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Contact line length dominance in evaporation of confined nonspherical droplets
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Free droplets are spherical within capillary lengths and become nonspherical when trapped in a confined
space. Confined nonspherical droplets are as common as spherical droplets. Yet, their evaporation dynamics
are not fully understood because of their geometrical complexity. We use monochromatic synchrotron x-ray
microtomography to investigate the evaporation dynamics of confined nonspherical water droplets trapped by
micropillars based on three-dimensional geometrical information with time. We find two types of confined
nonspherical droplets: Wenzel droplets with single-sided air-water interfaces, and Cassie-Baxter droplets with
double-sided interfaces. Both droplets show similar sphericity at large volumes but approach different ones at
small volumes: Wenzel droplets follow a thin film limit, whereas Cassie-Baxter droplets follow a spherical sessile
limit. Despite the geometrical complexity of confined nonspherical droplets, the vapor diffusion mechanism
suggests that the evaporative flux is maximal at the contact line, which governs the evaporation dynamics, as
proven by observations. The proportionality of the evaporation rate to the contact line length demonstrates
the contact-line-length-dominant evaporation dynamics of confined nonspherical droplets. The findings of this
study can unify the evaporation mechanism for spherical sessile and confined nonspherical droplets, even with

geometric complexity.
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Introduction. Droplet evaporation is a fundamental pro-
cess in nature [1-9], inkjet printing [10—12], painting [13],
and biofabrication [14—18]. The dynamics of droplet evap-
oration are well understood if droplets are spherical or
capillarity predominates [19,20]. The vapor diffusion mech-
anism successfully describes and predicts the evaporation
rates of spherical sessile droplets, with the evaporative flux
J proportional to the vapor diffusivity D times the vapor
concentration gradient dc/dn [21-24]. Spherical droplets
are standard when the droplet is smaller than the capillary
length A. = (y/Apg)'/?, where y is the surface tension of
the fluid interface, Ap is the mass density difference of the
fluids, and g is the gravitational acceleration; A, = 2.7 mm
for water at room temperature, T = 25 °C. However, non-
spherical droplets are more general than spherical droplets
when trapped in a confined space [25-27]. Although they are
common, the evaporation dynamics of confined nonspherical
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droplets are little understood due to their geometrical com-
plexity [27-29].

Visualizing and quantifying the geometrical complexity of
confined nonspherical droplets are crucial to identifying their
evaporation dynamics. Thus, we adopt microtomography with
monochromatic synchrotron x-ray to investigate the complex
geometry and evaporation dynamics of confined nonspherical
water droplets within capillary lengths trapped by micropil-
lars. Due to the high penetration capability of x-rays, we
can acquire two-dimensional (2D) projection images to ana-
lyze fluid evaporation on a substrate [30] or fluid geometry
trapped inside porous media (such as soil or fabric) [31,32].
Moreover, we can successfully obtain three-dimensional (3D)
geometrical information of complicated droplets based on
2D projection images from samples with several millimeter
thicknesses [33]. Acquiring 3D geometrical details is essen-
tial to understanding the time-sequential behavior of confined
nonspherical droplets during evaporation [27], which is dif-
ficult with conventional imaging techniques. The fast image
acquisition capability (spending four seconds for a 3D image)
of synchrotron x-ray microtomography makes it suitable for
our study, particularly for observing the rapid evaporation
dynamics of microliter-scale water droplets within capillary
lengths (spending 1000 seconds for complete evaporation)
[34-36].

