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ARTICLE INFO ABSTRACT

Keywords: Over the past decades, complex deposition patterns after the evaporation of particle-laden droplets spark intense

Drople_t_ interest in interpreting the formation of deposition patterns due to their numerous applications in biomedicine,

gep";‘tl_‘;ﬂ patterns ink-jet printing, biopsy, etc. This work experimentally studies the formation of deposition patterns during
anorluias

evaporation of the magnetic nanofluid (MNF) droplet stands on a smooth glass/hydrophobic surface at different
substrate temperatures. A CCD camera mounted on the microscopy is used to capture the process of droplet
evaporation. An infrared camera is applied to quantify the temperature distribution along the vapour-liquid
interface of the evaporating droplet. Additionally, 3 pm sized microbeads are applied to track the flow motion
of the solute inside for different temperatures. The evaporation of sessile droplets has been conducted by con-
trolling substrate temperature, which ranges from 10 °C to 70 °C. The experimental results show that there are
three distinct patterns with the increasing temperature, namely a uniform pattern, a typical ‘coffee ring’ pattern,
and a dual ring pattern. The experimental results show that Marangoni flow becomes essential for the formation
of a secondary ring pattern with increasing substrate temperatures. This study shows that controlling substrate

Marangoni flow

temperature is an efficient and simple method to control the formation of the sessile droplet.

1. Introduction

Drying patterns of the droplet with suspensions are commonly
observed in daily life, such as rain drop stain, scale deposition and the
drying of coffee, etc. It has also been an area of scientific interest since
Deegan et al. [1] found the ‘coffee-ring’ stain left after the evaporation of
particle-laden droplet in 1997. After that, researchers carried out
numerous investigations on the coffee-ring effect as shown in Fig. 1, but
some outstanding questions regarding droplet evaporation still exist due
to the complex internal flow and dynamics of the contact line, which is
attributed to the simultaneous involvement of three phases, including
vapour, liquid and solid. Additionally, the study of deposited patterns of
particle-laden droplets not only plays an important role in industrial and
biological applications, such as inkjet printing, coating technologies,
medical testing, etc., but also is significant for cooling purposes as well
as a better understanding of two-phase heat transfer [2].

For the mechanism behind the drying patterns of particle-laden
droplets, the flow regime within a drying droplet is a subject of cur-
rent research [4-6], especially for the deposited morphologies after the
droplet evaporates. The deposited patterns are normally attributed to
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the complex interactions between suspensions and bulk/liquid in-
terfaces, internal flow patterns, contact line dynamics, etc. The “coff-
ee-ring” pattern is mainly formed by the outward capillary flow. For
capillary flow, the process of evaporation follows a constant contact
radius (CCR), which is pinned to the substrate surface [7]. A droplet with
a contact angle below 90° has the greatest evaporative flux at the contact
line. Solvents consequently transport radially from the central region of
the droplet to the contact line by capillary flow, which leads to more
solvents in the vicinity of the contact line. Finally, the deposited pattern
forms a typical ring-like formation. Capillary flow is the dominant factor
in the drying formation, but it hinders required drying patterns in
practical applications, like micro-patterning of electronic devices [8],
ink-jet printing [9], etc. Some investigations attempt to effectively
impair the outward capillary flow of particle-laden droplet so that the
ring-like pattern can be suppressed or even eliminated [10].
Marangoni flow is the other flow field inside the droplet, which can
attenuate the coffee-ring effect to overcome the capillary flow [12]. It
can carry the particles at the liquid-vapour interface to prevent them
from migrating outward [3]. Marangoni flow is driven from the low to
high surface tension (Fig. 2), which arises from two different factors. The
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Fig. 1. Methods to address droplet wetting and evaporation [3].
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Fig. 2. Streamline plots of the flow field within an evaporating droplet for
Capillary flow and Marangoni flow. The lines represent the direction of the
flow [11].

