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ABSTRACT

Hypothesis: When a liquid droplet is confined between two non-parallel hydrophobic surfaces with dihe-
dral angle «, its behavior is largely influenced by the asymmetric confinement. During evaporation, the
droplet morphology under confinement will continuously evolve, leading to the directional transport
of the droplet towards the cusp.
Experiments and Simulations: During the evaporation process, droplets at different initial locations I, from
the cusp were experimentally observed to transport towards the cusp. A series of simulations using
Surface Evolver were performed to obtain the three-dimensional morphologies of the confined droplets.
Force and energy analyses were conducted to unveil the mechanisms dominating the evaporation-
triggered actuation and transport.
Findings: The asymmetrically confined droplet of volume V would drift towards an equilibrium location
of I, from the cusp with the lowest energy. Its directional motion results from the consecutively decreas-
ing l,, which is scaled as [, ~ o! v during evaporation. Herein, the creeping and slipping modes of trans-
port could be characterized as the quasi-stable and unstable self-relaxation processes of droplet from the
stretched regime to the equilibrium regime, respectively. Our findings on the intrinsic mechanism of dro-
plet actuation shed light on a novel approach to manipulating the confined droplet behaviors in a passive
and decisive fashion.
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X. He and J. Cheng
1. Introduction

Evaporation of a sessile liquid droplet can lead to the enrich-
ment and settlement of the contained analytes or colloidal parti-
cles after its complete evaporation, which has become an
essential procedure in various applications including biosensing
[1], bio/chemical analyses in droplet-based microfluidic systems
[2,3] and nanomaterial syntheses [4,5]. As such, evaporation is
one of the critical techniques to extract solutes or to achieve the
self-assembly of colloidal particles for the syntheses of nanode-
vices [6,7]. When combined with sensing techniques such as
surface-enhanced Raman spectroscopy (SERS) [8,9] and matrix-
assisted laser desorption/ionization mass spectrometry (MALDI-
MS) [10], the well-controlled droplet evaporation could be applied
to concentrate the analytes on the sensing spot for the detection
and identification of the targeted analytes/molecules with ultralow
concentrations [8].

Correspondingly, the prescribed transport of the sample droplet
towards the specific sensing spot before its complete evaporation
is the prerequisite for the accurate screening of targeted analytes.
During the past two decades, especially inspired by droplet motion
on spider silk [11], cactus spines [12], and Cotula fallax plant [13],
the directional transport of droplet has been realized through var-
ious strategies: (1) wettability gradient induced by surface tex-
tures [14], chemical functionalizations [15], thermal gradient [16]
or electrowetting effect [17,18]; (2) external body forces including
gravity [19], magnetic force [20] and electric force [21]; and (3)
Laplace pressure difference due to the confinement in asymmetric
geometries [11,22-28]. However, the complex geometric struc-
tures, extra force/temperature/concentration fields, and function-
alized surfaces with fragile micro/nanostructures involved in
these technologies still restrict their practical applications. There-
fore, a passive method for the prescribed droplet transport on a
simple platform or gadget is still highly desired.

Recently, a capillary ratchet mimicking the shorebird beak with
two non-parallel hydrophilic surfaces, i.e., wedge-shaped or V-
shaped structure, has been applied to directionally transport the
liquid bridge by periodically open-close the beak-like structure
[26]. Even though still hampered by the complex mechanical oper-
ations, this simple V-shaped platform with asymmetric geometry
does inspire us to achieve the directional transport of liquid dro-
plets in a passive manner, which is incurred by the continuously
evolving and asymmetric morphology of the droplet confined
between two non-parallel surfaces during evaporation. As such,
the evaporation of colloidal liquid bridges formed between two
non-parallel hydrophilic surfaces and their special drying patterns
have been reported [29,30]. However, in these studies, it was hard
for the liquid bridges to get stabilized at a specific location because
of the dominant effect of Laplace pressure [25,31]. As a result, the
liquid bridge quickly moved towards and filled the corner of the V-
shaped groove and the deposition pattern of solute/colloidal parti-
cles was not concentrated within a relatively small footprint due to
the coffee-ring effect [29,32,33]. Thus, in this work, we consider
using the lower-energy surfaces, i.e., hydrophobic surfaces, to
achieve the controllable transport of droplets in a passive manner
while suppressing the coffee-ring effect. Different from the previ-
ous works which simply ascribe the asymmetric evaporation to
the capillary force [27,34] without insightful analyses, here we
would comprehensively investigate the effects of V-shaped geom-
etry on both the evaporation and transport of a liquid droplet con-
fined therein.

Through a series of experimental measurements, numerical
simulation, and theoretical analysis, this work aims to explore
the dynamic motion of an evaporating droplet confined between
two non-parallel hydrophobic surfaces with dihedral angle « by
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addressing the following questions: (1) How does the asymmetri-
cally confined droplet behave between two non-parallel hydropho-
bic surfaces during evaporation? (2) How is the confined droplet
motion affected by droplet volume, droplet location and dihedral
angle? And (3) what are the underlying mechanisms of this
evaporation-triggered directional transport of the confined dro-
plet? By conducting a comprehensive force and energy analysis
on the confined droplet, we would address these questions to dee-
pen our understanding of evaporating droplet dynamics in a con-
fined space. In addition, the Surface Evolver simulation was
conducted to obtain the three-dimensional (3D) morphology of
the asymmetrically confined droplet and to validate our theoretical
analyses in the context of our experimental observations. This pre-
viously unexplored study sheds light on a new approach to devel-
oping droplet-based microfluidic cargo system by taking
advantage of asymmetric structures, in which the evaporation-
triggered actuation of the confined droplet could be employed to
achieve the simultaneous droplet directional transport and solute
enrichment in otherwise inaccessible and extremely constrained
region.

