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ABSTRACT: Droplet transport occurs frequently in nature and has -

a wide range of applications. We studied the droplet motion in a time Small side — Large side
lyophilic axially varying geometry-gradient tube (AVGGT). The s P ) (L
motion of the AVGGT in two directions—from the large opening -

side (L) to the small opening side (S) and from S to L—was ﬁ I5[o 0o 000 o] e
theoretically and experimentally analyzed. The droplet dynamic ¥ AL ° Capillary fores Fre. | °
behaviors, such as the self-transport behavior and the droplet stuck l N 10 S f o
behavior, are explored from the view points of mechanics and Zojo o0 o S
energy. We found that the surface tension force of a three-phase Vertical Rglo o o o ' =
contact line can be either a driving or an impeding force depending | — I g
on the various droplet geometries in different AVGGTs. An | . | B 0 s s s a e "o
important contributing factor to the self-transport behavior of a Horizontal 0 i tand !

droplet moving from L to S in an AVGGT is the bridge liquid force
caused by negative pressure inside the droplet, which is always pointing in the direction of S. As a result of experiments, we
investigated the relationship between droplet motion and correlated parameters. The theoretical model based on the simplified
Navier—Stokes equation was developed to explain the corresponding mechanism of the droplet motion. Additionally, dimensional
analysis was carried out for the droplet stuck behavior of a droplet moving from S to L in an AVGGT to investigate the relationship
between the droplet stopping location and the correlated parameters and thus obtain the required geometry for the droplet stopping
location.

H INTRODUCTION narrow fluidic channel under the combined influence of
electric and magnetic fields using a diffuse interface-based

Droplet transport and control have always had potential pys
phase-field model. Randive et al.” investigated the contact line

applications in the fields of industry, medicine, biotechnology,

and microfluidics." ™'’ There are some droplet motion dynamics of droplet motion on inclined surfaces with varying
phenomena in nature, such as shorebirds feed through their wettability characteristics using numerical simulation. Xu et
beaks,' "' spider silk to directionally collect water,? rice leaves al”” used three-dimensional numerical simulations to inves-
with anisotropic sliding properties have the ability to tigate the dynamics of a self-rewetting drop placed on a
directionally control the movement of water droplets,'” and substrate with a constant temperature gradient. Droplets in
water transport on peristome surfaces.'” Inspired by these different geometric structures can exhibit different states of
natural phenomena, some special structures based on bionics motion. Droplet can move spontaneously between two
can be used to drive droplet motion.'""™"” According to the nonparalle]l plates, and the different opening angles of the
previous studies, it can be concluded that one of the key factors wedge formed by the two plates will lead to different
to drive droplet motion is the surface structure whose movements of the droplet.”*™*' Reyssat®> proposed a
diﬁferzczrlggs mainly derive from materials and geometry. Yin theoretical model to calculate the motion of droplets and
etal conducted extensive research on material differences bubbles in the wedge formed by two plates. Konda et al.*®

and prepared different material surfaces using processing
techniques such as femtosecond laser, and these different
materials give different directional transport effects to droplets.
The degree of wetting at the liquid—solid contact interface and
the dynamics of the three-phase contact line are important
manifestations of how the material affects droplet motion at
the macrolevel. Kumar et al.”* investigated the wetting kinetics
of droplets on square micropillar substrates with a radially
varying pitch. Gorthi et al.”> investigated the wetting and
contact line dynamics of two immiscible conductive fluids in a

numerically investigated the migration of bubbles in a two-
dimensional convergence—divergence channel. Torres® has
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Figure 1. Droplet in the axially varying geometry-gradient tube (AVGGT). (a) Schematic of droplets flowing in different directions with different
dynamic behaviors and opposite shape changes. (b) The location of a droplet changes with time in the AVGGT, where the droplet volume is 4 uL
and the liquid type is 0.65cs silicone oil; the tube is placed horizontally. (c) Schematic of a droplet placed in the AVGGT (S to point to is defined
as the positive direction). (d) Related geometric volumes in the droplet dynamic motion system.

done a lot of work on droplet motion in nonwetting wedges
and explored the effects of wedge opening angles, droplet
volume, viscosity, etc. on droplet motion. Sen et al.** achieved
the directional transport of liquid through a geometry-gradient
structure with a varying angle. A topological liquid diode is
designed to achieve unidirectional flow based on the
spontaneous transport of liquids on solid surfaces.’® Although
droplet motion in a nonuniform wedge formed by two plates
has been adequately studied, there is a lack of research on
droplet motion in nonuniform tubes, and droplet motion in
tubes is quite different from that in wedges. There is much
research about continuous flow of liquid imbibition in
nonuniform tubes. Considering the capillary continuous flow
in the tube structure, Young®’ proposed a formulation of the
advancing interface in a nonuniform capillary, and the
developed formulation can be applied to evaluate the dynamic
capillary flow of any other nonuniform capillaries with well-
defined geometry. Erickson et al.”® studied the capillary drive
flow in a nonuniform cross section with numerical simulation
methods, and they found that the effects of contact angle and
surface tension force on the total wetting time were similar to
those for straight capillaries. Reyssat et al.”’ established a
theoretical model to calculate liquid imbibition in geometries
with axial variations. Gorce et al.*’ explored the optimal
imbibition of liquids with different curvature tubes. Singh et
al.*" and Iwamatsu® presented theoretical investigations of
liquid imbibition into capillaries with axially varying geometry,
and they found that the conical capillary tube can act as a
liquid diode. Michielsen et al.** have done extensive theoretical
work on droplet motion on the outer surface of conical tubes
from an energetic point of view, and their work also takes into
account the effects of the droplet volume, contact angle, and
angle of change of the tube on droplet self-transport. Recently,
Dai et al.** fabricated several self-propelled autonomous
devices to show the interesting phenomenon of spontaneous
motion of droplets in a geometry-gradient structure.

