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ABSTRACT

In electrowetting, an applied electric voltage can induce spreading, sliding, or even jumping of an individual droplet by changing the intrinsic
balance of the three-phase interfacial tensions. This technique has been widely used for manipulating droplets in microfluidics and by lab-
on-a-chip devices in recent decades. In the present paper, we present an analytical prediction of the jumping velocity for droplets undergoing
electrowetting on textured hydrophobic surfaces with different wetting states. In particular, we consider wetting a liquid droplet on a textured
hydrophobic substrate with a voltage applied between the droplet and the substrate. Once the voltage is turned off, the energy stored in the
droplet during electrowetting is released and could even result in the detachment of the droplet. The effects of the initial and electrowetting
states, i.e., the Cassie-Baxter state and the Wenzel state, on the jumping velocity of droplets are systematically discussed. Based on energy
conservation, the energy conversion between the surface energy, the elastic energy of the contact line, and the kinetic energy of droplets due
to internal viscous dissipation in different wetting states is analyzed. Closed-form formulas for the jumping velocity of different droplet wet-
ting states are systematically derived. Finally, a unified form for predicting the electrowetting-induced jumping velocity of droplets on both
flat and textured substrates with different wetting states is obtained. It can describe the jumping motion under various wetting conditions,
which is validated by some experimental results. This work provides theoretical insights into the accurate control of the electrowetting-
induced jumping motion of droplets on textured hydrophobic surfaces.
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I. INTRODUCTION they move on or jump off hydrophobic surfaces.'"'* This method
Droplets jumping on hydrophobic surfaces have attracted has. }?een us.ed for alc;cllirately co.ntrolling droplets in many micro-
researchers’ attention due to their potential applications in many fluidic applications. ™" In particular, many researchers have con-
industrial fields, such as anti-icing,1 anti-dew,” self—cleaning,j and centrated on understanding the dynamic mechanisms in the
heat and mass transfer enhancement.” © Droplets can jump from electrowetting-induced jumping motion of droplets on hydropho-
solid substrates in many cases. In nature, coalescence-induced bic substrates. Lee et al.'™'® investigated the jumping mechanisms
jumping motion on hydrophobic substrates was discovered and with regard to the jumping height and energy conversion on
has been investigated in theoretical,” experimental,” and numerical superhydrophobic surfaces. They suggested that the detachment of
studies.”'” In industrial fields, electrowetting is found to be one of ~  these droplets could be improved by tuning the wettability of the
the most efficient techniques for manipulating droplets so that substrates or by increasing the frequency of the square pulse
Phys. Fluids 34, 032001 (2022); doi: 10.1063/5.0082832 34, 032001-1
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signals. Raman et al.'”'® simulated the electrowetting-induced