This study demonstrates how the vapor diffusion dynamics
govern the evaporation dynamics of confined nonspherical
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droplets. Using x-ray microtomography, we quantify the time
dependences of the contact line length (L), the surface area
(S), and the volume (V) of confined nonspherical droplets
within capillary lengths when trapped by micropillars. Fur-
thermore, considering the entire droplet surface (air-water and
water-resin) (S.) and the total droplet volume (V), we cal-
culated the droplet sphericity as W = 7!/3(6V)?/3/S,. These
direct observations show two distinct types of confined non-
spherical droplets: Wenzel [37] droplets with single-sided
air-water interfaces and Cassie-Baxter [38] droplets with
double-sided interfaces. We demonstrate that the evapora-
tion rates of confined water droplets are proportional to the
total lengths of the contact lines. Both droplets show simi-
lar sphericity at large volumes but approach different ones
at small volumes: Wenzel droplets follow a thin film limit,
whereas Cassie-Baxter droplets follow a spherical sessile
limit. This finding offers clear evidence of the possibility of
universality in droplet evaporation dynamics, even for con-
fined nonspherical droplets with complex geometry.

The evaporation dynamics of confined nonspherical
droplets must depend on the surface area or the contact line
length because of the escape of water vapor molecules from
liquid water surfaces [9,39]. The central question is to identify
which contributes more to the evaporation of confined non-
spherical droplets between the surface area and the contact
line length. The contact line length dominance results from
the nonuniform evaporation flux mainly escaping from the
contact line, while the surface area dominance results from
the uniform evaporation flux on the droplet surface.

Experiments. We fabricated micropillar-patterned sub-
strates to form confined nonspherical droplets within capillary
lengths, in which small-volume (1.0 ~ 1.5 pL) water could be
trapped among vertical micropillars (Fig. S1 within the Sup-
plemental Material [40]). The micropillar-patterned substrates
were made of resin (Surgical Guide, Formlabs, USA) by a 3D
printer (Form 2, Formlabs, USA; with a resolution of 50 um).
The micropillars had a diameter (d) of 350 um, a pitch (p) of
300 um, and a height (%) of 1500 pm. The substrate surface
was hydrophilic (45° for the water contact angle). We used
deionized water (Classic DI MK2, ELGA, UK) as the model
solvent for the droplets.

Visualizing and quantifying the geometrical complexity
of confined nonspherical droplets are essential in identify-
ing their geometrical information. High-resolution spatial and
temporal information on the droplet contact line length, the
droplet surface area, and the droplet volume is crucial to
evaluate their evaporation dynamics. X-ray microtomogra-
phy with fast image acquisition is needed for this purpose.
We used the 6C Biomedical Imaging (BMI) beamline in the
Pohang Light Source II (PLS-II), providing monochromatic
synchrotron x-ray with 35 keV photon energy [27,30,34].
The beamline included a scintillator (LuAG: Ce 50 um), a
ten-magnification lens coupled with an sSCMOS (scientific
complementary metal-oxide-semiconductor; PCO Edge 5.5,
PCO Imaging, Germany) camera with a pixel size of 0.65 um
and a field of view of 1.6 mm x 1.4 mm. The exposure time
for each 2D projection image was 20 ms, and the total
number of projection images for each microtomography set
was 200 taken from on-the-fly scanning within 180°, even-
tually requiring four seconds for one microtomography set
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FIG. 1. Confined nonspherical droplets with geometric complex-
ity. (a) Wenzel droplets: a 1.5 uL droplet sunk to the substrate
bottom. (b) Cassie-Baxter droplets: a 1.0 uL. droplet floated among
hexagonally arrayed micropillars. The left images were taken by
x-ray microtomography (along view I), the middle schematic images
were from view I, and the right were from view II. The formation
of Wenzel or Cassie-Baxter droplets depends on the initial droplet
volumes because the initial accommodable space surrounded by mi-
cropillars was ~1.5 uL (see Figs. S1 and S2 within the Supplemental
Material [40]).

(20 ms/projection x 200 projections = 4 s) that enabled fast
image acquisition [27]. The sample stage has a rotation speed
of 45° /s, which requires 4 s for 180° of rotation. We selected
the microtomographic observation interval to be 20 seconds
between microtomographic sets.