2. Experimental and simulation setup
2.1. Hydrophobic surfaces preparation and experimental setup

In this work, the hydrophobic plate surfaces were prepared by
firstly cutting a silicon wafer into pieces with the dimension of
2 cm x 1 cm. Then the pieces of silicon wafer were primed by
spin-coating with fluoropolymer (PFC 1601 V, Cytonix Corpora-
tion) at 3000 rpm for 30 s. After the samples being baked at
160 °C for 1 h, the static contact angle 0 of water microdroplet
on the samples could reach 118° & 1°, while its advancing contact
angle 0, and receding contact angle 6, were measured as ~ 123°
and ~ 107°, respectively. To study the transport of evaporating
droplets confined between two non-parallel surfaces, one of the
two identically prepared samples was first mounted onto a verti-
cally adjustable linear-stage (stage #1, Metric Z-Axis Stage,
Edmund Corporation). And the other sample was attached on the
edge of a tiltable platform with a tilt-range of —25° ~ 25° (stage
#2, Ball and Socket Stage, M—RN—50, Newport Corporation). Then
a deionized (DI) water droplet of 4 + 0.1 uL (Type [, > 18 MQ-cm
resistivity) was deposited on the lower sample surface on stage #1,
which was incrementally moved upwards till touching the upper
sample surface on the stage #2. In this way, an initially stable dro-
plet was confined between the two non-parallel surfaces. The con-
figuration of our experimental setup is illustrated in Fig. 1a, in
which the dihedral angle « and the initial position [, of the con-
fined droplet were controlled by tilting the inclination of the upper
platform and by adjusting the horizontal distance between the
upper and lower surfaces. It has been demonstrated that an unsta-
ble liquid bridge would be automatically propelled towards the
apex of two non-parallel hydrophilic surfaces within only a few
seconds [24,25]. Therefore, after the droplet being sandwiched
between the two non-parallel hydrophobic surfaces in our setup,
we waited for at least 30 s to ensure that the confined droplet
dwelling at a distance [, from the cusp was initially in a stable or
quasi-stable state.

All the evaporation experiments were conducted in a custom-
designed transparent chamber with the dimension of
20 cm x 20 cm x 20 cm, in which the relative humidity (RH)
was controlled at 35-40% and the ambient temperature was main-
tained at 21 + 1°C. An integrated camera on the contact angle mea-
surement system (Theta Lite, OneAttension Corporation) was used
to capture the transient images of the evaporating droplet at a rate
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Fig. 1. (a) Schematic illustration of a droplet confined between two non-parallel hydrophobic surfaces, where O stands for the cusp or apex of the two non-parallel surfaces, h
is the droplet height which is defined as the distance (0'0") between the centers of its upper and lower contact areas. (b) Diagram of all forces exerted on the confined droplet.
(c) Top view of the droplet contact base and contact line on the plate surface with in-plane coordinates (x, y). Here f is the azimuthal angle based on the centroid of the
contact base and Asy is the length of contact line element connected to the Nth vertex in our simulation.

of 1.14 frames per second. The reproducibility of our experiments
was verified by repeating each case at least three times.

2.2. Simulation setup

In our previous study [35], the evaporation of squeezed droplets
between two parallel hydrophobic/superhydrophobic surfaces was
found to be significantly suppressed due to the vapor enrichment
inside the confined space. Thus, in this work, we assume the evap-
oration of confined droplets between two non-parallel surfaces as a
quasi-steady process, which means the transient shape of an evap-
orating droplet could be approximated by its profile at the equilib-
rium state. Using the open-accessed software Surface Evolver [36],
the profile of an evaporating droplet can be obtained by minimiz-
ing its surface energy under a set of constraints. In addition to the
constraints of constant volume and static contact angle, we further
implemented the algorithm developed by ].A. White [37,38] to
account for the potential effect of contact angle hysteresis (CAH)
on the contact line motion as following: (1) The dimensionless
force f; = Fi/y,,Al on certain vertex i along the solid-liquid—-vapor
triple-phase contact line is obtained from Surface Evolver by
resorting a virtual displacement of the confined droplet, where F;
is the force on the vertex, y,, is the interfacial tension of liquid-va-
por interface and Al is the length of the two edges connected with
the vertex; (2) The modulus of the dimensionless force f; is com-
pared with the maximum friction force f . If f; > fna the vertex
is allowed to move, otherwise the vertex is kept fixed. Here, the
modulus of f,,,, is dependent on whether the vertex is advancing
or receding:

famax = €OSO — €0S 0,

(1)
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fr max = €080, — co0s 0

(2)

where the advancing contact angle 6, and the receding contact
angle 0, are chosen based on our experimental measurements
during evaporation. The static contact angle 0 is the averaged
value of 0, and 0,. The detailed algorithm of this computational
process is shown in the flowchart of Fig. S1 in the Supplementary
Materials.

Besides, droplet volume V, dihedral angle o and distance I are
three adjustable parameters in our Surface Evolver simulation that
determine the equilibrium shape and position of the droplet. To
eliminate the mesh-size effect, the number of the mesh grids
Nmesn Was initially set as 8200 to model the liquid-vapor interface
of the droplet. During the simulation, the mesh was further opti-
mized by implementing two internal functions, i.e., “Equiangula-
tion (u)” and “Vertex Averaging (V)”, and a user-defined function
that can refine or delete the excessively long or short edges. The
predicted values of the contact radii of the confined droplet with
varying o and [ were found to be consistent with our experimental
values as shown in Fig. S2, which could validate the methodology
of our Surface Evolver simulation.