7902

Although tremendous studies have been investigated on the
motion of droplets in varying cross-sectional structures (wedge
formed by the two plates) and continuous liquid flow in an
axially varying geometry-gradient tube (AVGGT), the motion
of a single droplet in AVGGT geometries driven solely by
capillarity has been less investigated and the effect of liquid
bridge force along the flow direction due to tube variations on
the motion has been less considered. Droplet motion in an
AVGGT is mainly affected by gravity, surface tension force on
the three-phase contact line, and liquid bridge force caused by
negative pressure inside the droplet, while the latter two forces
are closely related to the tube structure, and they constantly
change when the droplet moves in an AVGGT. In this study,
we use the two forces to explain two dynamic behaviors of the
droplet, which are self-transport behavior and stuck behavior,
and the droplet motion behaviors are studied by geometric
assumption, theoretical analysis, and experimentation. Addi-
tionally, the theoretical model based on the simplified Navier—
Stokes equation was used to interpret the corresponding
mechanism of droplet motion. We want to discuss what factors
will affect the droplet motion in the AVGGT, and these factors
include the droplet volume, viscosity, density, tube varying
angle, and tilt angle. So, this paper focuses on theoretical
analysis of droplet motion and generalization of experimental
data to obtain the variation of droplet motion with these
parameters.

B MATERIALS AND METHODS

To better show the change of droplet shape along the axis, we have
conducted experiments on the movement of droplets in lyophilic
AVGGTs with small varying angles and smaller inner diameters in
experiments because liquids cannot form a droplet in larger-diameter
tubes (liquid suspends to the walls of the tube, cannot bead up) or the
droplet cannot form a symmetrical structure along the axis (the
droplet is so large that its shape is strongly influenced by gravity).
These tubes exhibit some fascinating liquid diode-like phenomena.
The tube is kept upright as indicated in Figure la, with the small
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opening side (S) facing down and the large opening side (L) facing
up, and then a droplet is released at L; it will fall downward under the
influence of gravity until it reaches the end of the S. On the other
hand, if a droplet is released at S with L facing down, the droplet will
end up trapped near L. This is due to the droplet deforming, while in
motion, its geometrical shape is influenced by the tube geometry,
where the shape of droplet varies from “tall and thin” to “short and
fat,” and the forces acting on the droplet constantly changing, which
affects the state of motion. In fact, when the tube is placed
horizontally, gravity can be neglected, and the droplets will move
spontaneously from L to S.

The fluids used in our experiments are dimethyl silicone oil (Shin-
Etsu, KF-96, Japan) and ethanol (Sinopharm Chemical Reagent Co.,
Ltd., China). We used pipettes (2—20 and 5—50 uL, purchased from
China DLAB Distributor) with a needle for liquid injecting. In the
experiments of spontaneous movement of droplets from L to S, the
tubes are tilted so that the horizontal height of L is lower than S.
Then, the droplet is injected from the end of S, and it slides inside due
to gravity, eventually stopping on L (droplet can be stuck in the large
side, i.e., the stuck behavior), and then slowly the tube is turned to
make it horizontal (the center axis of the tube is the horizontal
reference line; thus, the effect of gravity is neglected), at which point
the droplets start to move spontaneously from L to S, and we film
from the lateral side of the tubes to record the movement of the
droplets. Additionally, to study the motion of the droplet from S to L,
we tilted the tube so that gravity could not be neglected, injected the
droplet from the end of S, and measured the distance of the droplets
moved at different tilt angles. The results of the experiments are
captured with a CCD camera (Hunan Ketianjian Photoelectric
Technology Co., Ltd.) at SO frames per second. The pictures are
processed by the gray-scale method (Canny edge detection
algorithm®®), which could provide us with droplet edge coordinates
() x,) based on different pixel parameters, allowing us to obtain the
droplet motion process results.

In our studies, we used AVGGTs made of hyper borosilicate glass,
which were purchased from Yancheng Puruigi Experimental Instru-
ments Co., Ltd. For the axially varying tubes with an invariant
gradient, the varying angle 6 is 0.175° (as shown in Figure 1a) and
the inner diameter D, at the small end of the tubes (the tube
diameters mentioned in this paper are all inner diameters) is 1.0S mm.
Under different levels of wetting, liquid flow would exhibit various
dynamic behaviors;*® the effect of hysteresis on droplet motion can be
greatly reduced in this study because all experiments were conducted
with pretreatment tubes, which have low hysteresis after prewetting.
The pretreatment is that allowing the same liquid (droplet) to move
back and forth through in the tube 20 times; then, the tube is left at
room temperature for half an hour, and the entire procedure was
repeated six times, which resulted in wetting the walls and forming a
thin film of liquid; the tube obtained prewetting conditions with low
contact angle hysteresis. Bradley et al.*’ demonstrated that this same
liquid prewetting method resulted in low contact angle hysteresis, the
effect of which is close to the widely accepted slippery liquid-infused
porous surfaces (SLIPSs).*® For the entire droplet system, the droplet
densities p, kinematic viscosity v, fluid—air surface tension coefficient
7, and contact angles (liquid-glass) & (here, we consider equilibrium
contact angle as the contact angle, which was obtained by Jurin’s
height*?) are given in Table 1 (all measured at temperature T = 25 +
1 °C).