A total of 30 sets of time-sequential x-ray microtomo-
grams were acquired during the evaporation of confined
nonspherical droplets. The 2D projection images obtained
were reconstructed with the OCTOPUS software (version
8.9.3, XRE, Ghent, Belgium) to stack the 200 projections
to make a complete 3D microtomogram. The reconstructed
images were loaded into AVIZO software (version 2020.02,
Thermo Fisher Scientific, USA) to segment the microtomo-
gram and measure the triple phase (air-water-resin) contact
line length, the air-water surface area, and the droplet vol-
ume that defines the geometry of the confined nonspherical
droplets. Segmentation of the confined nonspherical water
droplets, the resin micropillar-patterned substrates, and the air
was possible based on their attenuation coefficient difference
depending on the material density and the atomic number. The
three components (air, water, and resin) were distinguishable.
We measured the total contact line length by counting all pix-
els along the three-phase contact lines. The entire surface area
was measured by calculating the intersection between the wa-
ter droplet and the air. The droplet volumes were measured by
counting all the voxels in the droplets. In addition, we counted
the entire droplet surface (air-water and water-resin) for the
calculation of droplet sphericity as ¥ = 7!/3(6V)*/3/S,.

Results. Two distinct types of confined nonspherical water
droplets were observed, as illustrated in Fig. 1. The initially
small volume (1.0 ~ 1.5 pL) of water can be trapped among
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the micropillars because the initial accommodable space sur-
rounded by micropillars is 1.5 uL (Figs. S1 and S2 within
the Supplemental Material [40]). The substrate surface is hy-
drophilic (45° for the water contact angle). The first type
of confined nonspherical water droplet is the Wenzel droplet
which has a single-sided air-water interface and touches the
substrate (Fig. 1(a), and Movies S1 and S3 within the Supple-
mental Material [40]). The second type is the Cassie-Baxter
droplet which has double-sided air-water interfaces and floats
above the substrate (Fig. 1(b), and Movies S2 and S4 within
the Supplemental Material [40]). The formation of Wenzel
or Cassie-Baxter water droplets depends on their initial vol-
umes (V;): Wenzel droplets are generated at V; > 1.5 uL,
whereas Cassie-Baxter droplets at V; < 1.5 pL because the
initial empty volume surrounded by six neighboring micropil-
lars is 1.5pL (Fig. S1 within the Supplemental Material
[40]). The geometrical complexity of confined nonspheri-
cal water droplets is visualized by x-ray microtomography,
providing exact measurements of the contact line length be-
tween water and micropillars, the surface area of air-water
and micropillars-water interfaces, and the volume of confined
nonspherical water shapes.

The fast image acquisition of x-ray microtomography en-
ables time-resolved observations to identify the time evolution
of evaporating confined nonspherical water droplets with con-
siderable geometrical complexity. The evaporation dynamics
of confined Wenzel and Cassie-Baxter droplets are described
in Fig. 2, showing a clear difference at the end of evaporation.
The height of a Wenzel droplet continuously and gradually
decreases with time (¢/t; = 0.2 ~ 0.92, Movie S5 within
the Supplemental Material [40]). In contrast, the height of
a Cassie-Baxter droplet initially decreases with time (¢/tf =
0.2 ~ 0.3), but the droplet later detaches from some of the
contacting micropillars (¢/t; = 0.4 ~ 0.99, Movie S6 within
the Supplemental Material [40]). This phenomenon of con-
fined nonspherical droplets separating from micropillars is
found only with the Cassie-Baxter droplet. The droplet de-
tachment would be related to the rupture dynamics of the thin
water volume [41,42].