3. Theoretical analysis

3.1. The stability of confined droplet between two non-parallel
surfaces

In general, the stability of a liquid bridge sandwiched between
two non-parallel surfaces is determined by two necessary condi-
tions [31,39]. First, the pressure inside the liquid droplet should
be uniform so that the droplet can stay in equilibrium, thus the fol-
lowing geometrical relationship should be satisfied [23,31]:
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cos(6; +%)
cos(6 — %)

3)

If the two surfaces are hydrophilic, 0; should be larger than
0, + o, otherwise the instability induced by Laplace pressure differ-
ence inside the droplet could drive the droplet to move to the cusp.
If the surfaces are hydrophobic, 0; < 0, + « is required to reach
droplet stability, which could be satisfied in all the three potential
conditions of 0; < 0,,0; = 0,, and 0; > 0,, indicating that the
dynamics, especially the moving direction, of the droplet confined
between two non-parallel hydrophobic surfaces is indecisive. Even
though this indecisive manner had been observed in previous
work, no insightful explanation has been given [23]. Second, all
the forces acting on the mass center of the droplet need to be bal-
anced, entailing a comprehensive force analysis on the droplet
between two non-parallel hydrophobic surfaces.

3.2. Force analysis of the confined droplet

First of all, the gravity effect on the dynamics of the evaporating
microdroplet is neglected in this work due to the small Bond num-
ber (Bo = pghz/yw ~ 0.1, where p is water density and g is the
gravity constant), which is evidenced by the almost identical con-
tact radii of the confined droplet on both the upper and lower sur-
faces (Fig. S3). Thus, besides the surface tension force along the
solid-liquid-vapor triple-phase contact line (cl), only the
pressure-induced forces on the liquid-vapor interface S;y and on
the top and bottom liquid-solid interfaces 2S;s are considered in
our force analysis as shown in Fig. 1b.

The Laplace pressure-induced force F, on the confined droplet
could be calculated by integrating the pressure over the liquid-
solid surface area 2S;s and the liquid-vapor surface area S;y:

Das dS +/

A

F, =

Sy

/ D nsdS + / p,nsdS
Sy +2Ss 255 '

where p, is the atmospheric pressure which could be regarded as a
constant in our analysis and n; is the unit inward normal vector of
the droplet surface. Based on the Young-Laplace equation, the
Laplace pressure p, inside the droplet could be estimated as
p, ~2y,H, where the liquid-vapor interface tension
yv = 0.072 N/m for water and H is the mean curvature of the lig-
uid-vapor interface.

Based on Gauss’s theorem, the first term on the right-hand side
of Eq. (4) is zero as a result of the integration of a constant over an
enclosure, thus the magnitude of F, on one liquid-solid interface
Sis can be estimated as the pressure-induced force:

(pq +py) NsdS

(4)

F, :/ 2y, H dS ~ 27’y H (5)
Sts

where r is the contact radius on the plate surface. Note that the
mean curvature H could be directly calculated by averaging the cur-
vatures of the 3D equilibrium morphology of the droplet based on
our Surface Evolver simulation. Besides, if only the 2D shapes of
the confined droplet were collected from experiments, based on
some approximations shown in Section S3, H could also be esti-
mated as:

1/2cosf 1
”~§< h +?)

(6)

where h is the height of the droplet as depicted in Fig. 1a. The sur-
face tension force along the contact line F, could be decomposed
into two components, i.e., the lateral (in-plane) adhesion force F;
and the normal adhesion force F,. Here, the lateral adhesion force
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F,; on the contact line can be regarded as the friction force Fy, and
the magnitude of friction force Fy could be obtained as:

Nmax=N¢

> J1yC0sOncospyAsy

N=1

Fr= / Y1y cosfcospdl ~ (7)
cl

where B is the azimuthal angle along the contact line as shown in
Fig. 1c. In our Surface Evolver simulation, F; could be estimated in
the discrete form, in which N, is the number of vertices on the con-
tact line and Asy is the length of contact line element connected to
the Nth vertex. 0y and By are the local contact angle and the azi-
muthal angle of the Nth vertex, respectively. Here, the droplet con-
tact area on the plate surfaces is approximated by a circular shape,
which will be verified in Section 4.2. According to Eq. (7), the y com-
ponent of y,, cos 0 of the friction force Fy on the top or bottom plate
surface is cancelled. In 2D form, Eq. (7) could be approximated as
Ff ~ my,,r(cosl, — cosl;), indicating that the asymmetric contact
angle difference due to contact angle hysteresis (0, — 0,) is the ori-
gin of the lateral adhesion force.

In the context of Surface Evolver, the magnitude of normal
adhesion force F, on the contact line can be obtained as:

Nmax=N

Z 7,,SinByAsy

N=1

F,= / YpySing dl ~ (8)
cl
To apply the global force balance, all the above-mentioned
three forces on the top and bottom solid-liquid interfaces and on
the triple-phase contact lines need to be projected onto the bisec-
tor (Fig. 1b) as:

2 ZyLVHsingnstJrZ/ ywcochosgnd dl—2/
Sis 2 , R 2 , Jel
Fp F/j
.o O
yu,smé)smjns dl
—_—
F'n
= pVa (9)

where F,, F; and F, are the projections of all the pressure-induced
force Fp, lateral adhesion force Fy and normal adhesion force F, on
the bisector, respectively. And the acceleration of the droplet a = 0
if all the forces are balanced.