B RESULTS AND DISCUSSION

Geometric Analysis of Droplets Motion from Lto S. A
droplet would spontaneously move from L to S of an AVGGT
(see Movie S1). To gain a better understanding of the
mechanism underlying this droplet motion, the glass tube was
initially positioned horizontally in its center axis, where the
influence of gravity can be neglected. The droplet shape is
constantly changing when it spontaneously moves from the L
to the S of an AVGGT (Figure 1b). The schematic of a droplet
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Table 1. Properties of the Liquid (T = 25 + 1 °C)

p y v
(kg/m®)  (mN/m) (mm?/s) @ (degree)

liquid
0.65cs silicone oil 758 15.9 0.65 1.6 + 0.1
1.0cs silicone oil 816 16.9 1.00 1.6 + 0.1
2.0cs silicone oil 873 18.3 2.00 1.6 +£ 0.2
10.0cs silicone oil 932 20.1 10.00 1.8 + 0.2
30.0cs silicone oil 952 20.7 30.00 19 + 02
100.0cs silicone oil 965 20.1 100.00 20+ 0.1
350.0cs silicone oil 970 20.7 350.00 2.0+ 0.2
99.7 wt % ethanol 790 22.1 1.40 1.7 £ 0.1

solution

in an AVGGT is shown in Figure 1c; the left and right menisci
of the droplet are marked. The droplet is small enough, and the
tube is kept horizontal in its center axis (Figure 1c); thus, we
assume that the top and bottom menisci are symmetrical along
the tube axis, [; cos0;; = I, cos@p, = I, cos, I, cosf,; =1, cosf,, =,
cosf (0 is the contact angle, subscripts 1 and 2 denote the top
and bottom sides of the tube, respectively, |, and I, are the
contact line lengths). We need to use geometric angles to
calculate the radii of the left and right menisci, while the size of
the meniscus is related to the tube diameter, so the left and
right geometric angles are different because of the change of
the tube diameter. When the droplet moves from L to S, the
left meniscus is a receding interface; thus, the left geometric
angle (Figure 1c) 6) = 6,, + 6,. Additionally, here, we assume
that the receding contact angle 8, is the same as the contact
angle 6; thus, the left geometric angle 6, is given by

0,=0+6, (1)

For liquid flow in capillary tubes, we can know from the
Hoffman curve™ that the dynamic advancing contact angle 6,4
depends on the capillary number (Ca = pru/y, where u is the
droplet velocity). An empirical equation found by Remmor-

s1 . ) . g
tere” applies to the advancing angle of silicone oil in glass
capillaries; it is

cos 84 = cos @ — 2(1 + cos 0)Ca'’? ()

Therefore, the right geometric angle is given by (when 6,4 >
6o)

6 =064-0 )

According to the Young—Laplace equation,” the internal
pressure in the meniscus on both sides of the droplet is given
by

—4y cos 6,
H =

i=1lr

D, ( : (4)
where D; = Dy + 2x;tan 6, (i = I, r) is the diameter of the tube
on the three-phase contact line of the droplet. Due to the
irregular shape of a droplet located in the AVGGT, the droplet
cannot be seen as a particle in mechanical analysis; thus, we
confirm the mass center position (x,) of the droplet according
to geometric calculation. As shown in Figure 1d, we use Vg, V,
V,, and V; to denote the relevant volumes, respectively. Vj, is
the droplet volume, V] is the circular truncated cone volume
made up of the lateral edge of the droplet and the bases of
menisci, V; is the volume of the left spherical segment, and V;
is the volume of the right spherical segment (the concave
meniscus and base of the circular truncated cone make up the
spherical segment). We assume that, in the case of the small
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Figure 2. Analysis of the droplet motion process: (a) transport distance versus time for 0.65cs silicone oil droplets at different volumes. (b)
Velocity versus time for 0.65cs silicone oil droplets at different volumes. (c) Transport distance versus time for 10 uL droplets at different
viscosities (fluids). (d) Velocity versus time for 10 uL droplet at different viscosities (fluids).

droplet volume, several geometries are symmetric along the
central axis of the tube. Then, we calculated the error of
geometric length (relevant radius, width and height of
spherical segment) between these geometric assumptions and
experimental measurements; the error is less than 0.4 mm, and
finally, we can get the result of x,(t) as a function of time t
according to the geometric calculation. The relevant geometric
calculations are shown in S1 of the Supporting Material (SM).

