of the micro-device. A DC power
supply provided the necessary power to the resistance heater to control
the droplet’s evaporation by facilitating elevated surface temperatures
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Fig. 3. Schematic of the experimental setup. Conceptual image, not to scale.
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during the experiment. As Fig. 4 depicts, the DSA facilitated precise
dosing of a water droplet through a needle with a diameter of 0.50 mm
in the approximate center of the microdevice. The droplet entirely
covered the sensing zone of the microdevice, which allowed for simul-
taneous measurement of temperature distribution and the tracking of
the MCL’s speed and location. The collage images presented in Fig. 4
illustrate the changes in volume and contact angle of the droplet due to
evaporation from the heated polyimide surface of the microdevice. The
DSA recorded the changes in volume, diameter, and contact angle as the
evaporation progressed for all the experiments conducted in this study.
Further details regarding DSA-tracked contact angle and droplet volume
data can be found in the Supplementary Materials section. To prevent
self-heating of the RTDs, a small current of 0.2 mA was supplied from a
separate DC supply to the power leads of each RTD employed during the
experiment. The voltage leads of each RTD, and capacitance micro-
sensor were connected to a computer-controlled multichannel data
acquisition (DAQ) system (NI 6255, NI).

Separate from the evaporation experiments, an IR camera (A300,
FLIR) and a commercially available macroscopic thermocouple (Type J,
Omega) were employed to calibrate the relationship between top surface
temperature and power input from the DC supply. During the calibra-
tion, the thermocouple was placed on the microdevice’s sensing zone,
ensuring good thermal contact. The IR camera continuously monitored
the temperature changes of the polyimide surface simultaneously with
the thermocouple for different power inputs. Before the calibration, a
standard temperature humidity meter (Fluke 971) facilitated proper
adjustments of the IR camera’s emissivity parameters and the thermo-
couple’s temperature reading. The calibration of the surface tempera-
ture was carried out in the temperature range from 35 °C to 80 °C. The
power inputs (ranging from 124.5 mW to 612.7 mW) were calculated
from the supplied DC voltage and the current input employed to the
resistance heater.

The passage of the MCL and the local temperature distribution un-
derneath an evaporating droplet were measured at three different sur-
face temperatures by employing the micro-device shown in Fig. 2.
Surface temperatures ranging from 53.0 °C to 69.7 °C were attained by
applying known power inputs from the DC supply to the resistance
heater of the micro-device. For the greatest power input of 612.7 mW,
the maximum temperature difference between the micro-device’s top
surface and temperature sensing RTD layer was found to be 0.04 °C,
which is negligible compared to the magnitude of the temperature
changes observed during these experiments as well as all others con-
ducted at all lower heater powers. As such, we present the RTD-reported
temperatures as being representative of the surface temperature within
experimental uncertainty. The calculation of temperature difference
between the top surface and the RTD layer can be found in the Sup-
plementary Materials. Each of the twelve RTDs employed for the ex-
periments exhibited a change in voltage outputs with the temperature
change of the microdevice’s top polyimide surface. The recorded output
voltages of each RTD were converted into resistance values by
employing the known current input of 0.2 mA. Each temperature step
from the resistance heater calibration and actual experiments provided
an average resistance value for the RTDs, which yielded a linear
regression relationship between temperature and resistance. This linear
regression relation provided temperature outputs corresponding to the
resistance changes in the RTD arrays throughout the evaporation pro-
cess. More details on the surface temperature and RTD calibration are in
the Supplementary Materials section. An analysis of measurement un-
certainty showed that the RTD temperature sensing scheme could be
employed in its current implementation to measure local temperature
with a precision of + 0.2 °C based upon signal-to-noise ratio. An abso-
lute accuracy of 4+ 1.2 °C was determined for the RTDs due to calibration
against thermocouples or the IR camera, each of which have their own
limits of accuracy. It is important to note, however, that the vast ma-
jority of this absolute uncertainty is expected to be bias error rather than
random error such that measurements of temperature differences by
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Fig. 4. Representative optical image composite from the DSA for an evaporating droplet during an experiment. The dashed box at the top left of the collaged image

highlights the sensing zone of the micro-device.