Here, the direction of F, is dependent on the wettability of the
surfaces, which always points to the cusp O between hydrophobic
surfaces; the direction of F, is dependent on the mean curvature H,
which always points away from the cusp O if the surfaces are
hydrophobic; the direction of F; depends on the contact angle dis-
tribution along the contact line (cos 0; — cos 0, in 2D), which was
found to be determined by the resultant force of F, and F, based
on our experimental and simulation results, which will be dis-
cussed in detail in Section 4.2.

3.3. Energy analysis of droplet behaviors in confined space

To further elucidate droplet behaviors between two non-
parallel surfaces, we also conducted surface energy analysis on
the confined droplet. The Gibbs free energy G for the confined dro-
plet can be approximated as [40,41]:

G =S + (Vis — Vsv)Sis (10)

where y,c and ), are the liquid-solid interfacial tension and the
solid-vapor interfacial tension, respectively. Eq. (10) could be sim-
plified by Young’s equation 7,5 — Y5, = —7,, €0s 0 as:

G =Yy (Swv — Siscos 0) (11)
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Based on our Surface Evolver simulation, the free energy G of
the confined droplet with different volumes between the two
non-parallel surfaces with varying dihedral angle o could be
obtained. To incorporate the free energy evolution with the mass
reduction during evaporation, the surface energy could be esti-
mated in terms of droplet volume V, droplet location I, and dihe-

dral angle o:
v 3cos@)
3ol

G =2y, VralV (1 - (12)

where two approximations, i.e., the droplet height could be approx-
imated as h ~ ol and the droplet body could be approximated by the
cylindrical shape, were taken in the derivation of Eq. (12), since the
droplet contact angle 0 ~ 110° is not remarkably deviated from
90° and the dihedral angle is significantly smaller than the contact
angle (¢ < 0) in our work. According to Eq. (12), the free energy G
would decrease with decreasing droplet volume V during evapora-
tion. Moreover, as the confined droplet moves towards the cusp

with decreasing [, the trends of the two components E and I'? in
Eq. (12) are contrary, which might lead to an equilibrium location
I, with the lowest surface energy Gn.

For a droplet with a certain volume V confined between two
non-parallel surfaces with fixed dihedral angle o, this equilibrium
location [, could be obtained by assuming the derivative of the free
energy with respect to lateral displacement dG/dl = 0. So, we have

&

—2k.cosf )~ IV
T

le =
o

(
where k. is the correction factor of the two approximations we took
above. According to Eq. (13), this equilibrium location would con-
tinuously shift towards the cusp, ie., I — 0 as V — 0, during the
evaporation, manifesting the evaporation-triggered directional
transport of an evaporating droplet.

(13)

4. Results and discussion

4.1. Evaporation-triggered lateral transport of droplets confined
between two non-parallel hydrophobic surfaces

The behaviors of evaporating droplets with an initial volume of
4 pL, which were confined between two non-parallel hydrophobic
surfaces with a fixed dihedral angle oo = 14° but at different initial
locations Iy = 3000 um,4500 um and 5350 um, are shown in
Fig. 2a, 2b and 2c, respectively. For each case with the different ini-
tial position Iy, the snapshots were displayed at different dimen-
sionless time t* = t/t;, where t, is the total evaporation lifetime
of each case. The corresponding evolutions of contact angles of
the droplets during evaporation are presented in Fig. 2d. Similar
to our findings of droplet evaporation between two parallel
hydrophobic surfaces [35], the apparently prolonged evaporation
time (2 hours) of the droplets dwelling between non-parallel sur-
faces indicates that evaporation was also greatly suppressed
therein due to the substantial vapor enrichment within the con-
fined space. However, the continuously shrinking contact line
and the contact angle distribution of the evaporating droplet in
the configuration of non-parallel surfaces are not symmetric any-
more. And all the three confined droplets were observed to sponta-
neously transport towards the cusp O during evaporation. To
quantitatively study the transport process, the corresponding con-
tact line motions, lateral displacements and velocities of the evap-
orating droplets are illustrated in Fig. 3a-c, respectively.

As shown in Fig. 3a, even at the early stage of droplet evapora-
tion (t < 1500 s), the receding motions of the contact line were dis-
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tinctly asymmetric: (a) For the case with Iy = 5350 um, both the
left and right sides of the contact line moved towards the cusp;
(b) For the case with I, = 4500 um, only the right side contact line
moved towards the cusp while the left side contact line got pinned;
(c) For the case of [, = 3000 wum, the right side contact line got
pinned while the left side contact line receded away from the cusp.
Correspondingly, during this early stage, the initial moving direc-
tions of the droplets were totally different for these three cases
with different initial states, i.e., the confined droplet with the far-
thest initial location from the cusp O (lp = 5350 um) would move
towards the cusp while the droplet with the nearest initial location
from the cusp O (lp = 3000 um) would move away from the cusp,
which are manifested by the increasing or decreasing ! shown in
Fig. 3b and the different signs of velocity shown in Fig. 3c. More-
over, the opposite directions of droplet movement in this stage
are consistent with the distinct contact angle distributions
(61 < 6, with Iy =3000 um; 6; ~ 0, with I =4500 um; and
01 > 0, with Iy =5350 um as shown in Fig. 2d) due to the
asymmetric confinement and the existence of CAH. And if the
advancing and receding contact lines are identified based on these
contact angle distributions, the receding contact line is found to be
always actuated earlier (I = 3000 um, 4500 pum) or faster (lp =
5350 pum) than the advancing contact line, which can be explained
by the fact that the droplet’s initial contact angle at the to-be-
receded side is much closer to the receding contact angle
(6, ~ 61 < 6, < 6, for Iy =3000 um and 6, ~ 6, < 0; < 6q
for Ip = 5350 um). In essence, the evaporation-triggered lateral
motion of droplets during this early stage is mainly induced by
the asymmetric motion of contact lines.