droplet ejection on solid substrates in which the dependence of
their jumping behavior on pulse characteristics is investigated.
Based on their simulations in the lattice Boltzmann method, the vis-
cous dissipation that occurs during the detachment can be increased
by using a higher voltage. They also investigated droplet ejection
dynamics under shear flow and confirmed that the droplet angle of
flight, aspect ratio, and surface energy are found to increase with an
increase in the applied voltage. Cavalli et al."” experimentally inves-
tigated electrowetting-induced droplet detachment on solid surfaces
and analyzed the energy dissipation during retraction. They investi-
gated the efficiency of energy conversion between the surface energy
and the gravitational potential energy of the droplet after the jump.
Their results indicated that the finite wettability of substrates can
affect their detachment dynamics, and they proposed a novel ratio-
nale for the previously reported large critical radius for droplet
detachment from micro-textured substrates. Wang et al.”’ analyti-
cally investigated the droplet electrowetting phenomenon on het-
erogeneous substrates and validated their model by experiments. Xu
et al.”' confirmed that a bubble underneath liquid water can also
detach by an electrowetting-driven interfacial wave. Vo et al.”>*’
experimentally investigated the critical conditions including viscos-
ity of the work liquid and the droplet size under which droplets
would jump off the solid substrates. Their analysis demonstrated
the effects of contact-line pinning on the dynamic process of the
electrowetting-induced jumping of droplets. Zhang et al.”* derived a
closed-form formula to describe the energy transition when a drop-
let jumps off a flat hydrophobic substrate based on the energy con-
version of the droplet—substrate system. The model can accurately
predict the electrowetting-induced jumping velocity of droplets on
flat hydrophobic substrates with a range of wettabilities. Their
results were in good agreement with previous experimental and
numerical studies. They also confirmed their theory with many-
body dissipative particle dynamics, which has been widely used to
investigate microfluidic dynamic processes in many applications
with free interfaces including liquid cylinder pinchoff** and drop-
let wetting dynamics on solid surfaces.”” *' Zheng et al.”” investi-
gated droplet impacting dynamics on a surface with adjustable
wettability based on the dielectrowetting effect. Their experiments
identified four different impact phenomena of the drop and pro-
vided the corresponding phase diagrams. Also, their results implied
that during the dynamic process, the bubble maximum spreading
factor and spreading time are controlled by the Weber number. Du
et al.”’ introduced the gravity potential to correct the prediction of
energy conversion, which provides a clearer explanation for droplet
electrowetting on flat solid substrates. However, a full understand-
ing of the phenomenon of electrowetting of droplets on textured
hydrophobic substrates for different initial wetting and electrowet-
ting states remains unclear. Moreover, the effects of wetting states
on the accurate prediction of the droplet escape velocity from solid
surfaces need further systematic study. In this work, we present a
theoretical expression of the electrowetting-induced jumping veloc-
ity of a liquid droplet on textured hydrophobic surfaces with differ-
ent wetting and electrowetting states, which can provide more
insight into the electrowetting of droplets on natural solid surfaces
and be more helpful for directing the design of multifunctional
microfluidic devices.
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Il. THEORY AND DISCUSSIONS

Specifically, we consider wetting a liquid droplet on a textured
hydrophobic substrate. The natural wetting states could be
Cassie—Baxter state and Wenzel state with static contact angles Ocp
and 0y, respectively, as shown in Figs. 1(a) and 1(b), which are related
to the texture parameters and chemical contents of the substrates.”*
Figure 1(c) shows a droplet in the Wenzel state that is transferred
from the natural Cassie-Baxter state. In this case, the changed contact
angle (H’W) is usually different from that of the natural Wenzel state.
When a voltage is applied between the droplet and the substrate, the
Maxwell stress concentrated on the triple-phase contact line can break
the intrinsic balance between the three-phase interfacial tensions to
deform the droplet. The related experimental studies”*’ show that
the voltage from 60 to 120V can generate the changed electrowetting
contact angles with a range from 60° to 120° and that the spreading
radius of droplets, the liquid viscosity, and the electrowetting level can
lead to combined effects on the electrowetting contact angle and the
energy stored in the droplets at the equilibrium electrowetting state. In
this work, the conditions for the electrowetting level are similar to that
mentioned above. Also, the work liquid is taken as a pure conductor.”
When the applied voltage is turned off, the energy stored in the droplet
surface during the deformation can make the droplet retract and even
jump from the substrates. Here, the effect of gravity is neglected in the
derivations as we assume that the droplets are much smaller than the
capillary length I. = (7/pg)""/?), where 7, g, and p are the liquid—
vapor surface tension, the acceleration due to gravity, and the density
of the liquid. For water droplets, /. ~ 2.7 mm.

Corresponding to different wetting states, the apparent contact
angles can be described by models derived from Young’s equation,”
i.e., the Cassie-Baxter equation”” and the Wenzel equation.”® The sur-
face energy of droplets is related to the three-phase interaction at the
interfaces.”

In particular, for a droplet in the Cassie—Baxter wetting state with
an apparent contact angle 0cp, we assume that the volume of the drop-
let V; is constant. The wetting radius is Reg = [3V;/(n(2 — 3 cos Ocp
+cos® Ocg))]"/®. Then, the surface energy of the droplet in the
Cassie—Baxter state Ecp is

(2) (b)

FIG. 1. Schematic of wetting a droplet on textured hydrophobic substrates: (a) the
Cassie—Baxter state (0¢g), (b) the Wenzel state (0), and (c) the Wenzel state
transitioned from the Cassie-Baxter state ().
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Ecp = YA + 7944 + 75 (A — Ag)
= R, [2(1 — cos Ocp) — cos Ocp sin® OCB] + 74, (1)

where 7y is the liquid—vapor interface tension. 7, and 7y, represent the
solid-liquid and solid—vapor interface tensions, respectively. A is the
total area of the solid surface including the solid—vapor and solid—
liquid interfaces. A, and Ay are the surface areas of the liquid-vapor
and solid-liquid interfaces, respectively.