RTDs calibrated against the same standard can still have smaller un-
certainty conservatively estimated at + 0.5 °C. A propagated relative
error of 11% was determined for lateral heat flux values of the evapo-
rating droplet. The details on this measurement uncertainty analysis can
be found in the Supplementary Materials.

3. Results and discussion

Fig. 5 gives representative results of absolute capacitance change (%)
and surface temperature response for the evaporation process of a 6 pL
water droplet at a surface temperature of 69.7 °C from the initial dry
state and through the subsequent droplet dosing and evaporation. As
Fig. 4 shows, the dosing of the water droplet on the heated polyimide
surface of the microdevice was carried out via a needle attached to the
syringe controlled by the DSA. Before dosing, the syringe’s needle with a
diameter of 0.50 mm was manually placed above the center of the
microdevice. Water droplets of 6 uL in volume sufficiently covered the
sensing zone of the microdevice, which was 1.5 mm in length from the
leftmost to the rightmost RTD/IDE, and DSA provided controlled dosing
of the same volume of water droplets for all experiments at varying
surface temperatures. Since the dosing of water droplets did not facili-
tate precise alignment of the droplet’s center with the microdevice’s
center or corrections after dosing, the droplets in this experiment
evaporated in an asymmetric manner with respect to the exact center of
the microdevice, with the MCL crossing the sensing region from right to
left with respect to Fig. 2. The droplets were observed to evaporate
symmetrically with respect to their own center, however.

As Fig. 5(a) shows, with the dosing of the water droplet, the six
capacitance micro-sensors exhibited a simultaneous rise in capacitance
signal and retained it until the MCL passed through the sensor region
near the end of the evaporation process. The capacitance-based micro-
sensors also demonstrated sequential time lag between one another,
which facilitated a precise tracking of the speed and location of MCL as
the droplet evaporated. This is difficult to discern from the full time-
scale data in Fig. 5(a) but will be apparent in subsequent figures that
focus on time windows specific to the MCL passage. Fig. 5(b) shows the
temperature values detected by the twelve functioning RTDs on the
micro-device. At the beginning of the experiment, the RTD signals report
room temperature until the DC supply powered the resistance heater of
the micro-device to reach the desired surface temperature. With the
dosing of the water droplet, the RTDs detected a sudden decrease in

surface temperature and an eventual return to previous temperature
readings as the droplet evaporated. The change in surface temperature
throughout the evaporation process detected by the RTDs correlates in
time to the changes in capacitance signals referring to the MCL passage,
which validates the dual functionality of this micro-device. Additional
figures in Supplementary Materials similarly portray the capacitance
change and temperature with time over the entire experiment for an
evaporating droplet of the same volume (6 pL) at surface temperatures of
61.0 °C and 53.0 °C, respectively, where the overall evaporation process
was completed over longer time periods compared to the experiment
conducted at the surface temperature of 69.7 °C. It is important to note
that both the RTDs and IDEs were labeled according to a specific naming
convention in our experiments. This convention assigns a value of 1 to
the sensor closest to the center, with subsequent sensors numbered in
increasing order as their radial distance moves toward the periphery of
the sensing zone. Additionally, we utilized an “L” designation for sensors
located to the left of the device center and an “R” designation for sensors
situated to the right. As the annotated examples in Fig. 2 depict, CS-1L
represents the IDE nearest to the device center on the left side, while
CS-3L indicates the IDE located furthest to the left from the device
center. A similar naming scheme was employed for the RTDs, such as
RTD-1R, RTD-13R, RTD-2L, RTD-14L, etc.

Since all the experiments reported in this manuscript took place in an
open environment, we investigated the effect of large-scale convective
flow or air currents on the RTDs or IDEs employed to measure the
temperature distribution and track the MCL. As shown in Fig. 5, the IDE
signals did not depict any noticeable fluctuations above signal noise
levels before the droplet dosing or after the evaporation cycle when the
sensing region is bare to the open environment. Similarly, the measured
temperature readings via the RTDs during these time periods also did
not exhibit any fluctuations above signal noise levels that abrupt air
currents would be expected to cause. For both sensor types, signal
changes caused by the evaporation process were significantly larger
than noise levels prior to and after droplet presence, indicating that the
effect of air currents or large-scale convective flow were negligible in
comparison. Further, attempts to quantify air current movement in the
vicinity of the setup with an anemometer produced no readings as any
movement was below the instrument’s lower threshold.