After the droplets evaporated to a certain volume, all the three
confined droplets began moving towards the cusp. Especially in
the case of I =3000 um, the direction of droplet motion was
reversed at t=1500s, which is in agreement with the
advancing-receding transition of the contact line shown in Fig. 2d
(the crossover of the 6; —t and 6, — t curves). And the directional
transport of droplets towards the cusp was sustained during the
majority period of their evaporation. Generally, there are two
modes of locomotion during this directional transport of droplets
as shown in movies S1-S7. One is the creeping mode, during which
the evaporating droplet moves towards the cusp with a relatively
small velocity (~0.3 um/s) and could be regarded as a quasi-
steady motion. The other is the slipping mode, during which the
evaporating droplet slips a relatively long distance in a short period,
i.e., with a relatively faster speed. For instance, the evaporating dro-
plet in the case of I, = 5350 um experienced a relatively large dis-
placement during the short period of 3173 s ~ 4760 s, which is
confirmed by the significantly reduced I (Al = 1940 pum) as shown
in Fig. 3b and the acceleration-deceleration pulse
(|”max] = 2.1 um/s) as shown in Fig. 3c. And this relatively rapid
slipping motion was also observed in the cases of Iy = 3000 um
and Iy =4500 pum. Nevertheless, their displacement Al in this slip-
ping mode and the magnitude of the maximum velocity | ¥4 also
decrease with decreasing Iy.

Before its complete evaporation (t* > 0.99), the remaining dro-
plet bridge usually got stuck near the cusp with the continuously
decreasing contact angle and shrinking contact radii. Finally, upon
the rupture of the evaporating liquid bridge, two sessile daughter
droplets with almost identical volumes formed on the upper and
lower surfaces, respectively, till their complete evaporation
thereon. During the whole process, the evaporation rate of the
directionally transported droplet would be significantly sup-
pressed by the decreasing droplet height h, leading to enhanced
vapor concentration in the narrower space (cusp). Besides, the
contact angle evolution during evaporation and transport is mainly
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Fig. 2. Snapshots of the lateral transport of evaporating droplets with initial volume V, = 4 uL confined between two non-parallel hydrophobic surfaces with a fixed dihedral
angle o = 14° and from different initial locations (a) lp = 3000 um, (b) [, = 4500 um, and (c) Iy = 5350 um. (d) The corresponding evolutions of the contact angles 0, and 0, of

water droplets during the evaporation and transport processes.

determined by three factors, i.e., static contact angle hysteresis
[42], dynamic contact angle hysteresis [42,43] and evaporation-
induced contact angle reduction. As such, we found that the static
contact angle hysteresis and evaporation-induced contact angle
reduction are dominant in the creeping mode whereas the
dynamic contact angle hysteresis is more influential in the slipping
mode. Detailed discussion about droplet evaporation dynamics
could be found in Section S2 and Section S4 of Supplementary
Materials.

For each case with [y ranging from 3000 um to 5350 um, the
droplet initially experienced stronger confinement as evidenced
by their correspondingly larger deformation. Here, we define a
dimensionless factor ¢ = h/V'”?, where h is the distance between
the centroids of droplet contact areas on the top and bottom plates,
to quantify the magnitude of confinement on the droplet. Accord-
ingly, the confined droplet during evaporation might be under
three stress states, ie., the squeezed state (smaller @), the
stretched state (larger ¢) and the moderately stressed state
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between those two states. We plotted the real-time variations of
the confinement factor ¢ during droplet evaporation in Fig. 3d.
The continuously increasing ¢ in the creeping mode indicates that
the stress state of the confined droplet is gradually transferred to
the stretched state. Subsequently, the occurrence of slipping
motion after the apex of these ¢ — t curves and the stepwise reduc-
tion of ¢ during the slipping mode suggest that the slipping
motion might result from the stretch-induced instability with
apparent deviation from the equilibrium state, which will be dis-
cussed in detail in the following section.

4.2. Energy analysis and global force analysis on the evaporating
droplet

The morphologies of a 4 uL water droplet confined between two
non-parallel hydrophobic surfaces with « = 14° and at positions
lo =3000 um, 4500 um, and 5350 um, respectively, were
simulated by Surface Evolver. As plotted in Fig. 4a, the simulated
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Fig. 3. (a) The displacements of the left rim [; and the right rim I, of the contact line of the confined water droplets with different initial positions I, during evaporation. The
initial droplet volume is 4 uL. (b) The evolution of the lateral locomotion [ of the confined droplets during evaporation. (c) The instantaneous velocity of the confined droplets
during evaporation (the negative sign of —v denotes the motion is in the opposite direction of +x as shown in Fig. 1a, i.e., towards the apex). (d) The evolution of the
confinement factor ¢ of the evaporating droplets with different initial positions. The creeping-slipping-creeping modes marked on top correspond to the case of

lo = 5350 pm.

morphologies of the confined droplets for these cases are consis-
tent with the experimental snapshots at t 0 sas shownin Fig. 2-
a-c. According to our simulation, different geometric confinements
and constraints on the droplet at different locations do result in
different contact angle distributions as shown in Fig. 4(b), indicat-
ing that the contact angle 0 would evolve from 0; at the leftmost
rim to 0, at the rightmost rim along the periphery of the contact
area. As droplet location changes from I, =5350 um to
lo =3000 pum, the evolution of contact angle distribution in the
x-y plane (Fig. 1c) is consistent with the experimentally measured
initial contact angle 0, and 0, as shown in Fig. 2d, which validates
our simulation results. Moreover, the distributions of the friction
force F; along the contact line are distinct as displayed in Fig. 4
(c), which are in excellent agreement with the different directions
of droplet actuation at the onset of evaporation as discussed in the
previous section.