For a droplet in the Wenzel state with an apparent contact
angle 0y, the wetting radius is Ry = [3V;/(n(2 — 3 cos Oy
+cos’® Oy ))] 13 In this case, the surface energy Ey is

EW = yAlV + VSIASZ + ’ysv(A - ASl)
= ymR%, [2(1 — cos Oy) — cos Oy sin? Oy | +7,A.  (2)

The surface energy of droplets in the Cassie—Baxter state is much
higher than in the Wenzel state. If there are small external disturban-
ces, a wetting transition could occur from the Cassie—Baxter state to
the Wenzel state. In that case, the static contact angle can change,
which is marked as 6. The corresponding surface energy E'yy is then

E/W = VAIV + VslAsl + ’VSV(A - Asl)
=R w?*[2(1 — cos 0,) — cos 0y sin* ' w] +7,A,  (3)

where R, = [3V}/(n(2 — 3 cos 0, + cos® 0,,,))]"/* is the radius of a
droplet with a spherical cap.

In electrowetting, an external voltage U is applied between the
droplet and the substrate. This causes the droplet to spread over the
surface so that the apparent contact angle experiences a significant
reduction. This is because the solid-liquid interface tension is reduced
by the Maxwell stress concentrated on the triple-phase contact
line.””* Wang and Zhao'' investigated the relation between the
spreading equilibrium state, which has a smaller contact angle 0, and
the heterogeneity of the textured substrates. Until saturation of the
contact angle occurs, it is given by the modified Lippmann—Young
equation,

1eU?
cosOp = fi (cos Oy + 5 d“/lv) £, (4)
where ¢ is the electrical permittivity and d is the thickness of the insu-
lating layer. The heterogeneous coefficients of the substrates are given
by fi = «f(1+ 2) and f, = 1 — ofs. The substrates in our model are
all isotropic, i.e., 4 = 1. o and f are coefficients for the wetting state
of droplets on textured substrates. If f=1, the droplet is in the
Cassie—Baxter state, and the electrowetting contact angle is marked as
Op—cp. The electrowetting radius is Rg_cp = [3V;/(n(2 — 3 cos Op_cp
+cos® OE,CB))}I/ . If o = 1, the droplet is in the Wenzel state. The
electrowetting contact angle is marked as 0p_y . The electrowetting
radius is then Rg_yw = [3V;/(n(2 — 3 cos Og_w + cos® HE,W))]1/3.

If the applied voltage is suddenly turned off, since the relaxation
time of the droplet is much larger than the characteristic discharge
time for interfacial charges, the shape of the droplet remains the same,
with the same apparent electrowetting contact angle 0, as there is no
Maxwell stress interacting on the triple-phase contact line. However,
for droplets initially in the Cassie-Baxter state, when the voltage is
turned off, the wetting state could be either the Cassie-Baxter state or
the Wenzel state. In contrast, droplets initially in the Wenzel state do
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not change their wetting state when the voltage is turned off. Thus,
there are three cases for the surface energy Egyy, of a droplet after the
voltage is turned off:

1. For a droplet in the Cassie-Baxter state, initially and also during
electrowetting, the surface energy Ecp_cp is

ECB—CB = “/A;V + yslA;I + Vsv (A - A;l)
=R} [2(1 — cos 0p_cp) — cos Ocp sin? GE,CB]
+ s, 5)

where A}, and A, represent the liquid—vapor and solid-liquid
areas after the electrowetting, respectively. The electrowetting
contact angle is marked as 0p_cp. Ocp is the initial contact angle,
which is due to the interaction at the solid-liquid interface after
the voltage is turned off.