first factor is the difference in local composition, also called the solute
Marangoni effect [11] due to the varying concentrations of dissolved
solute along the air-liquid interface. Adding surfactant changes the
concentration difference along the air-liquid interface. The densely
distributed surfactant molecules at the contact line decrease the local
surface tension, leading to a surface tension gradient from the edge to
the apex. Consequently, the colloidal particles along the air-liquid
interface are transported from the contact line to the apex, which
weakens the coffee-ring effect. Apart from the concentration gradients,
the other factor is the temperature gradient, also called the thermal
Marangoni effect. The thermal Marangoni effect changes evaporative
flux over the air-liquid interface [11], leading to a surface tension dif-
ference along the air-liquid interface. However, the droplet evaporation
does not always succeed in forming an internal Marangoni flow. The first
reason is that the weak thermally induced Marangoni flow vanishes due
to the existence of contaminants [13]. Contaminants existing along the
droplet surface always make weak thermally induced Marangoni flow
vanish. Additionally, evaporative cooling is highly related to the thermal
conductivity of the substrate and the solution [14]. Although natural
evaporation gives rise to the weak Marangoni effect, limited studies
explore the effect of enhanced temperature gradients on increased
Marangoni flow. Kim et al. [15] investigated the deposited patterns of
both cooling and heating substrates. They found that the cooling sub-
strate gave rise to the centrally concentrated polymer solutes, while the
heating substrate enhance the evaporation, leading to a massive accu-
mulation of solutes at the periphery. Xu and Luo [16] found the Mar-
angoni flow in the evaporation of water droplets by fluorescent
nanoparticles. Additionally, they also revealed that there was a stag-
nation point where surface tension, surface temperature and surface
flow change direction at the droplet surface. This means that surface
temperature and surface tension do not change monotonously along the
air-liquid interface. Jeong et al. [17] utilised high temperature driven
Marangoni flow to separate particles based on the size of particles,
ranging from 100 nm to 15 pm. The results exhibited that particles with
small sizes deposited at the outermost ring along the contact line, while

particles with larger sizes accumulated at the inner rings.

Often a combination of Marangoni and Capillary flows occurs within
a drop. It was determined by Kim et al. [15] that Capillary flow is
stronger than Marangoni flow in the case of a heated substrate.
Conversely, Marangoni flow is more prevalent on a colder substrate.
This characteristic allows for the flow regime within the drop to be
manipulated by controlling the temperature of the droplet.

Many experimental studies are focused on the evaporation of sessile
droplets, however, the drying pattern of particle-laden droplets related
to the heating substrate is scarce. Moreover, the fundamentals of droplet
drying and how pattern formations related to substrate temperature are
not fully understood. This work investigates the effects of a wide range
of substrate temperatures (from 10 °C to 70 °C) on the deposition pat-
terns left behind after the evaporation as well as the internal flow during
the whole evaporation. This study aims to investigate the distribution of
deposition patterns of MNF sessile droplets without changing chemicals.
MNF sessile droplets are studied by controlling substrate temperatures,
ranging from 10 °C to 70 °C. Reflection optical microscopy is applied to
investigate the internal flow of the evaporation of MNF droplets and
study the mechanism of deposit features of particle-laden droplets
affected by substrate temperatures. To track the internal particle tra-
jectory, 3 yum microbeads are used to analyse the flow motion inside the
droplet. Additionally, an infrared camera and a CCD camera are applied
to capture the surface temperature distribution and flow fields of sessile
droplets, respectively.

2. Experimental methods

In this study, citric acid modified magnetic nanoparticles are selected
since modification can make nanoparticles well-dispersed, which can
minimise the interference of aggregation on the formation of deposition
pattern of nanoparticles. Moreover, compared to other nanoparticles,
modified magnetic nanoparticles will be controlled by magnetic field,
which is a potential property to further control the deposition pattern of
nanoparticles after understanding the mechanism of the formation of
deposition pattern.

2.1. Preparation of magnetic nanofluids

Magnetic nanofluid is synthesised by using the co-precipitation
technique. In a typical procedure, 24 g FeCl3-6H20 (>99%, Sigma
Aldrich) and 8.8 g FeCly-4H0 (>99%, Sigma Aldrich) are added into
100 mL water at first. The suspension is stirred at 50 °C and bubbled
under the protection of Nj for 2 h to remove Oy. 50 mL of ammonium
hydroxide (25%, Sigma Aldrich) is then dissolved under vigorous stir-
ring for 30 min. The black precipitate is absorbed in the bottom of the
flask by a magnet and cleaned with HCI solution 5 times. 30 min later,
after dumping the supernatant, the prepared precipitate is dissolved into
120 mL water by ultrasonic treatment. To cover particle surfaces with
carboxyl groups, particles are coated with citric acid (>99.5%, Sigma
Aldrich) which is a small molecule with three carboxyl groups. As shown
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Fig. 3. The schematic structure of the modified Fe;04 nanoparticle.
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Fig. 4. Schematic setup for controlling deposition patterns of MNF droplets by
controlling substrate temperatures.

in Fig. 3, citric acid can be chemically attached to the surface of a
nanoparticle via the formation of a coordination bond between a metal
atom and a carboxyl group, leaving one or two carboxyl groups
stretching out forward into the surrounding liquid phase [18]. Finally, a
certain number of coated nanoparticles in an aqueous solution are
dispersed into DI water.