To investigate the effects of the lateral position and hence the
local asymmetric constraint on droplet dynamics, we fixed the
dihedral angle oo = 14° and simulated the morphology evolution
of a confined droplet with its volume V in the range of 0 — 4 uL
at different locations of I ~ 2300 um — 6500 um. Based on Eq.
(13), an equilibrium position [, with the minimum free energy G
could be located for a droplet with a certain volume, which is man-
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ifested by the valley of each G — I curve in Fig. 5a. Being that the
contact angle hysteresis was taken in to account in our simulation,
the equilibrium position is actually located within a zone, which is
demarcated by the minimum boundary I, and the maximum
boundary l.mq, rather than a specific location. Essentially, the dro-
plet is self-propelled towards this equilibrium zone to minimize its
free energy G. Therefore, the observed opposite directions of dro-
plet actuations in the cases of [y = 3000 ym and 5350 pm at the
beginning of evaporation could be elucidated as the relocation pro-
cess of the confined droplet towards its instantaneous equilibrium
zone. For a droplet with a certain volume, the relocation of the dro-
plet would eventually end with its settlement in the equilibrium
zone (lemin < lo < lamax). However, in the case of an evaporating
droplet with decreasing volume V, the equilibrium location
I, ~ o~V of the droplet is found to shift towards the cusp O
with the continuously shrinking volume (Fig. 5a), finally reaching
the cusp with its complete evaporation, i.e., [, = 0 with V = 0. As
shown in movie S8, the evaporation-induced decreasing I, should
be the origin of the directional transport of an evaporating droplet
towards the cusp of the non-parallel surfaces.

Based on Egs. (5)-(9), the Laplace-pressure-induced force F;,,

the friction force F; and the normal adhesion force F, exerted on
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Fig. 4. For water droplets confined between two non-parallel hydrophobic surfaces with o = 14°: (a) The simulated equilibrium shapes of a 4 uL water droplet confined at
various locations; (b) The contact angle 0 distribution along the contact zone obtained by Surface Evolver. (c) The corresponding friction force F distribution along the contact
zone obtained by Surface Evolver. The dashed line is the bisector. The advancing contact angle 0, and the receding contact angle 0, in this simulation were set at 117° and

109, respectively.
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Fig. 5. (a) The evolution of the free energy G of the confined droplet of 4 uL with the varying lateral location I as the volume of the evaporating droplet decreases. The valley of
G shifts towards the left (cusp) with the shrinking droplet volume. (b) The evolution of the force components on a confined droplet of 4 uL at different lateral positions. In this

simulation, the non-parallel plates have the dihedral angle « = 14°.

a4 pL confined droplet were calculated and plotted versus the cor-
responding droplet position [ in Fig. 5b. The equilibrium zone
(4250 um < [, < 4670 um) based on our energy analysis is consis-
tent with the mechanical equilibrium location where the normal
adhesion force F,, is balanced with the Laplace-pressure-induced
force F;, (the friction force F} would become negligible in this
force-balanced zone due to the small contact angle difference
|01 — 6;]). This consistency could be validated by the re-
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derivation of the scaling law of equilibrium position [, ~ o~ 1V
in Eq. (13) by assuming |F,| = ‘F;,‘ based on Egs. (5)-(9):

2sin0 -1 2r
cos0  h
Also based on the two approximations that the droplet volume
could be estimated as V ~ nr?h and the droplet height could be
approximated as h ~ ol, then the equilibrium position [, could be
derived as:

(14)
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23

16V coso
=k asing 1)

where ks is a correcting factor to the assumptions that we have
made. Based on our simulation results of Surface Evolver, Eq. (15)
could successfully predict [, if the correction factor k. in Eq. (13)
and k; in Eq. (15) are taken as 1.19 and 0.66, respectively.
Therefore, from the perspective of force balance, the relocation
of an evaporating droplet towards a position with the minimum
free energy G could also be interpreted as the competing result
between F, and F;. As such, if | < lemin, F;J is the force driving

the droplet away from the cusp; if | > Ilgnax, F, is the force pro-
pelling the droplet towards the cusp; and if lymin < | < lemax
the droplet remains static due to the force balance.

The effects of surface wettability on the directional transport of
evaporating droplets could also be predicted based on our force
analysis. For a droplet confined between two hydrophobic surfaces,
as the contact angle 0 decreases during evaporation, the normal
adhesion force F;, would gradually increase and approach the max-
imum value at 0 = 90° whereas the Laplace pressure-induced force
F, would decrease towards the minimum value due to the decreas-
ing surface curvature H. Therefore, the smaller F;, and the larger F;,
should be two of the main sources of the acceleration near the end
of evaporation as shown in Fig. 3c. In particular, the smaller resul-
tant force of F, + F, on the stronger hydrophobic surfaces or the
superhydrophobic surfaces (with 6 > 150°) could explain the failure
of directional transport of evaporating droplets confined between
two micro-structured superhydrophobic surfaces as shown in Sec-
tion S5 of Supplementary Materials.