2. For a droplet initially in the Cassie-Baxter state that was induced
into transitioning to the Wenzel state by the electrowetting inter-
action, the surface energy is

Ecp-w = A}, + 14AL + 74 (A — AL)
= ynRy_,*[2(1 — cos 0_y,) — cos 0, sin® 0y, | + 7, A,
(6)

where 0}, is the contact angle in the Wenzel state after transi-
tioning from the Cassie-Baxter state. 0;_,, is the electrowetting
contact angle. The corresponding electrowetting radius of the
droplet is

Ry = [3Vi/(n(2 = 3cos 0_y, + cos® 0,_y,))] 13

3. For a droplet in the Wenzel state, the surface energy Ey _y is

EW—W = })A;V + y:lA;Z + Vsv (A - A;l)
=R} 4y [2(1 — cos Og_y) — cos Oy sin® GE_W] + 7oA
(7)

When the droplet retracts, the viscous dissipation E,; in the bulk
droplet can be approximately estimated as™**>**

wR3
Eyis = 161 uv (8)
V p

where R, is the initial radius of the droplet. 1 and p are the viscosity
and the density of the liquid, respectively. A detailed derivation and
analysis of the parameters can be found in our previous work,” in
which we confirmed that the viscous dissipation changes with the
liquid—vapor interface tension and the initial radius of the droplet but
is independent of the jumping velocity and the initial wetting contact
angle.

As the contact line on a heterogeneous substrate recedes, the lig-
uid interface experiences a pinning and depinning process and then
elastic energy is generated.*"” The elastic force per unit length along
the contact line is f ~ msin® 0,7In"'LP~, where 0, is the receding
contact angle after the voltage is turned off, which is estimated to be a
constant and independent of the electrowetting contact angle.”’ L is
estimated to be the droplet radius Ry, which represents the macro-
scopic cutoff length of the contact line region. P is the defect size,

Phys. Fluids 34, 032001 (2022); doi: 10.1063/5.0082832
Published under an exclusive license by AIP Publishing

34, 032001-3

8¥:22:20 G20z Aenuer gz


https://scitation.org/journal/phf

Physics of Fluids

which is dependent on the roughness and chemical heterogeneity of
the substrate. For droplets in different wetting states, the elastic energy
related to oscillations of the contact line can be estimated by integrat-
ing f over the area swept by the contact line S; = nR? as follows:

nsin’ 0,

it R ©)

fscl
where r7is the ratio of the real contact area at the solid-liquid interface
and its projection.
During retraction, if the residual energy can overcome the dissi-
pation and adhesion interaction, the droplet jumps off the substrate.
The surface energy of the droplet is then estimated as

Efree = p47RE + 7, A (10)

From energy conservation, Egw = Eyis + Eq + Efee + Ex. The
kinetic energy of the droplet Ej can be derived for different initial wet-
ting and electrowetting states as follows:

1. For a droplet in the Cassie—Baxter state, initially and also during
electrowetting,

Er_cB—cB :ynRIZ,}CB [2 1 — cos Op_cp) — cos Ocp sin® Op_ CB]

— 16y |10 o _ msin’ 0, R 47 R (11)
T L V4TR;.
M 0 T nLlp- 1V E-CB — V3R

2. For a droplet initially in the Cassie-Baxter state that transitions
into the Wenzel state due to electrowetting,

Ex_c-w =R}, ,*[2(1 — cos 0 _,) — cos 0, sin” 0 _,,]

IR 7 sin® 0,
InLP!

— 16mu PR, 4% — p4nRE. (12)
3. For a droplet in the Wenzel state,
Ex-w-w =)ymR} [2(1 — cos Op_yw) — cos Oy sin® HE_W]

YRS 7sin? 0
— 16mp | po o LP_{ynRg,W—yszg. (13)

Thus, the jumping velocity V; of droplets for different electrowet-
ting states can be obtained:

1. For a droplet in the Cassie—Baxter state, initially and also during
electrowetting,

12
3
Vep-cp = u |:5A(QCB, Op—cs, 0,) — 6(1 + 4Oh)} ; (14)

where the Ohnesorge number is defined as Oh = u/ (palVR)l/ 2

and the electrowetting coefficient

A(BCB7 6E7CB) 07‘)

s 4 :
a 2 — 3 cosOp_cp + cos® Op_cp

X {2(1 — cos 0p_cp) — cos Ocg sin® Op_cp —

7 sin? 0,}
InLP-1]"

The characteristic capillary velocity u = /y/pRo."