2.2. Experimental setup

The experimental setup is shown in Fig. 4, 0.2 wt% MNFs droplets
are deposited by a micropipette (Ossila (C2001V1)) with a volume of 2
+ 0.1 pL. MNF droplets stand on the evaporation substrates, which are
silicon wafers (Latech Scientific Supply Pte. Ltd.). The silicon wafers are
ultrasonicated in deionised water for half an hour and are dried by
compressed dry air. The modified silicon wafer is mounted on an
aluminium substrate connected to a water bath (PolyScience 8006A11B
Heated/Circulating Waterbath) which controls the substrate tempera-
ture ranging from 10 °C to 70 °C. Each temperature is conducted over 3
times to ensure repeatability and reliability of experimental data. Two
calibrated K-type thermocouples with an accuracy of 0.1 K are inserted
into the silicon wafer. Two thermocouples are located at the edge and
centre to monitor the temperature uniformity respectively. During the
whole evaporation process, the substrate temperature is regarded as
uniform only when the temperature difference is less than 0.2 K. The test
section is shielded in an open-side cylinder to prevent air turbulence
disturbance. Additionally, latex microbeads, with an average diameter
of 3.0 ym made of polystyrene, are conducted to understand the flow
motion and mechanism. Microscopy (OPTIKA 400) mounted with a CCD
camera (BASLER acA2040-90uc) is used to track the motion trajectory of
particles. The surface temperature of the droplet is also recorded by an
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Fig. 5. Relationship between complete evaporation time (s) and different
substrate temperatures (°C).

IR camera (FLIR (SC7600 M)), which is used to analyse the effect of
temperature distribution over the air-liquid interface.

3. Results and discussion

This section investigates the effect of different substrate tempera-
tures on drying pattern formations of MNF droplets. The substrate
temperatures are classified into three stages, namely low-temperature
range (10 °C, 15 °C, and 20 °C), ambient temperature (25 °C) and
high-temperature range (40 °C, 55 °C, and 70 °C). Each temperature is
conducted three times to ensure repeatability. Time is normalised by the
evaporation lifetime, T/T(, where T refers to the completed evapora-
tion time, and T refers to the current evaporation time. Moreover, the
pattern features for MNF droplets are investigated at different substrate
temperatures, and then the flow motion and analysis of different pattern
formations are also discussed. According to the distribution of deposi-
tion patterns, each drying formation is divided into three regions,
including the central region, gap region and edge region. The central
region refers to the central area of the whole pattern, the gap region is
defined as the area between the central region and the edge region.
Fig. 5 shows the complete evaporation time plot for different substrate
temperatures. The properties of pattern formations with different sub-
strate temperatures are as follows.

3.1. The properties of pattern formations of MNF droplets at different
substrate temperatures

3.1.1. Deposition patterns at low temperature range (10 °C, 15 °C, 20 °C)

At the low-temperature range, deposition patterns of MNF droplets
exhibit a coffee ring pattern in the drying process (Fig. 6). After com-
plete evaporation, the ring-like structure becomes more prominent as
temperature increases from 10 °C to 20 °C. At 10 °C, there is a wide ring
belt forming along the edge of the drying pattern. This is because at
10 °C, compared to Marangoni flow, capillary flow dominates during the
evaporation process. However, the capillary flow is not strong enough to
transport most magnetic nanoparticles to the edge. Size and mass both
affect the path of particles [19]. Consequently, nanoparticles accumu-
late in the vicinity of the contact line, forming a wide ring belt as shown
in Fig. 6. When substrate temperature comes to 15 °C and 20 °C, out-
ward capillary flow still dominates, but the ring belt narrows consider-
ably compared to that at 10 °C. The nanoparticles at the gap region
distribute more uniformly. Consequently, at a low-temperature range, as
the temperature increases, more nanoparticles and aggregates locate at
the gap region and their distribution is more homogenous.