The simulated equilibrium zone of an evaporating droplet with
the diminishing volume V from 4 puL to 0 uL were fitted and plotted
in Fig. 6a, in which the whole map is divided by the curves of l,;qx
and I, into three regimes for the confined droplet, ie., the
squeezed (SQ) regime (F, > F, while | < lomn), the equilibrium
(EQ) regime (F, ~ F;, while lyin < | < lemex), and the stretched
(ST) regime (F, < F, while [ > lmq). In this phase map, we also
plotted the experimentally measured displacements of three evap-
orating droplets confined between two non-parallel hydrophobic
plates from different initial positions lp = 3000 um, 4500 pum,
and 5350 um, respectively. It can be seen that the three droplets
were initially located in three different regimes at the onset of their
evaporation. And the characteristics of this evaporation-triggered

~ o V3 (15)
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transport could be summarized from the map. Despite its initial
state, the evaporating droplet would follow the complete or partial
sequence of SQ — EQ — ST — EQ in a successive fashion. For
example, the droplet at the initially squeezed regime
(lo =3000 um) followed the complete sequence of
SQ — EQ — ST — EQ. Whereas the droplet initially at the
stretched regime (lp = 5350 um) only experienced the last step
of the transition, i.e., from the stretched regime to the equilibrium
regime (ST — EQ).

To further clarify the origin of this evaporation-triggered
motion and the two distinct modes during the transport, we

defined the dimensionless deviation factor e = (I — I.)/V"/? where

le = (Iemin + lemax) /2. And the instantaneous evolutions of deviation
factor e for the three cases are depicted in Fig. 6b. Indeed, the value
and the sign of the deviation factor e could be used to quantify the
direction and the relative magnitude of the acceleration of the
evaporating droplet, respectively, i.e., the droplet at the location
with a larger deviation always owns the stronger acceleration
pointing towards the equilibrium zone (e = 0). As shown in
Fig. 6b, the deviation factor e started increasing from the beginning
of evaporation, indicative of the procrastinated droplet motion in
the creeping mode while accumulating deviation. Once the droplet
reached a certain location with the largest deviation, the stimu-
lated instability finally drove the droplet to slip towards the equi-
librium state in a very short period (i.e., slipping mode). The
similar spontaneous motion of a liquid bridge between two non-
parallel hydrophilic surfaces due to the instability had been
reported in several previous studies [25,31,44|. During the whole
transport process, each evaporating droplet kept oscillating around
its instantaneous equilibrium location (e = 0), indicating that the
dynamics of an evaporating droplet could be regarded as a self-
relaxation process from the squeezed state or the stretched state
to the equilibrium state. Therefore, it is reasonable to arrange the
droplet initially at the stretched state with a larger e to take advan-
tage of this unstable slipping motion for quicker transport of the
evaporating droplet.

4.3. The effects of dihedral angle on the lateral transport of
evaporating droplets

To investigate the effects of geometric confinement on droplet
evaporation and transport dynamics between two non-parallel

Stretched regime

1.0

0.5

« 0.0

* [,=4500 pm

Squeezed regime 4 [,=3000 pm

1000 2000 3000 4000 5000 6000 7000
t(s)

1.5,

Fig. 6. For water droplets of 4 uL confined between two non-parallel hydrophobic surfaces with o« = 14°: (a) Starting from different initial location Iy, the lateral displacement
1 of the evaporating droplets with shrinking volume V; and the relaxation map of the confined droplets at different location ! with varying volume V. (b) The evolution of
dimensionless deviation e of the evaporating droplets from the instantaneous equilibrium location . during the transport. The red dashed square on each curve indicates the
creeping-slipping mode transition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydrophobic surfaces, the dihedral angles o of the two surfaces
was varied from 10° to 22° while the initial location I, of droplets
were tuned to ensure the droplets in the similar stretched regime,
ie., setting the initial height of each confined droplet hy ~ h,
where h; is the initial height of the sessile droplet deposited on
the bottom surface. Fig. 7a-c are the representative snapshots of
the directional transport of evaporating droplets confined between
two non-parallel hydrophobic surfaces with o« = 10°, 18°, and 22°,
respectively. As expected, all the confined droplets were eventually
transported towards the cusp of the two non-parallel surfaces.
With the increasing dihedral angle «, the droplet would reach clo-
ser to the cusp at the end of its complete evaporation, which is evi-
denced by the fact that the droplet in the configuration of dihedral
angle o =10° finally detached from the upper surface at
I=1700 um whereas the droplet finally reached the cusp O in
the case of o = 22°.

t*=0.99

(d)

t=3031s

t=4546s
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The displacements and instantaneous velocities of the evapo-
rating droplets for cases of « = 10°,14°,18°, and 22° are illustrated
in Fig. 7d-e, respectively. Both the creeping mode and the slipping
mode of droplet motion were observed in the cases of
o =10°, 14°, and 18°, whereas the droplet was observed to move
only in the creeping mode between surfaces with o = 22°. More-
over, the crest of droplet velocity in the acceleration-deceleration
process of the slipping mode decreases as o increases. To elucidate
the depressed slipping mode with increasing dihedral angle o, we
further numerically obtained the equilibrium locations lemin, lemax
and I, of the confined droplets with volume V in the range of
0 — 10 uL between two non-parallel hydrophobic surfaces with
dihedral angle « in the range of 10° — 22°. The linear relationship
between I, and o~ 1V'/® as shown in Fig. 8a validates our scaling law
of I, ~ a1V (Eqgs. (13) and (15)). Besides, the values of l,m; and
l.mex can be regressed in the form of I, = CV'/® (C is a constant

o=18° a=22°

()

a=10°

0
4 o a=10°
w °o a=14°
E:L 2 & a=18°
g v a=22°
1
0 24095, 3 345
0 1000 2000

300

4000 5000

t(s)