ARTICLE scitation.org/journal/phf

2. For a droplet initially in the Cassie—Baxter state that transitions
into the Wenzel state due to electrowetting,

1/2
3
VCB—W =u I:EA(H,‘/W QIE_W, 9,) - 6(1 + 40h):| 5 (15)
where

A(H,VW 02—W> 0’)

_ 3 4 :
B 2—3cos0_y + cos® O,

X {2(1—cos05s_w) cos@wsm GE w—

7 sin® Or}
InLP-1]"
3. For a droplet in the Wenzel state,
3 1/2
VW—W =u |:§A(0w, OEfw, 0,) - 6(1 + 40h):| B (16)
where

A(Ow, Op—w, 0,)

s 4 2
o 2 — 3 cosOp_w + cos® Og_w

X {2(1 — cos Op_y) — cos Oy sin® Op_y —

7 sin? G,}
InLP-1]"

We can combine these formulas into the following unified expression:

1/2
V] = u[ (9 05, 0 ) - 6(1 + 40h):| 5 (17)

where

: 4 ?
A(0,0g,0,) =
(0, 6z,6,) \/(23c0s9E+c05395)

X {2(1 — cos 0p) — cos 0sin® 0 —

7 sin? 9,}
InLP-1]’

where 0 is the natural wetting contact angle; 0 is the electrowet-
ting contact angle; and 0, is the specific receding contact angle,
which needs to be measured after the droplet has receded when
the voltage is turned off. For different wetting conditions, the
corresponding electrowetting-induced jumping velocity V; can
be calculated for a droplet on different substrates given the
angles as follows:

* Flat hydrophobic substrates: 0 = 0y, where 0y is the intrinsic
contact angle of the substrate, and 0 = 0_y, where 0g_y is the
electrowetting contact angle of the droplet on the flat substrate.
These relations were proposed in our previous work,”" if the elas-
tic energy of the contact line can be neglected.

* Textured substrates where the droplet is in the natural or the
electrowetting Cassie—Baxter state: 0 = Ocp and 0 = Op_cp.

* Textured substrates where the droplet is in the Cassie-Baxter
state initially and then transitions into the Wenzel state due to
the electrowetting interaction: 6 = Ocg and 0y = 0_,,

8¥:22:20 G20z Aenuer gz
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FIG. 2. Comparison with experimental results'’ and the previous theory (the cloud
and the solid line).** [Reproduced from K. Zhang et al., Phys. Fluids 31, 081703
(2019) with the permission of AIP Publishing.] Dashed line and triangle signals rep-
resent the prediction of droplet detachment from this theory in which the dynamic
receding contact angle is calculated as 0, ~ 121° and the parameter P of the flat
surfaces can be approximated at 6 x 10~'° m.?#%*

* Textured substrates where the droplet is in the Wenzel state:
(‘) = GW and GE = (‘)E,w.

This model can predict the droplet jumping motion for different
wetting states with various contact angles 0 and electrowetting contact
angles 0, as shown in Fig. 2. It gives the critical condition for the
jumping motion of droplets with a given Oh number and the dimen-
sionless jumping velocity of the droplet, which is scaled by the charac-
teristic capillary velocity u, i.e, v = V;/u.

1Il. CONCLUSIONS

In summary, this work is an analytical investigation of the energy
conversion between surface energy and kinetic energy due to viscous dis-
sipation during electrowetting-induced jumping motion of droplets on
textured hydrophobic substrates in different wetting states. The theory
for droplets on flat hydrophobic substrates is extended to describe the
electrowetting-induced detachment of droplets on textured hydrophobic
substrates, based on the relation between the electrowetting-induced
velocity, the Cassie-Baxter or Wenzel contact angle, the modified
Lippmann-—Young contact angle, and the Oh number. The elastic energy
of the triple-phase contact line is also taken into consideration. The
effects of natural and electrowetting states on the jumping velocity of
droplets are discussed and corresponding analytical predictions for the
electrowetting-induced velocity are given. A unified form for predicting
the electrowetting-induced jumping velocity of droplets on both flat and
textured substrates in different wetting states is obtained. This model
describes the jumping motion for various wetting conditions. Gravity is
neglected, so that this model is applicable for micro- and nano-droplets
whose size is much smaller than the capillary length. This work may pro-
vide new insights into the accurate control of the electrowetting-induced
jumping motion of droplets on textured hydrophobic substrates.

SUPPLEMENTARY MATERIAL

See the supplementary material for an illustration of droplet
radius before and after the voltage is applied as well as the energy of
droplet surface is provided.
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