We suggest simple cross-sectional schematic illustration in
Fig. 3 based on our observations. The critical initial volume
for the Cassie-Baxter and the Wenzel droplets is V* ~ 1.5 pL.
At the early stages, the Wenzel droplet (V; > 1.5 pL) has
a vertically asymmetric cross section, and the Cassie-Baxter
droplet (V; < 1.5 pL) has a vertically symmetric cross sec-
tion (Fig. S2 within the Supplemental Material [40]). Both
have a similar geometric relation between the height (&)
and the width (w), where the height gradually decreases
with time while the width is invariant during evaporation
(Fig. S3 within the Supplemental Material [40]). In the late
stages, they approach different geometrical limits. The Wen-
zel droplet reaches a thin film limit, where the height is
ultimately small while the width is almost invariant. The
Cassie-Baxter droplet has a spherical sessile limit, where the
height and the width decrease simultaneously by retraction,
and thus, eventually a single spherical sessile droplet re-
mains on a little curved surface. The confined nonspherical
water droplets have different geometrical limits depending
on the initial droplet volume with respect to the available
space.
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FIG. 2. Evaporation dynamics of confined nonspherical droplets
by time-resolved x-ray microtomography. (a) The time evolution
of a Wenzel droplet, taken by x-ray microtomography, shows a
gradual height decrease for #/t; = 0.2 ~ 0.92 with no detachments
from the micropillars. (b) The time evolution of a Cassie-Baxter
droplet, taken by Xx-ray microtomography, shows a gradual de-
crease of the height for ¢/t = 0.2 ~ 0.3 and detachments from
some of the micropillars for ¢/t = 0.4 ~ 0.99. The final small vol-
ume of a Wenzel droplet near ¢, is similar to a thin film with a
specific upper surface area and a minimal thickness (a thin film
limit). In contrast, a last tiny Cassie-Baxter droplet near 7, is sim-
ilar to a small sessile droplet on a curved surface (a spherical
sessile limit).
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[ﬂ -
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FIG. 3. Cross-sectional schematic illustration. At the early
stages, Wenzel droplets (upper) and Cassie-Baxter droplets (lower)
have similar geometrical changes between the height (4) and the
width (w), where h gradually decreases with time while w is in-
variant due to the contact line pinning during evaporation. In the
late stages, they separately approach different geometrical limits.
Wenzel droplets reach a thin film limit, where 4 is ultimately
small while w is almost invariant. Cassie-Baxter droplets reach a
spherical sessile limit, where & and w decrease simultaneously by
retraction (by detaching from some of the micropillars), and thus
eventually, spherical sessile droplets remain on a curved surface
of micropillars.
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FIG. 4. Contact-line-length-dominant evaporation dynamics.
(a) The droplet mass decreases with time, showing the linear
M?3  t relations, from —dM/dt = kM'/® in the vapor diffusion
mechanism of sessile droplets, where the k values are similar for
Wenzel and Cassie-Baxter droplets (marked by the open circle
and square for volume data taken with x-ray microtomography
and the lines for mass data). All experiments were conducted
at T =25 °C and RH =0.3. (b) The linear S o< L relations
highlight the critical geometry of confined nonspherical droplets
(whereas S o< L> for spherical sessile droplets, marked by the
gray line). The thin film limit is the fate of Wenzel droplets
(marked by the red star), and the spherical sessile limit is the
fate of Cassie-Baxter droplets (marked by the blue star). (c) The
linear —dM/dt o L relations look identical between Wenzel and
Cassie-Baxter droplets and significantly deviate from spherical
sessile droplets (marked by the gray line). (d) The evaporation
rates (—dM/dt) depend on the sphericity (W) for confined
nonspherical droplets, showing that Wenzel and Cassie-Baxter
droplets separately approach different geometrical limits in the late
stages.

Finally, we demonstrate in Fig. 4(a) (and Fig. S4 within
the Supplemental Material [40]) that the droplet mass (or
the volume) decreases with time, indicating the approxi-
mately linear relations of mass*3 versus time, which would
be similar to the —dM/dt ~ kM'/? relation in the vapor
diffusion mechanism of spherical sessile droplets. Here the
k values are estimated as 1.11 x 10~* mg??/s for Wenzel
droplets and 1.08 x 1073 mg?/?3/s for Cassie-Baxter droplets
(at room temperature, 7' =25 °C, and relative humidity,
RH = 0.3). Interestingly, despite the geometrical complexity
of confined nonspherical droplets, their evaporation dynam-
ics can be approximated as linear relations between mass>/>
and time. We may find unified evaporation dynamics of
confined nonspherical droplets similar to spherical sessile
droplets.