Analysis of the Droplet Motion Process. Through
experiments, we can obtain the motion of different volumes of
droplets (Movie S2); the data of droplet motion can be got by
processing these movies, and the displacement formula x,(t) of
droplet can be got by fitting these data (Figure 2a); then, we
can know that the larger the volume of the droplet, the faster it
moves. The velocity of the droplet can be deduced from the
displacement formula x,(t); it is given by u(t) = dxy/dt. Then,
we reconstructed the relationship between velocity and
displacement, and the results are shown in Figure 2b; we can
know from the results that, when the droplet gets closer to the
S terminal, its velocity increases. Additionally, we are interested
in how the droplet moves when the other parameters of the
liquid change; thus, the silicone oils of 0.65c¢s, 1.0cs, and 10.0cs
and ethanol are used in experiments (Movie S3). A droplet
motion tendency can be found that the droplets would move
more slowly when the liquid viscosity is larger, while for
ethanol, it has a larger surface tension coeflicient, and the
attenuation of motion is more intense than for silicone oil
(Figure 2c,d). Note that different liquid viscosities mean
different types of silicone oil in this paper because for a wide
range of viscosity changes, the viscosity cannot be changed
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independently without changing other physical properties as
shown in Table 1.

From Figure 2b,d, we can see that the velocity of droplets
decreases as they approach the small side end of the tubes. In
fact, when droplet moves inside the tube, the advancing
meniscus of the droplet has an effect on the liquid film in front
of it and this liquid film is shifted.””>® Additionally, according
to the Gibbs criterion®” and the work of Hyun et al,,> liquid
cannot pass over the end edge until its contact angle 6 exceeds
the critical value 6. Therefore, the motion of the liquid film is
stalled by the edge of the small side end, which affects the
droplet motion, and the droplet is decelerated near the end
edge. The droplet even rebound vibration when it reaches the
S terminal, like a water hammer, as illustrated in Movie S2, it is
obvious for the volumes with 17 and 39 uL. Here, we do not
explain this phenomenon much; our focus is on the motion of
droplets in AVGGTs.

Force Analysis of the Droplet Motion. As shown in
Figure 1b, when a droplet moves from L to S, the length of the
droplet transform from “short” to “long”, and the forces acting
on the droplet will constantly change in the movement process.
As the droplet flows from S to L in AVGGTs, the droplet
seems to be stretched longitudinally as the diameter of the tube
becomes larger and larger, and this stretch is caused by the
liquid bridge force that is generated by the negative pressure
on the droplet and the contact wall.”® For a droplet in an
AVGGT, the liquid bridge force caused by the negative
pressure inside the droplet has a component in the axial
direction, which acts together with the axial surface tension on
the three-phase contact line, allowing the droplet to flow
spontaneously from L to S. We conducted a more detailed

https://doi.org/10.1021/acs.langmuir.3c00746
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Figure 3. Force and energy analysis of the droplet motion: (a) schematic of the forces on the droplets before and after merging. (b) Spontaneous
motion of the formed droplet (70 wt % ethanol solution). (c) Results of f < 1 for different geometric parameters. (d) Results (0.65cs silicone oil
droplet at different volumes) of the surface tension force (opposite to the flow direction) and the liquid bridge force (along the flow direction) in
the x direction change with time, where the dotted and solid lines are the surface tension force and the liquid bridge force, respectively. (e) Viscous
force versus transport displacement for different types (viscosity) of 10 uL droplets. (f) Interfacial energy of the 0.65cs silicone oil droplet at

different volumes change with time.

force analysis for the two forces in S2 of the SM. It is worth
noting that, in this study and subsequent expressions, the force
in the «x direction at the liquid—solid contact surface due to the
negative pressure inside the droplet is referred to as the liquid
bridge force F,,, and the force in the x direction derived from
the Laplace stress on the liquid—gas contact surface is referred

to as the surface tension force acting on the three-phase line
F,.

Here, we did analysis about these horizontal forces,
considering a two-dimensional model; two identical small
droplets, respectively, remain stationary at the top edge and
bottom edge as shown in Figure 3a. For the top and bottom
two individual droplets that have not yet merged, in the
direction parallel to the wall, the surface tension forces
between the left and right sides of the two droplets are in
equilibrium with gravity (the forces perpendicular to the wall
are not considered). We assume that the apparent contact
angles (in fact, their contact angles are the same, but the
apparent contact angles are different and then will cause a
change in the shape of the menisci of the droplet and thus in
its Laplace pressure*’) 6, = 6,, = 6,, 6, = 0, = 0, (in the
previous section we assumed that the top and bottom droplets
have the same shape); thus, the surface tension forces f, = f,, =
fu for = fu1 = f» and these surface tension forces are related to
the length of the contact line on both sides. This assumption is
mainly to demonstrate that when the volume of the droplet is
very small, the effects of gravity on its shape are small, i.e., two
droplets remain in an antisymmetric shape along the axis of the
tube. Since the two droplets are at rest, their resultant forces in
the direction parallel to the top and bottom edges, respectively,
are both zero, and the relations of the forces are given by

f, cos 6, =fg sin 0 + f, cos 6,(top) (s)
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f, cos 6, +fg sin 6, = f, cos 6,(bottom) (6)

If the droplets are placed further to the right, ie, the
distance between the top and bottom sides become smaller,
the top droplet will eventually touch the bottom droplet and
merge into a larger droplet. At that moment of contact, there
will be a new force £, (liquid—liquid attraction) acting on the
top and bottom droplets, respectively, which is perpendicular
to the wall of the tube and points to the other droplet (note
that the inclination of the wall remains unchanged despite the
tube narrowing and the force condition of the droplet will
remain unchanged prior to touching). The liquid—gas
(droplet—air) attractions of top and bottom droplets are
negligible during the total touch process because they are
much smaller than the liquid—liquid (top—bottom droplet)
attraction. Therefore, at that moment of contact, in the
direction parallel to the top and bottom walls, respectively, the
two droplets will each have a new force condition, which are

fy cos by < f, sin 6 + f, cos 6, + f )

f, cos 6, +fg sin 6, — f < f, cos 6 (8)