As the temperature distribution plot in Fig. 5 portrays, during the
dosing of the water droplet where the MCL is advancing over the sensing
region the RTDs exhibited a greater temperature change compared to
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Fig. 5. Evaporation process of a 6 uL water droplet on a heated polyimide surface at 69.7 °C (a) absolute capacitance changes with time using six capacitance micro-
sensors (CS-1 to CS-6), (b) temperature distribution with time employing twelve functioning RTDs.

the temperature change associated with a receding MCL at the end of the
evaporation process. For example, during the experiment performed at a
surface temperature of 69.7 °C, the advancing MCL caused an average
temperature drop of 22.5 °C whereas the receding MCL near the end of
the evaporation process produced a temperature rise of 19 °C. Similarly,
the average temperature change caused by the advancing movement of
MCL was, on average, 5.6 °C and 6.1 °C higher compared to the

Table 1

temperature changes caused by receding MCL near the end of the
evaporation process for experiments performed at surface temperatures
of 61.0 °C and 53.0 °C, respectively. As summarized in Table 1, these
results show a non-negligible difference in temperature change caused
by advancing and receding movement of MCL, and the magnitude of
temperature difference depends on the surface temperature-dictated
MCL speed. Further, the greater temperature change for an advancing

Summary of MCL passage, speed, and its effects on the thermal response for droplet evaporation.

Surface Advancing MCL Temperature change by Receding MCL Temperature change by Time lag between MCL passage and
temperature speed** advancing MCL speed receding MCL thermal response

69.7 °C 1.31 mm/s 22.5°C 0.95 mm/s 19.0 °C 0.81s

61.0 °C 1.28 mm/s 19.8 °C 0.51 mm/s 14.2°C 1.27 s

53.0 °C 1.29 mm/s 15.6 °C 0.47 mm/s 9.5°C 1.43s

" The propagated total uncertainty for MCL speed values is +/- 0.12 mm/s.
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MCL with comparable speed to a receding MCL is found to be greater,
which is in agreement with existing studies [18,25] and is attributable to
deformation of the thermal boundary layer between the fluid and heated
surface [24].

By focusing in on shorter time windows associated with MCL pas-
sage, the combined temperature and MCL tracking data can be utilized
to measure the sequence and timing of MCL passage and thermal
response events relative to one another. The local temperature distri-
butions for experiments conducted at surface temperatures of 69.7 °C
and 61.0 °C shown in Figs. 6 and 7 (left axes) demonstrate that when the
water droplet evaporated away and the MCL was receding, the RTD on
the right was first to detect the temperature changes associated with the
passage of the MCL. These figures also exhibit sequential time lag among
the RTDs, where the leftmost RTD was last to detect the temperature
changes. The capacitance-based micro-sensors portrayed similar
sequential capacitance changes referring to the passage of the MCL. As
also shown in Figs. 6 and 7 (right axes), the rightmost capacitance sensor
CS-3R first detected the course of the MCL, whereas the capacitance-
sensor CS-3L spatially located at the leftmost side was the last to
report a change in capacitance signal. The collaged images captured via
the DSA (Fig. 4) demonstrated that the droplet’s volume gradually
reduced from the right to the left side of the device (relative to the
center) due to the evaporation process, which provides a practical
agreement with the data obtained from the micro-device. However, due
to the unconstrained nature of the evaporation process, the passage of
the MCL did not always follow this behavior for each experiment. The
temperature distribution and capacitance change plots in Fig. 8 depict a
separate experiment where the water droplet first evaporated away from
RTD-14L and RTD-6R was the last sensor to detect the temperature
change, i.e., the movement of the MCL was in the opposite direction
relative to the naming convention. Regardless of direction, however, the
tracked path of the MCL by the capacitance sensor array was identical to
the response sequence reported by the RTDs, which validated the ver-
satile functionality of this micro-device regardless of the direction of
motion of the MCL.