6000 7000

Fig. 7. The snapshots of the lateral transport of evaporating droplets of 4 uL confined between two non-parallel hydrophobic surfaces with dihedral angle (a) o = 10°, (b)
o =182, (c) a = 22°, respectively. (d) The corresponding lateral transport of the evaporating droplets and (e) The evolution of the velocity of the transporting droplets

between two non-parallel hydrophobic surfaces with « in the range of 10° - 22°.
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Fig. 8. (a) The simulated equilibrium position I, of the confined droplet follows a linear relationship of I, ~ «~'V'/?> during evaporation. (b) The phase map of the relaxation
states of the confined droplets with different droplet locations and volumes in the non-parallel hydrophobic surfaces with varying dihedral angle «.. The bandwidth of each

equilibrium zone is demarcated by lemin and lemae, respectively.

coefficient varying for lmi, and leme ), demarcating the bandwidth
of each equilibrium zone as plotted in Fig. 8b.

As shown in Fig. 8b, for an evaporating droplet confined
between two non-parallel hydrophobic surfaces with dihedral
angle o, the overall trend of the I, — V evolution becomes more flat-
tened with increasing o, indicating that the equilibrium location [,
would laterally shift a shorter distance for the same volume reduc-
tion in the configuration with a larger «. For instance, if droplet vol-
ume is reduced from 10 uL to 6 uL, the corresponding equilibrium
position shifts Al, ~ 1500 um for the case of o = 10° whereas Al,
~ 600 um for the case of o« = 22°. Nonetheless, regarding the four
cases with varying o in the range of 10°—22°, the displacements of
droplets in the creeping mode before the slipping motion are very
small and almost identical. Therefore, for the case with the small-
est dihedral angle o = 10°, the deviation e from the droplet real-
time location [ to the equilibrium location [, became so large
(emax ~ 2.45) that the instability could trigger the droplet to slip
over a relatively longer distance to the equilibrium location [.
For the case with the largest dihedral angle & = 22°, the deviation
e was relatively small (eox ~ 0.39) during the whole process so
that no apparent slipping motion could be observed in this case.
Furthermore, as the dihedral angle « increases, the bandwidth of
the equilibrium zone gradually decreases, indicating that the influ-
ence of CAH on droplet motion becomes weaker due to the stron-
ger component of the driving force associated with a larger
dihedral angle « (Eq. (9)).

Note that the phase map of Fig. 8b can be used to not only elu-
cidate the transport mechanism of an evaporating droplet but also
to predict the dynamics of a droplet confined between two non-
parallel surfaces under the open/close [34] or squeezed/stretched
[23] cycles. Moreover, this map could be applied to explain the sus-
pension of growing embryos inside the V-shaped cavity in the
micro-structured surface during dropwise condensation
[34,45,46]. If the condensate embryo is initially formed at the bot-
tom of the surface cavity, the growing embryo/droplet will contin-
uously move upward since the instantaneous equilibrium position

I keeps moving away from the cavity base in the order of a~1V!/
(Egs. (13) and (15)).

5. Conclusion

In this study, the directional transport of an evaporating droplet
confined between two non-parallel hydrophobic surfaces is theo-

retically, experimentally, and numerically investigated. Even
though the asymmetric contact line motions of either shrinking
or growing droplets inside V-shaped grooves have been reported
in only few previous studies [27,34], however, in their analyses,
the asymmetric motions were simply attributed to capillary forces
[34] and the driving effect of gravity on droplets could not be
excluded in their vertical configurations [27,34]. In contrast, the
evaporation-triggered droplet transport observed by us is indica-
tive of an intriguing actuation mechanism, which is generally
ignored in state-of-the-art modeling of droplets in complex struc-
tures [23,27,34,39,47,48] or microfluidics in a porous medium
[49,50]. Therefore, a systematic investigation and deeper under-
standing of the droplet dynamics under asymmetric confinement
is still entailed.

According to our Surface Evolver simulation and theoretical
analysis, an equilibrium location [, of a confined droplet owning
the lowest surface energy G and force balance is recognized.
Intriguingly, along with the evaporation-induced volume reduc-
tion, evaporating droplet would chase this instantaneous equilib-
rium location l,, which consecutively shifts towards the cusp of
the two non-parallel surfaces (Movie S8). Here, the scaling law of
the morphology/volume-dependent equilibrium location is theo-
retically unveiled, which could not only elucidate the directional
transport of the shrinking droplet during evaporation [27,34] or
the growing embryo during condensation [34,45,46] inside the
asymmetric geometric structures, but also explain the motion
dynamics of droplets being asymmetrically squeezed or stretched
as reported in several prior studies [22,23,34]. Moreover, two kinds
of droplet motion modes, i.e., the creeping mode and the slipping
mode, were observed during the evaporation-incurred transport
process. Here, the creeping motion of an evaporating droplet could
be regarded as a self-relaxation process to dispose of the confine-
ment. The slipping mode of motion occurring at the stretched
regime is ascribed to the accumulated instability, which is mani-
fested by the relatively larger deviation e from the equilibrium
location.

In contrast to the majority of studies that treated droplet evap-
oration [35,51] and transport [52-54] as two independent proce-
dures, this study is the first work considering these two
processes in a combined manner, which provides us a new avenue
to achieve solvent transport and analyte/colloidal particle concen-
tration in parallel. As such, on the droplet-based microfluidic plat-
form [2,3], both the deposition location and morphology of the
self-assembled micro/nanoparticles can be more accurately
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predicted and controlled in a passive and decisive approach, which
deserves further exploration in the future.
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