The right-hand side of the above two equations is both
larger than the left-hand side, so the new merged droplet
spontaneously moves toward right. For the merged droplet, a
new force condition is established in the x direction, which is

2f, cos 6 cos 6, < 2f, cos 8 cos 6, +fpx 9)

where the liquid bridge force f,, in the direction of x acts as the
driving force for the droplet; we do not consider the viscosity
force here first. The liquid bridge force acts on the contact
interface of the liquid-wall, which is caused by the negative
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pressure inside the droplet (liquid—liquid attraction is weaker
than liquid—solid attraction). Here, we use two acrylic plates to
show this phenomenon; two droplets stay on the top and
bottom plates, respectively. The top plate is pushed down (in
the vertical direction), and the two droplets are made to
contact with each other; then, the new formed droplet will
move spontaneously from the left to the right, as shown in
Figure 3b and Movie S4. It is worth noting that different
liquids are used for the top and bottom plates (for example,
water for the top plate and ethanol for the bottom plate), the
spontaneous movement of the droplets after merging can also
occur when the ratio between them is appropriate. Although
this experiment is a three-dimensional situation for our contact
hypothesis, it largely supports the two-dimensional model.
However, the change of the shape and force of the droplets at
the instant of contact between the top and bottom droplets are
very complex, so here we only explore the force states before
and after the droplet contact.

The resultant force acting on a droplet in the direction of the
x axis is (S toward L is the positive direction of the x axis)

F=F+E, - F (10)

px

where F,, is the x component of the total surface tension force
between the left and right three-phase contact lines of droplet,
F,, is the x component of the liquid bridge force caused by
negative pressure in the droplet, and F, is the viscous force in
the contact area (droplet-wall). The surface tension force
component F,, can be calculated™ as follows,

E, = my(D; cos 6, - D), cos ) (an

At first, we think that the surface tension force at right
(yD, cos 0,) is greater than that at left (zyD,cos 6;) (because
of the varying angle, cos 6, < cos 6, Figure 1c), so the total
surface tension force acts as a driving force. However, the effect
of the varying angle makes the circumference of the contact
line longer (D; > D,) in our experiments, which leads to
D;cos@; > D,cos 0, so that the total surface tension force is
not the driving force in the spontaneous motion. In fact, the
surface tension force can also be a driving force under different
conditions, for which we define f as a parameter to discuss the
role of surface tension on the droplet.

_ D cos 6,

- D, cos 6, (12)

If f < 1, the surface tension force can be a driving force for the
droplet motion from L to S (i.e., spontaneous motion); thus,
we use f as a criterion to determine the surface tension force
whether it can be seen as the driving force to act on a droplet
spontaneously moving from L to S in an AVGGT. In fact, their
relationship depends on four basic parameters (see Figure S3),
position parameters x, and x;, contact angle 6, and tube varying
angle 6; thus, we obtained the function f(x,, x;, 6, 8,). Some
numerical calculations were performed for compare the
magnitudes of f and 1. For these calculations, first, let x, =
30 mm (it is arbitrary, but it can reflect some of the laws we
seek in our research), a calculation range (x,—x, + SO mm,
interval is 0.1 mm) for x; and a range (1—90°, interval is 0.5°)
for contact angle 6 are chosen. Then, we substituted all
different parameter points of these ranges into the function f
(at three constant varying angles 6, 5°, 8°, 11°, respectively) to
obtain the results for f < 1; the specific computational
procedure and the larger computational range of the
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calculations can be seen in S3 of the SM. Finally, we marked
these results (f < 1) with several colors different from the
background color (white, f > 1), and the x; can be expressed in
terms of V;, by the previous geometric relations, so we obtained
the relationship between the droplet volume and the contact
angle when the other two parameters are fixed; the results are
shown in Figure 3c.

To calculate the liquid bridge force component inside the
droplet, we assume that the pressure distribution along the wall
inside the droplet is linear, which holds because the volume of
the droplet is small and the tube varying angle (influences the
meniscus radii at both sides of the droplet) is also small. Thus,
the pressure distribution in the interface between the droplet
and the tube wall is given by
h~F

AX

P :pr + (x - xr) (13)

where AX = x; — «, is the length of the droplet.
Subsequently, the x component of the liquid bridge force is

the pressure integrated over the circular truncated cone lateral

area (wall-droplet contact area)

E

e = Sin 00/ IﬂpD(x)dx

wsin GyAX
———[3Dgp + 2 tan Oy(px; + Spx;)] (14)

where the result is a tensor, with i, j = r, I, and 517 is the
Kronecker symbol.

The change of the surface tension force and liquid bridge
force over time is illustrated in Figure 3d. The results show that
they both increase with time; the liquid bridge force increases
faster than the surface tension force, so the difference between
the two forces gradually increases. As a result, the droplets
move faster and faster with time (liquid bridge force acts as a
driving force). In essence, the increase of the two forces is
caused by the tube structure, which makes the droplet change
from “short and fat” to “tall and thin”. The increase of the
surface tension force is due to the increase in the length of the
droplet, and the difference between the diameters of the two
sides of the droplet becomes larger and larger. Meanwhile, the
increase of the liquid bridge force is due to the increase in
contact area between the liquid and the tube wall. Therefore,
as the droplet moves from L to §, its resultant force increases,
causing the droplet to accelerate. However, as the droplet
approaches the end of S of the tube, its velocity begins to
decrease due to interference from the boundary; however, this
boundary effect is not the focus of our work, which instead
focuses on the motion law of the droplet in the tube.