Figs. 6-8 show that regardless of the surface temperature, the
capacitance sensor array reports MCL passage before temperature
changes. The droplet evaporation study at 69.7 °C shows that
capacitance-sensor CS-3L detected the transition of the MCL at 137.13 s,
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whereas the spatially equivalent temperature sensor RTD-14L detected
the temperature change associated with this transition 0.81 s later.
Similarly, experimental results at 61.0 °C show that capacitance-sensor
CS-3L indicated a sudden fall in capacitance signal at 166.48 s, while it
took 1.27 s longer for the corresponding RTD to demonstrate a change in
temperature. While it has been previously known that the MCL serves as
a region for significant heat transfer, these results show that the MCL
passage precedes the actual change in local surface temperature and that
the duration of time between these events depends on the speed of the
MCL as summarized in Table 1. For example, the speed of the receding
MCL near the end of the evaporation process for the experiment per-
formed at 69.7 °C was 0.95 mm/s, which facilitated a shorter time lag
between MCL passage and associated thermal response. Conversely, the
investigations conducted at 61.0 °C and 53.0 °C with slower speeds of
receding MCL gave longer time lags between these two events. Table 1
reports only the time lags for the receding MCL movement associated
with undisrupted evaporation, whereas the advancing MCL associated
with droplet dosing is considered a more artificial event required to
begin the experiment under controlled and repeatable conditions.

We conducted a thorough analysis to determine the thermal time
constant of an individual RTD. This was done to ensure that the observed
time delay between the passage of MCL and the thermal response was
not influenced by response lag in the RTDs. Our analysis considered the
dimensions of the RTDs, the lower bound heat transfer coefficient for an
evaporating sessile droplet, and the thermophysical properties of plat-
inum. We also took into account the contribution of the four lead wires
of the RTDs. The results of our analysis showed that the thermal time
constant of the RTDs was in the range of 0.5-1 ms, which is to be ex-
pected given the microscope size of the individual RTDs. Micro-
fabricated temperature sensors have a rapid thermal response, which is
one of their key advantages over macroscopic ones. After comparing our
results to the observed time lag values presented in Table 1, which are on
the order of 1-2 s, we conclude that the speed of MCL propagation
predominantly determines the time delay observed in the thermal
response. The effect of response lag caused by resistance in the RTDs is
negligible. It is important to note that the presence of surface contami-
nants can potentially affect the MCL’s propagation speed on the
microdevice’s top polyimide surface. To prevent this interference, we
gently cleaned the sensing zone of the microdevice after each
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Fig. 6. Local temperature distribution and change in capacitance signal on the outset of droplet evaporating away from the heated polyimide surface at 69.7 °C.
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Fig. 8. Local temperature distribution and change in capacitance signal on the outset of droplet evaporating away from the heated polyimide surface at 53.0 °C.

experiment using cleanroom swabs soaked in acetone, isopropanol, and
deionized water.

As the capacitance sensor CS-3L demonstrated in Fig. 6, the MCL of
the evaporating droplet moved away from the sensor region at 138.96 s.
Since the passage of the MCL preceded the actual change in local surface
temperature and the time lag between these two events was 0.81 s;
therefore 139.77 s revealed the exact temperature change associated
with the MCL passage. In this evaporation process, the change in tem-
perature due to MCL passage, denoted by AT, was 9.7 °C, and the
overall temperature change (AT2) due to evaporation was 13.6 °C. The

following equation yields the percentage temperature change due to

MCL passage (ATwicr (%)) relative to the overall temperature change. The

calculated percentage change in temperature due to MCL passage was

71.3 £ 3.7% for the experiment conducted at the surface temperature of

69.7 °C.

AT]

ATycrw = (100 X — 1
MCL(%) ( X ATZ) (@)
The experiment performed at 61.0 °C showed that the temperature

rise due to the transition of MCL was 8.9 °C, which constituted 71.2 +



M.T.H. Mondal et al.