Discussion. To get a deep understanding of the evaporation
mechanisms of confined nonspherical droplets, we consider
the critical geometry of confined nonspherical droplets in
Fig. 4(b) by evaluating the linear relations between the con-
tact line length (L) and the surface area (S). We find that

the surface area is linearly proportional to the contact line
length (S o< L) for confined nonspherical droplets (marked by
the blue and red lines), whereas the surface area is propor-
tional to the square of the contact line length (S o L?) for
spherical sessile droplets (marked by the gray line). We find
S~ 0.25L (adj. R> = 0.97678) for Cassie-Baxter droplets
and S ~ 0.16L (adj. R? = 0.99607) for Wenzel droplets (as
predicted from S oc M?/? and L oc M*/3 in Fig. S5 within the
Supplemental Material [40]). The linearity of S o L is due to
the geometrical feature of confined nonspherical droplets in
our experiments (while S oc L? for spherical sessile droplets).
As previously described in Fig. 3, the widths of Wenzel
and Cassie-Baxter droplets change little in the early stages
of evaporation and can be considered a constant (Fig. S3
within the Supplemental Material [40]). The invariance of the
width reduces one dimension, eventually becoming S o L.
The thin film limit is the fate of Wenzel droplets (marked
by the red star), as the height is ultimately reducing while
the width is kept. The spherical sessile limit is the fate of
Cassie-Baxter droplets (marked by the blue star), as the height
and the width decrease simultaneously by retraction (by de-
taching from some of the micropillars), and thus, eventually
a single spherical sessile droplet remains on a little curved
surface. We show the linear relations between the length
of the contact lines and the evaporation rates (—dM/dt
L), which look identical between Wenzel and Cassie-Baxter
droplets [Fig. 4(c)], but significantly deviate from spherical
sessile droplets (marked by the gray line), indicating that
the contact-line-enhanced vapor diffusion mechanism governs
the evaporation dynamics of confined nonspherical droplets
(see comparisons in Fig. S6 within the Supplemental Material
[40]). The nonzero y intercept in —dM/dt o L is attributed
to reaching the geometric limit at the final evaporation of
confined nonspherical droplets. Consequently, despite the ge-
ometrical details of droplets, the vapor-diffusion evaporative
flux is maximized at the contact line, which is critical to the
evaporation dynamics of droplets, as well known in spheri-
cal sessile droplets [4,19,21,43,44]. Significantly, the linear
proportionality of the evaporation rate and the contact line
length for confined nonspherical droplets are almost identical
in Wenzel or Cassie-Baxter droplets, implying that the contact
line length would govern the evaporation dynamics. The evap-
oration dynamics of the Wenzel droplet finishes at the thin
film limit, whereas that of the Cassie-Baxter droplet meets the
spherical sessile limit and then follows the spherical sessile
droplet dynamics.

What causes the main difference between spherical ses-
sile droplets and confined nonspherical droplets? A unified
evaporation dynamics originates from the contact line length
of droplets: at the same contact line length, the same evap-
oration rate is expected for confined nonspherical droplets.
The actual linearity (slope and intercept) of —dM/dt o« L is
different between spherical sessile and confined nonspherical
droplets due to the geometrical difference. The sphericity (V)
of confined nonspherical droplets considerably deviates from
spherical sessile droplets (W = 0.55 at § = 45°). As shown in
Fig. 4(d), the evaporation rates vary with the droplet spheric-
ity, by which Wenzel and Cassie-Baxter droplets approach
different geometrical limits in the late stages. Interestingly,
at the early evaporation stages of the large-volume droplets,
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FIG. 5. Contact line geometry. (a) The contact line trajectory
of the Wenzel droplet, taken from Fig. 2(a) at t/t; = 0.4, has a
hexagonal shape on a curved surface. (b) The contact line trajectory
of the Cassie-Baxter droplet, taken from Fig. 2(b) at#/t; = 0.2 [same
volumes as (a)], has a summation of six elongated ellipses on a
curved surface. Interestingly, the flux is almost the same regardless
of the angle in the Cassie-Baxter droplet. The arbitrary position r and
6 on a polar coordinate are defined along the air-water interface, and
r is normalized by the triple-phase contact line position ry. In both
cases, the dimensionless evaporative flux J calculated by r and 6 in
Eq. (1) shows that the evaporative flux diverges at the contact line,
regardless of 6.