3.1.2. Deposition patterns at ambient temperature (25 °C)
When the substrate temperature comes to 25 °C, the ring-like
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Fig. 6. Evaporation process of MNFs deposition patterns at the lowtemperature range.

Fig. 7. Evaporation process of MNFs deposition patterns at 25 °C.

structure can also be observed at the early stage of the evaporation
process as shown in Fig. 7. More magnetic nanoparticles aggregate along
the contact line with the evaporation process, which increases the width
of the ring belt. When it almost dries up at 227s, the ring belt along the
contact line tends to move radially towards the central region, forming a
finger shape pattern. After drying at 25 °C, the distribution of nano-
particles is non-uniform after evaporation, more particles aggregated in

the vicinity of the contact line and there is a vague gap between the
contact line and the central region.

3.1.3. Deposition patterns at high temperature range (40 °C, 55 °C, 70 °C)

At the high-temperature range, the drying formation process of the
coffee ring is accelerated. At 40 °C and 55 °C, the drying pattern of MNF
is similar to that at 25 °C. There is an array of finger shape patterns along
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Fig. 8. Evaporation process of MNFs deposition patterns at the high-temperature range.

Fig. 9. Microbeads travel to the boundary along with the air-liquid interface atthe low-temperature range.

the ring-like structure in the vicinity of the contact line, pointing to the
central region of MNFs. The width of the coffee ring decreases with the
increase of substrate temperature. Moreover, when the substrate tem-
perature reaches 70 °C, there is not only a finger shape pattern at the
edge, but also the other finger shape pattern formed outward radially at
the central region as shown in Fig. 8. This is because nanoparticles are
induced to the central region by the Marangoni flow at the early stage of
droplet evaporation. These induced nanoparticles are deposited into the
mapped area of the substrate. As the droplet volume decreases at the
final stage of the evaporation, some nanoparticles are affected by the
intensive capillary flow, which forms a finger shape pattern at the
central region as shown in Fig. 8.

3.2. Results and discussion for the mechanism of deposition patterns with
substrate temperatures

To demonstrate the mechanism of pattern formations at different
substrate temperatures, both the flow motion and the surface tempera-
ture distribution are analysed. In this study, 3.0 pm microbeads are used
to track the trajectory of particles. The whole evaporation process is
recorded by a CCD camera (BASLER acA2040-90uc) that is connected to

a microscope (OPTIKA 400) from the top view. Meanwhile, a FLIR IR
camera (SC7600 M) is employed to analyse the effect of surface tem-
perature distribution over the air-liquid interface on the deposition
patterns of MNF droplets. Deposition patterns are discussed from the
low-temperature range to the high-temperature range.

3.2.1. Flow patterns and mechanism of microbead deposition at low-
temperature range (10 °C, 15 °C, 20 °C)

At a low-temperature range, as shown in Fig. 9, solvents are trans-
ported to the contact line for the compensation of evaporated solution in
the vicinity of the contact line. Mild outward transport exists since the
substrate temperature is lower than the ambient temperature.

In terms of heat transfer, the surface tension gradient is dependent on
the temperature gradient over the air-liquid interface, namely the
Marangoni effect. When the substrate temperature is lower than the
ambient temperature, surface tension decreases with the increasing
temperature. Additionally, the solvents always transport from the low
surface tension to the high surface tension. Fig. 10 shows the tempera-
ture distribution of droplet surface, and all thermal figures are captured
at 1/5 of the droplet evaporation lifetime. The dots in thermal images
are due to the reflection of IR camera and should be neglected.
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Fig. 10. Surface temperature distributions at the low-temperature range. Thermal images (left) are captured at 1/5 of evaporation time when the substrate tem-
perature is at 10 °C, 15 °C, 20 °C respectively; subplot figures (right) present temperature distribution of droplet surface at 10 °C, 15 °C, 20 °C respectively.

According to the surface temperature distribution of the droplet, as
shown in Fig. 10, it shows that temperature at the contact line is higher
than that at the apex over the air-liquid interface. The maximum tem-
perature differences along the air-liquid interface are 1.1 °C, 0.7 °C and
1.15 °C, respectively.

At 32.7s, the temperature differences are not significant compared to
those at other temperatures. Thus, Marangoni flow exists at a low-
temperature range but does not dominate. The solvents are trans-
ported from the contact line to the apex over the air-liquid interface,
which can be proved by the flow motion as shown in Fig. 11.