4.0% of the total temperature change in the sensing zone. Experimental
investigation at 53.0 °C also demonstrated a similar result, where the
temperature rise associated with the transition of MCL provided 71.0 +
5.4% of the total temperature rise of 9.3 °C due to the droplet’s evap-
oration. Combinedly, these results show that the passage of the three-
phase contact region of an evaporating droplet contributes more than
70% of the overall temperature change during the evaporation process.
These results are in excellent agreement with a recent work where Wang
et al. used a frequency domain thermo-reflectance method to measure
the temperature profile underneath a static evaporating meniscus and
found a normalized cumulative heat transfer of 71% occurred within 1
pm of the meniscus edge [55].

The obtained data can further be utilized to quantify the relationship
between MCL movement and local vertical heat flux at the surface, i.e.,
away from the top surface. Figs. 9-11 show the normalized change in
local vertical heat fluxes from resistance heater to evaporating droplet
for the experiments performed at 69.7 °C, 61.0 °C, and 53.0 °C, where
these vertical heat fluxes were calculated from the temperature gradi-
ents between resistance heater and RTDs having a vertical separation of
1.2 ym. In these experiments, the local heat flux has a maximum value
immediately after dosing, as this is the region where the MCL of the
droplet acts as an advancing interface and causes a more significant
temperature change due to the deformation of the thermal boundary
layer between the dosed water droplet and heated polyimide surface. As
shown in Fig. 9, the calculated heat flux for advancing MCL is, on
average, 1.21 times the heat flux of receding movement of MCL near the
end of the evaporation process. Details on the calculation of the
normalized vertical heat flux are given in the Supplementary Materials.

From Fig. 10, the average heat flux value for advancing MCL is 1.40
times the receding MCL. These results also indicate that the heat flux of
the receding MCL due to evaporation depends on the MCL’s speed as
expected. To illustrate, the experiment performed at 69.7 °C enabled, on
average, 6.15 times higher heat flux than the initial dry state with an
MCL speed of 0.95 mm/s. In contrast, the experiment performed at a
lower surface temperature of 61.0 °C facilitated a lower MCL speed of
0.51 mm/s for receding movement, which enabled 5.13 times higher
heat flux than the initial dry state.

The heat flux distribution presented in Fig. 9 also shows the

Normalized Heat Flux
10
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advancing and receding MCL passage enables 1.43- and 1.18-times
higher heat fluxes, respectively, compared to the heat fluxes produced
by the liquid bulk region of the droplet. As summarized in Table 2, the
evaporation studies at 61.0 °C and 53.0 °C shown in Figs. 10-11 also
exhibit a similar finding, where advancing and receding MCL generated
higher heat fluxes than the average heat flux caused by the liquid bulk.
These results combinedly support the ideas that the MCL region facili-
tates the most significant heat transfer for droplet evaporation, the MCL
passage produces the maximum local heat fluxes, and that local heat
transfer at the MCL is greater for faster-moving MCLs.

Because the micro-device provides measurements of surface tem-
perature distribution with microscale precision, it is also possible to
extract the lateral heat flux values at different times during the passage
of the MCL. Fig. 12(a) and 13(a) represent the local temperature dis-
tribution underneath the evaporating meniscus at various spatial co-
ordinates for experiments performed at 69.7 °C and 61.0 °C. Each of the
twelve functioning RTDs employed for these experiments denotes a
specific spatial coordinate in the sensing zone of the micro-device. RTD-
14L at the leftmost of the sensed region is assigned a relative coordinate
of 0 mm, and the remaining RTDs up to RTD-12R correspond to the other
positive relative coordinates shown in Figs. 12 and 13. These figures
then give the temperature distribution underneath the evaporating
droplet at four different times near the end of the evaporation process
when the MCL is receding, where coordinates up to 0.64 mm correspond
to the wall temperatures underneath the liquid bulk. The axial coordi-
nate 0.84 mm indicates a steep rise in wall temperature caused by the
passage of the MCL, which is manifested as an increase in temperature
with time.