To calculate the viscous force, the simplified Navier—Stokes
equation based on our model is given by

dp 0( dux]
X o
or

de  ror

where the origin is the intersection of the S end edge and the
tube axis, «x is parallel to the axis and points from the origin to
the L side, r is perpendicular to the axis and points to the tube
wall, 4 = pv is the dynamic viscosity, and u, is the velocity of
the droplet along the x direction, and the equation is solved
using the no-slip boundary condition u = 0 at r = + D(x)/2
and du/dr = 0 at r = 0, which gives

(1)
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Figure 4. Droplets moving from S to L under gravity. (a) Schematic of the experimental system for the droplet motion in a tilt AVGGT. (b)
Distance results of a 15 L droplet with 10cs silicone oil and 5.4° tilt angle. (c) Separate trends between 7, and 7,. (d) Collapse of experiment data
according to the scale analysis. (e) A 6 uL droplet in a vertical AVGGT with varying angle 2.9°. (f) Top: tomato cell solution storage; bottom:
schematic of a droplet storage in a tube, which has a small diameter at the middle and a large diameter at the sides.

4r* — D(x)* dp

U = ——————
¥ 164 dx (16)
where the tube diameter in the edge of the droplet D(x) = D,
+ 2xtan @, To better calculate the relevant motion of the

droplet, we use the average flow rate instead of the varying flow
rate, which is expressed as

__ 4 qPwn D(x)* dp
= 5 / 2mru, dr=—
zD(x)" Jo 32u dx (17)

Then, we can get the pressure gradient

dp  32um,

dx  D(x) (18)

The Laplace pressures across the left and right liquid—air
interfaces are given by the Young—Laplace equation, which are
expressed as

4y cos(6 + 6,)

BB 7D (19)

4y cos(6 — 6,)

Bk D(x) (20)
where p, is the atmospheric pressure. The droplet length AX =
x; — x, has a small change with the displacement, and the slope
of the tube is constant; thus, we assume that the length varies
linearly with the displacement. Then, we get the droplet length
AX(x) based on our tube parameter and experimental data, it
is expressed as AX = X_ .. — Ax/L,where L is the total
displacement of the droplet, A = X,.., — X, where X, ., and

m

Xnin are the maximal and minimum lengths of the droplet
during the entire motion, respectively.

Then, we can obtain the pressure gradient

dp B —P_ 8ysinfsing, L
dr = AX D, + 2xtan 6, LX,, — Ax (1)

Using eq 21 in eq 16 gives

D(x)* — 4% y sin 0 sin 6, L
u, ~

X

24 D(x) LX,, — Ax (22)
Using eq 21 in eq 17 gives
__ vD(x)sin Osin 0, L
* 4y LX,  — Ax (23)

Then, the velocity gradient is given by

du, r dp  l67r
dr  2udx  D(x)? (24)

Consequently, the viscous stress at the tube is

dux( D(x) )‘ 8uir,
ek =
dr 2 D(x) (25)

The total viscous force of the tube on the droplet is the viscous
stress integrated over the solid—liquid contact areas, and its

component in the x direction is
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X (Dl + 1),) dx
cos 6, f m—
x, 2 cos 6,

X actan 6,
D, + 2x tan 6,

E

vx

Q

1+

(26)

The change of the viscous force over transport distance is
illustrated in Figure 3e; the results show that the higher the
viscosity of the liquid, the larger the viscous force acting on the
droplet transport process. However, when the viscosity is too
high (350cs), it can be found that the calculated viscous force
is less than that of the droplet at lower viscosity (100cs), which
is because the velocity of 350cs silicone oil is much lower than
100cs.

Energy Analysis of the Droplet Motion. The energy E
of the entire droplet system consists of gravity potential energy
E, kinetic energy E,, interfacial energy E,, and dissipation ®.
The formula for the total energy is E = E, + E, + E, + ®. For
the tube that is positioned horizontally, the gravity potential
energy is zero (the center axis of the tube is used as the
horizontal reference line). The kinetic energy is E, = mu2/2; it
varies with velocity. The liquid—solid contact area of the entire
tube system remains constant since the tube is prewetted; the
inner wall of the tube has a liquid film on it, and the droplet
does not directly contact the wall. Consequently, we can
consider that there is no liquid—solid interfacial energy
exchange in the whole motion system, and the total liquid—
liquid interfacial energy is constant, so there is only the
interfacial energy change of liquid—gas. The change of
interfacial energy for a single droplet has only the interfacial
energy of the droplet—air interface E, = y(S; + S,), where S; and
S, are the left and right droplet—air contact areas, respectively.
When we start to release a droplet at L, the droplet—air areas
decrease as the droplet moves from L to S, i.e, the interfacial
energy of the droplet starts to decrease, while the kinetic
energy increases and the velocity increases. The viscous
dissipation inside the droplet during droplet movement is
challenging to calculate, but since it is not the primary focus in
this study, we do not calculate it here. The results of interfacial
energy changing with time for different droplet volumes
(Figure 3f) show that the larger the droplet volume, the faster
the change of interfacial energy, and the energy is converted
into kinetic energy and dissipation energy. This can be
considered as a verification from the energy point of view that
the larger the droplet volume, the faster the droplet moves.