Meanwhile, four particles at the central apex area are tracked as
shown in Fig. 12. The trajectories of the tracked particles show that there
is one vortex flow at the central region, which is driven by the Mar-
angoni flow.

Additionally, at the final stage of evaporation (Supporting Informa-
tion Video S1), three microbeads are tracked as the target particles.

When the evaporative time is at 313.4s, there is nearly no movement in
the radial direction. When the droplet almost dries up, as shown in
Fig. 13, there are no beads transporting from the contact line to the
central region, and particles barely move. This is because the tempera-
ture difference along the air-liquid interface decreases over the evapo-
ration process. The Marangoni effect also decreases with the decreasing
temperature difference, which causes particles to deposit on the sub-
strate after the droplet dries up.

Therefore, the particle motion of droplets at low temperatures can be
divided into three stages. At the early stage, particle motion is domi-
nated by the vortex flow due to the Marangoni flow at the central region,
and there is a boundary line between the central and the gap area. When
some particles escape from the centre to the gap, microbeads transport
along the air-liquid surface to the edge due to the Marangoni effect. Both
outward transport and Marangoni flow are not intensive. As the droplet
evaporates, the surface temperature difference decreases. In other
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Fig. 11. Red-marked microbead travel back from the edge along air-liquidinterface at the middle stage.

Fig. 12. Microbeads are tracked at the central area at the early stage.

words, in the middle stage, most particles are nearly in a static state.
Suspended particles distribute uniformly with the decrease of the height
of the droplet. At the final stage, particles travel back mildly, but the
movement of particles is more violent at 20 °C than that at 10 °C.
Consequently, the deposition pattern of MNF droplet exhibits more
uniform with the increase of substrate temperature at low-temperature
range.

3.2.2. Flow patterns and mechanism of microbead deposition at 25 °C

When the substrate temperature is at 25 °C, at the early stage of the
evaporation process, both central and gap regions are chaotic as shown
in Fig. 14. At 185.0s, the marked white particles move irregularly over
time, while other marked particles at the edge region travel outwards to
the contact line. In other words, capillary flow dominates the outward
flow at the edge region.

According to the surface temperature distribution as shown in
Fig. 15, the evaporative flux in the vicinity of the contact line is higher
than that at the central region, making more solvent lost at the edge. The
constant contact radius (CCR) model occupies most of the evaporative
lifetime, and particles are transported to the pinned contact line for the
compensation of the lost solvent.

In the second stage, at 225.3s, some particles do a spinning motion at
the central region as the particle marked green (Fig. 16), while most
particles follow a pair of the counter-rotating vortex (Fig. 17), which is
essentially parallel to the horizontal plane. The strength of these vortices
reduces over time, this is because the air-liquid interface is homogenised
by the central stream as well as by the heat being transported to the cold
vortex from the edge due to thermal conduction and thermal convection.
Although capillary flow still dominates at the second stage as shown in
Fig. 16, some particles are involved in the counter-rotating vortex as P8
(Fig. 17) when they transport to the contact line. Therefore, some par-
ticles transport back from the contact line to the central region due to
Marangoni convection.

At the final stage (Supporting Information Video S2), the pair of
counter-rotating vortexes disappears, and the capillary flow dominates
outward transport to the contact line. As shown in Fig. 18, the particle
marked red shows that some particles transport back from the contact
line to the central area. This is because the MNF droplet at this stage

361.3s

Fig. 13. Microbeads trajectories at the end of the evaporation.
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Fig. 14. Microbeads movement condition at the early stage at 25 °C.
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Fig. 15. Surface temperature distributions at 25 °C.

Fig. 16. Microbeads movement directions at 25 °C.

reaches a new quasi-steady equilibrium when the vortex disappears with
the preferential direction of Marangoni convection. However, surface
temperature difference (Fig. 15) still exists along with the air-liquid
interface. Consequently, the deposition pattern forms a typical ‘coffee-
ring’ pattern due to a dominant capillary flow. Particles at the central
region are evenly distributed due to both Marangoni convection and
Marangoni flow (see Fig. 19).