Fig. 12(b) and 13(b) demonstrate the lateral heat flux distributions
calculated from the measured temperatures at various coordinates given
in Fig. 12(a) and 13(a). Details on the calculation of the lateral heat flux
are in the Supplementary Materials. According to the absolute capaci-
tance change data shown in Figs. 6 and 7, 136.29 s and 165.07 s denote
the passage of the MCL from RTD-1R, which has a spatial coordinate of
0.84 mm. Since the MCL passage precedes the actual change in local
surface temperature, the times shown in Figs. 12-13 are chosen to
portray the associated thermal response. The coordinate 0.84 mm
demonstrates both experiments’ maximum heat flux values, indicating
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Fig. 9. Normalized heat flux changes with time for an evaporating droplet on a heated polyimide surface at 69.7 °C.
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Fig. 11. Normalized heat flux changes with time for an evaporating droplet on a heated polyimide surface at 53.0 °C.

the MCL passage from the sensor region. These results indicate that the

Table 2 . . lateral heat flux also depends on the MCL’s speed. The average heat flux
Summary of heat flux values caused by advancing MCL, receding MCL, and . . ) . 2 .
L associated with the MCL’s passage is 2132 W/m~ for the experiment
liquid bulk. . o
conducted at a surface temperature of 69.7 °C, which facilitates a
Surface Avg. heat flux Avg. heat flux Avg. heat flux receding MCL speed of 0.95 mm/s. As shown in Fig. 13(b), the investi-
temperature caused by caused by caused by i ducted at £ ¢ N £ 61.0 °C with the MCL
advancing MCL (x receding MCL (x liquid bulk (x gation conducted at a Sl.lr ace temperature o : wi €
initial dry state) initial dry state) initial dry state) speed of 0.51 mm/s provides a much lower average heat flux of 828 W/
2 .
69.7 °C 745 615 s m*, corresponding to the passage of the slower MCL.
61.0 °C 717 5.13 459 In terms of macroscopic temperature response over the course of the
53.0 °C 5.50 3.59 3.42 experiment, our results are qualitatively comparable to those of Chen

et al. [56] and David et al. [57] despite differences in working fluid,
interfacing surface, and experimental approach. They likewise reported
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Fig. 12. (a) Local temperature distribution, (b) distribution of lateral heat flux for a receding MCL at surface temperature of 69.7 °C.
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Fig. 13. (a) Local temperature distribution, (b) distribution of lateral heat flux for a receding MCL at surface temperature of 61.0 °C.

a sharp decrease upon droplet deposition, followed by a gradual increase
in temperature and another sharp change in temperature near the end of
the evaporation process. Microscopically, the closest work to ours may
be the IR-based investigations of Ibrahem et al. [18] which utilized
HFE7100 as the working fluid. While operating on microscopic RTDs
rather than IR imaging analysis, our device likewise allows us to know
the lateral temperature distribution across the contact line with micro-
scopic resolution. Our results in Fig. 12(a) and 13(a) for lateral tem-
perature distribution at two different surface temperatures depict a
decrease in temperature occurring due to evaporation at the three-phase
line before a notable increase in temperature as one moves from inside
the liquid region to the vapor region without. Also, an increase in surface
temperature/heat flux results in a deeper temperature dip. Similar ob-
servations were reported in Ibrahem et al. [18]. However, in that work
the position of the contact line was defined as coinciding with the
location of the local temperature minimum. For our work, we do not rely
on such a definition and instead have independent tracking the location
of the contact line via the IDE sensors. This is an important distinction
and a major part of the novelty and utility of our work. As shown in
Fig. 12(a) and 13(a), we note that the minimum temperature occurs just
inside the contact line on the liquid side but still within 200-300 pm of
the contact line location as measured by the IDEs. For comparison, our
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lateral tracking resolution for the contact line is estimated to be ~ 100
pm and the entire region of contact line influence on temperature
approximately 600 pm.