Droplets Moving from S to L under Gravity. The work
mentioned above suggests that the unbalanced forces acting on
the droplets are what causes the phenomenon, whereby
droplets move spontaneously from L to S in an AVGGT. The
gravity will act along the axis and cause the droplet to move
from S to L when the tube is tilted. In experiments, the
AVGGT is tilted at a certain angle @, while the tube is kept
fixed, and a droplet is subsequently injected at the end of S.
The droplet then flows toward L and stops at a certain
location, where the distance of the mass center of the droplet
to the origin of coordinates O is denoted as x, (Figure 4a). We
conducted experiments in the AVGGTs by altering the droplet
volume, liquid viscosity, surface tension coefficient, density,
and tilt angle (different tilt angles will lead to the different
gravity force components of the droplet in the direction of
movement) to investigate the factors related to the final
stopping location x,y" of the droplet. Based on the known tube
structure and the obtained stopping location x,’, we can
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calculate the shape of the droplet at stagnation as well as the
geometrical constraints it is subjected to, and finally, we can
determine the conditions required for the droplet to be stuck
in the tube, which can provide some reference significance for
droplet storage in variable cross-sectional tubes.

The shape of a droplet changes from “tall and thin” to “short
and fat” as it moves from S to L (Figure 4b), and its force
condition also changes as it moves toward the larger side. Note
that when a droplet moves in a nonhorizontal tube, the bottom
interface of the droplet will be flattened, which is caused by the
gravity. Consequently, there are different apparent contact
angles (different menisci structures) for the two sides, 9, and 6,
(top side and bottom side), which change with the gravity
(different gravities of droplets along axis of tubes are due to the
different tilt angles ). The meniscus of the bottom side
becomes more and more flatter with the increase of the droplet
gravity; "> thus, the apparent contact angle of bottom side 6,
becomes larger and larger. In addition, the “flatten effect”
increases as the tube diameter increases (curvature of the
meniscus decrease). Therefore, the capillary force of the
bottom side will reduce because of the decrease of cos, (it
leads to an increase in the radius of the bottom meniscus and a
decrease in capillary pressure). The new resultant force acting
on the droplet is

F=Fsna+E, —F, —F (27)

E, = my(D, cos 6, — D) cos 6) (8)

For the droplet motion from L to S, F,, is opposite to the
flow direction (with the experimental setting), but it is along
the flow direction in the motion from S to L. This is because
the bottom apparent contact angle becomes larger compared
with the unchanging top apparent contact angle, ie., the
curvature of the meniscus becomes smaller, D,cos6, <
D,cos 0, In addition, the liquid bridge force F, is also
affected by the bottom apparent contact angle 8,. Hence, the
resultant of surface tension force and liquid bridge force will
increase when the droplet moving to the large side, and then
the droplet stops in a location and achieves a force balance
condition.

It is difficult to measure the bottom apparent contact angle
after flattening in the experiments per frame (measuring the
apparent contact angle needs to magnify the picture and
provides a different light source environment); thus, here we
only explore which parameters are related to the mass center
x," of the droplet stopping location, and these parameters are
the droplet density p, length AX, kinematic viscosity v, volume
V,, contact angle 6, surface tension coefficient y, tube varying
angle 6, and tilt angle . Then, we can obtain these parameters
as a function of the dimension analysis; the function is

x,o zfl(AX; vptr Vo & @ 0, 00) (29)

In fact, the droplet’s volume remains constant throughout
motion and has a purely geometric relationship with geometric
factors such as the droplet’s length and location (ie., the
geometry of the tube), that is V = Vi(x,, Ax, 6, 6,), and the
relevant calculation results are detailed in S3 of the SM. Then,
we can simplify the dimension analysis calculations by reducing
the volume variables since it is not a completely independent
variable. It is worth noting that we batch produced AVGGTs
only for one varying angle (6, = 0.175°), and the contact angle
of the liquid used in our experiments varies very little (6 = 1—
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3°); here, we assume it is 2°, and thus, the two angles can be
considered as constants in our experiments, and they are only
considered in the analysis during the geometry and force
calculations. Additionally, by analyzing the relevant calculation
equations, two gravity factors can be combined (gsina) and
surface tension force can be simplified to that y cos(8 = 6,)) ~
ycosBcos @, by sinfsinf <K cosfcosby; then, the new
function relationship is

xo=f,(AX, v, p, g sina, y cos O cos 6) (30)

We conducted experiments with various parameters to
collect data for analyzing the motion of the droplet from S to
L. In the experiments, the droplets are all released at the S end
of the tube with zero initial velocity. Some droplet initial
positions are slightly farther from the end, but no more than
5% of the total distance, so we assume that they are released at
the end (origin) to simplify the calculation. Different factors
cause differences in the droplet motion and eventual stopping
location, which are shown in Movies S5 (15 uL volume in an
AVGGT at tilt angles 2.3, 3.4 and 5.4°) and S6 (4 uL droplet
volume in an AVGGT at tilt angles 9.3 and 12.1°). From a
preliminary calculation of our experimental data, we can
determine that the Weber number We = pu’D/y of the droplet
is very small, falling between 107* and 107 so that we can
neglect the inertial force of the droplet compared to the surface
tension, which allows us to assume that the final stopping
location of the droplet is independent of its velocity. Different
types of silicone oil have different physical properties as shown
in Table 1 and one parameter that does not change
independently with the change of oil type. For different
silicone oil, there are different results in experiments, and in
order to show the relations between these parameters, we did
dimensionless analysis based on the Buckingham Pi theorem.*®
The dimensionless analysis method shows that the droplet final
stopping location is determined by three dimensionless
parameters 7, 7, and 713, and their expressions are given by