3.2.3. Flow patterns and mechanism of deposition at the high-temperature
range (40 °C, 55 °C, 70 °C)
At a high-temperature range, the flow mode of particles is similar to

that at 25 °C in the first two stages. In the early stage, the central region
is chaotic. Capillary flow dominates at the gap and edge regions. The
duration of the first stage is shorter than that at 25 °C and the internal
flow of the droplet is more intensive. In the second stage, a pair of
counter-rotating vortex flow at the central region due to the Marangoni
convection. However, capillary flow dominates the edge and the gap
regions. Compared to that at the ambient temperature, Marangoni flow
still exists at the edge region due to a big temperature difference as
shown in Fig. 23. Some particles transported to the edge are also driven
back to the central region along the air-liquid interface by Marangoni
flow as shown in Fig. 20.
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Fig. 17. Particle motion distribution at 25 °C.

Fig. 18. Microbeads movement at the final stage at 25 °C. Flow patterns and mechanism of deposition at the high-temperature range (40 °C, 55 °C, 70 °C).

Fig. 19. Microbead movement recording at the early stage of high temperature.

At the final stage (Supporting Information Video S3), at 90.8s, the
counter-rotating vortex disappears. A marked red particle transports to
the edge and then flows back to the central region. Most particles move
radially as shown in Fig. 21. This is because the temperature difference
along the surface interface is big enough to drive particles back to the
central region radially with the increasing substrate temperature. At this
stage, both Marangoni flow and capillary flow contribute to the internal
self-circulation flow.

When the droplet almost dries up at the final stage, the height of the
droplet decreases over the evaporation time. During this period, the
same amount of liquid squeezes through an area that is vanishing [20],
leading to a significant increase in the particle motion speed. Therefore,

when the droplet almost evaporates, both capillary flow and Marangoni
flow are at the same layer close to the substrate. Particles accumulate at
the gap region due to the contribution of Marangoni flow and capillary
flow, eventually forming a secondary ring pattern as shown in Fig. 22.

Therefore, the whole evaporation process at the high-temperature
range can be classified into three stages. In the first stage, it is similar
to that at the ambient temperature, while the duration is shorter. In the
second stage, both the Marangoni and the capillary flow are intense at
the edge and gap regions, outward transport still dominates at this stage.
Meanwhile, a pair of the counter-rotating flowing in the central region
distribute particles uniformly. At the final stage, a big temperature dif-
ference along the interface makes capillary flow and Marangoni flow the
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Fig. 21. Microbeads movement trajectory at the final stage of 55 °C.
two main factors for the secondary ring pattern.
4. Conclusion

In this work, the distribution of deposition patterns of MNF droplets
is experimentally investigated by controlling substrate heating. The
substrate temperatures are set from 10 °C to 70 °C. Drying patterns
transit from the uniform pattern, the coffee ring pattern to the dual ring
pattern with the increase of substrate temperatures. The capillary and
the Marangoni flows play an important role in the evaporation process
of MNF droplets. At the low-temperature range, the distribution of the
pattern formation exhibits a uniform pattern. The Marangoni flow plays
an important role in particle motion distribution. At ambient tempera-
ture, the distribution of the pattern formation exhibits a ring-like
structure. Outward flow dominates the particle motion to compensate
for the evaporation loss at the contact line. At the high-temperature
range, the distribution of the pattern formation exhibits a dual ring
pattern. Both the capillary and the Marangoni flow control the distri-
bution of the deposition pattern during different evaporation periods.
This work highlights the effect of substrate temperatures on the depo-
sition patterns, which potentially affect the distribution of particles. For
the outlook of this work, the micro-PIV technique should be further

10
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Fig. 22. The final pattern distribution of microbeads at high temperature.

conducted to capture details at the high-temperature range; the further
study should be carried out for the mechanism of variance in different
deposition patterns; a standard drying method should be established to
understand the effect of different drying conditions on the drying
pattern formations.

There are also some limitations in this work. Microbeads can only
describe the main flow of nanoparticles; CCD and IR cameras can cap-
ture limited information of droplet, more details are expected to analyse
the forces inside droplet. Due to the limitations of measurement tech-
niques in the field of droplet evaporation, more precise and suitable for
the internal measurement of droplet is expected in further studies.
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Fig. 23. Surface temperature distributions at the high-temperature range. Thermal images (left) are captured at 1/5 of evaporation time when the substrate tem-
perature is at 40 °C, 55 °C, 70 °C respectively; subplot figures (right) present temperature distribution of droplet surface at 40 °C, 55 °C, 70 °C respectively.
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