A similar discussion can be had in regards to heat flux, which in our
case is determined via the RTD-measured temperature distributions and
also benefits from independent contact line sensing via the IDEs in a
similar manner to above. Raj et al. [22] conducted numerical modeling
to study the heat flux associated with the movement of the contact line
of an evaporating droplet. They found that the heat flux initially
increased to a maximum value at the moving contact line region and
subsequently decreased due to the growing thickness of the liquid film in
the bulk region. Ibrahem et al. [18] demonstrated that the defined
contact line region exhibited the highest heat flux, attributed to its high
evaporation rate. Here again, our current study aligns well with these
previous works as depicted in Fig. 12(b) and 13(b), which gives confi-
dence as to its results. Similar to the temperature distribution discussion,
however, our direct contact line tracking shows that the highest heat
flux does indeed coincide with the MCL’s passage for both surface
temperatures without the need to infer such a conclusion. This supports
existing theoretical and numerical studies that predict such phenome-
non due to the strong gradients in the region. Quantitatively, Ibrahem
et al. [18] found that the local heat fluxes near the contact line were
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5.4-6.5 times higher than the mean heat flux. Our work puts this ratio at
about 5.50-7.45 for the faster-moving advancing MCL and 3.59-6.15 for
the slower receding MCL cases, respectively. Additionally, Wang et al.
[55] employed a frequency domain thermo-reflectance method to
measure the temperature profile beneath an evaporating meniscus. They
found that approximately 71% of the normalized cumulative heat
transfer occurred within 1 pm of the meniscus edge. This finding is in
excellent agreement with our current work, as Figs. 6-8 demonstrate that
the passage of the three-phase contact region of an evaporating droplet
contributes to over 70% of the overall temperature change during the
evaporation process.

4. Conclusions

Water droplet evaporation on a heated polyimide surface was
investigated at various temperatures to determine the underlying
physics behind the phase-change heat transfer and mechanistic inter-
dependence between the three-phase moving contact line and temper-
ature distribution underneath the evaporating droplet. A
microfabricated composite device comprising phase-interface sensing
capacitance sensors and temperature sensing RTDs was employed to
keep track of the MCL and measure temperature distribution underneath
the evaporating meniscus. Experimental investigations were performed
to determine the impact of MCL’s speed and direction of motion on the
overall evaporative heat transfer, where the results showed that the MCL
precedes the actual change in local surface temperature and the timing
differences between these events depends on the speed of the MCL. The
following conclusions can also be drawn from the experimental
investigations:

e The passage of the three-phase contact region of an evaporating
droplet contributes more than 70% of the overall temperature
change during the evaporation process.

The time lag between MCL passage and associated thermal response
depends on the speed of MCL. The evaporation study at 69.7 °C
showed a time lag of 0.81 s with an MCL speed of 0.95 mm/s, while
the experiment at 61.0 °C and 53.0 °C enabled extended time lag of
1.27 s and 1.43 s with slower MCL speed of 0.51 mm/s and 0.47 mm/
s, respectively.

e Advancing MCL of an evaporating droplet due to dosing exhibited a
more significant temperature change than the temperature change
associated with a receding MCL due to evaporation. The magnitude
of temperature difference caused by advancing and receding move-
ment depends on the speed of the MCL; the higher the MCL’s speed,
the greater the temperature difference.

The average heat flux value for advancing MCL was 5.50-7.45 times
the initial dry state and 1.21-1.53 times higher than the receding
MCL.

The MCL region facilitated the most significant heat transfer for
droplet evaporation. The advancing and receding MCL passage
enabled 1.43-1.61 times and 1.05-1.18 times higher heat fluxes,
respectively, compared to the heat fluxes produced by the liquid bulk
region of the droplet.

o Due to the significant differences in wall temperature underneath the
liquid bulk and MCL regions, the maximum local heat flux values
occurred at the three-phase contact line.

The lateral heat flux also depends on the MCL'’s speed and surface
temperature. The MCL’s speed of 0.95 mm/s provided 2.57 times
higher heat flux in the MCL region compared to the experiment that
facilitated an MCL’s speed of 0.51 mm/s.

In the future, this composite micro-device is envisioned to investi-
gate evaporating meniscus of nonaqueous liquids, of liquid-surface
combinations with varying controlled wettability, and to study the dy-
namics of heat transfer and phase-interface behavior involved in
nucleate boiling processes.
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