they show similar sphericity as W = (.65, explaining why
both confined nonspherical droplets have similar evapora-
tion constants in Fig. 4(a). At the late evaporation stages
of the small-volume droplets, Wenzel droplets approach the
thin film limit, ¥;, = 0, as the volume decreases to zero
at the fixed surface area. In contrast, Cassie-Baxter droplets
reach the spherical sessile limit, W, = 0.55 (at 8 = 45°).
This result indicates that the sphericity of droplets can be
a critical measure to understand their evaporation dynam-
ics, implying that kM'/3 [Fig. 4(a)] should be a function of
W [Fig. 4(d)] for confined nonspherical droplets. All evi-
dence suggests the contact-line-length-dominant evaporation
mechanism of confined nonspherical droplets. We adopt a
previous simulation result that the contact line length gov-
erns the vapor diffusion dynamics for polygonal droplets on
the flat substrate [24]. The dimensionless evaporative flux
J(r,0) for confined nonspherical droplets can be described
as a function of the position defined » and 6 in a polar
coordinate:

2 a
J(r,0) = ;ﬁ{l + € f1(r;n) cosnd

+ X[ foo(r;n) + fro(r;n)cos2n01}y. (1)

Here a is a shape parameter defined by the contact line am-
plitude parameter € and the contact line period number n as
a = ap(1 + € cosnf) where ay is the mean radius [24]. The
contact line amplitude parameter varies with the quantity of
€ ~ 0.1 for hexagonal droplets (n = 6) on the flat substrate
[24] and € ~ 0.4 on the curved substrate (see details of the
€ estimation in Fig. S7 within the Supplemental Material
[40]). Additionally, f(r;n), fo0(r;n), and fry(r;n) are solu-
tion functions derived from the Green functions [24]. In Fig. 5,
we extracted the contact line geometry from x-ray microto-
mography. The Wenzel droplet from Fig. 2(a) at t/ty = 0.4
shows a continuous hexagonal air-water interface shape. The
Cassie-Baxter droplets from Fig. 2(b) at #/ty = 0.2 (at the
same volume as the Wenzel droplet) shows a summation of six
elongated ellipses. The dimensionless evaporative flux J(r, 6)
calculated by Eq. (1) along the air-water interface indicates
that regardless of the detailed geometry, J(r, 9) diverges at the
contact line, suggesting that the contact line length governs
the evaporation dynamics. Our experiments demonstrate the
dominance of contact line length in the evaporation dynam-
ics of the confined nonspherical droplets at the microliter
scales. Our findings need generalization for more complicated
geometry with different liquid shapes, such as the fractal-
like shape and the grid structure, to be explored in further
studies.

Conclusion. We report the evaporation dynamics of con-
fined nonspherical water droplets inside micropillars with
geometrical complexity utilizing four-dimensional geometri-
cal information with x-ray microtomography. We find two
types of confined nonspherical water droplets by their initial
droplet volumes: Wenzel droplets with single-sided air-water
interfaces and Cassie-Baxter droplets with double-sided in-
terfaces. Both droplets show similar sphericities at large
volumes, but approach to different ones at small volumes:
Wenzel droplets follow a thin film limit, whereas Cassie-
Baxter droplets follow a spherical sessile limit. Despite the
geometrical complexity of confined nonspherical droplets, the
vapor diffusion mechanism governs the evaporation dynam-
ics because the evaporative flux diverges at the contact line.
Consequently, all evidence supports the proportionality of the
evaporation rate to the contact line length for confined non-
spherical droplets. This finding proves the contact-line-length-
dominant evaporation dynamics of confined nonspherical
droplets, with the implication of unifying the evaporation dy-
namics of spherical sessile droplets and confined nonspherical
droplets.
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