= —
'AX (31)
2
T, = ——
2 g sin aAX® (32)
y cos @ cos 6,
= ————-
pg sin aAX> (33)
Then, eq 30 can be changed into
x_,o _f v y cos 6 cos 6,
AX 3 g sin arx®’ pg sin aAX* (34)

According to our experimental results, we can know that m;
and 7, have a negative correlation (Figure 4c), and then we try
to construct a new functional relationship

f4[
(35)

Then, we can get the collapse of experimental data according
to eq 35, as shown in Figure 4d, and by processing these
results, we can obtain a further expression

! 2
X 0 1 _

AX gsina AX®

y cos 6 cos 6,
pg sin aAX>
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_ kp(y cos 6 cos 0)"
ﬂZ(g sin a)n—lAXZ(n—Z)

0
(36)
where k and n (1-2.2) are constants determined by
experiments and y = pv is the dynamic viscosity. So, based
on the previous geometric assumptions, we can calculate what
the tube parameters are when the droplet is stuck in the
location x," and use them to design the corresponding liquid
storage device.

We can use the clogging phenomenon to store droplets.
Figure 4e shows that a silicon oil droplet moves from S to L in
a vertical polyethylene tube (tilt angle @ is 90°), and the
droplet finally rests on the side of the tube near L. AVGGT-like
structures are common in scientific research, such as conical
tips of pipette guns and glass drippers. For a smart pushing
irrigation device (e.g, drip irrigation technology in water-
scarce areas, with one pipette gun per plant), if the force
provided by the pushing device and the time to apply the force
are constant (consuming as little energy as possible) and when
the output tube of the device is an AVGGT, either the droplets
inside the tube need more energy to push them out of the tube
due to clogging phenomenon or need less energy due to the
spontaneous phenomenon. For a biotechnological flow
experiment, we can leave the AVGGT in the experimental
channel, and when we need to save certain cell solution
(Figure 4f top diagram) or liquid for a short time during the
experiments, we can let the droplet (liquid) flow to the
AVGGT present in the experimental setup and take the tube
directly down with the droplet (because of AVGGT’s
stagnation phenomenon, the droplet will not flow out), seal
it, and freeze it rather than placing the droplet in a new
container, which would increase contamination. Then, when
the liquid is required again, the tube can be reinserted into the
experimental setup and the liquid is unfreezed. A tube can be
designed (Figure 4f bottom diagram), which has a small
diameter at the middle and large diameter at the outside. It can
reserve a droplet in the middle of the tube, where the droplet
can steadily stay in the middle of the tube without external
interference, and an experiment was also conducted in this
tube (Movie S7).

B CONCLUSIONS

In this work, we analyzed two dynamic processes (two travel
directions, L to S and S to L) of a droplet moving in the
AVGGT. The mechanism of the droplet motion is explored
based on the geometric assumption and mechanical analysis by
considering the droplet volume and liquid type. In detail, the
surface tension force and bridge liquid force are used to explain
the droplet dynamic behaviors and spontaneous and clogging
phenomena. Depending on the tube structure, surface tension
can act as driving or impeding force, and we explored the
conditions under which surface tension acts as driving or
impeding force by numerical calculations. For droplet motion
from L to S, we qualitatively proposed a model to interpret the
self-transport phenomenon and demonstrate the model by
experiment. The bridge liquid force is always the driving force
for droplets moving from L to S, inducing the self-transport
behavior. Based on the simplified Navier—Stokes equation, we
calculated the velocity profile of a droplet moving from L to S
in an AVGGT and concluded from the experimental results
and theoretical analysis that the droplet velocity increases with
the increase of droplet volume and decreases with the increase
of droplet viscosity. We verified these conclusions of droplet
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self-transport from the force and energy point of view. Finally,
we used dimensionless analysis to quantitatively generalize the
droplet final stopping location in the AVGGT as the droplet
moves from S to L, obtained relationships between the droplet
stopping location and correlated parameters, and proposed
relevant application of droplet storage based on the clogging
phenomenon.
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Droplet movement in the AVGGTs (Supporting Ma-
terial) (PDF)

Droplets flow from L to S in the AVGGT (Movie S1);
droplets flow from L to S in the AVGGTs in different
volumes, 4, 8, 17, and 39 uL (Movie S2); different types
(0.65cs, 1.0cs, 10.0cs silicone oil and ethanol) of
droplets flow from L to S in the AVGGTs (Movie
S3); spontaneous movement of the droplet formed by
droplets (70% wt ethanol solution) from the top and
bottom plates (Movie S4); 15 uL droplets (10cs silicone
oil) flow from S to L in the AVGGTSs, which were tilted
at different angles, 2.3, 3.4, and 5.4° (Movie SS); 4 uL
droplets (10cs silicone oil) flow from S to L in the
AVGGTs, which were tilted at different angles, 9.3 and
12.1° (Movie S6); droplets flow separately from L to S
in two different directions in the designed AVGGT with
large outside and small middle diameters (Movie S7)
(z1pP)
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