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Abstract

This study deals with the control of the movement of liquid droplets rolling down an inclined plate based
on the differences in the wettability of the plate. We wused a photoreactive polymer
poly(7-methacryloyloxy coumarin) (PMC) whose molecular structure can be changed reversibly to realize
different wettabilities by ultraviolet irradiation. We proposed employing saw-tooth patterns at boundaries
between areas with different contact angles to control the droplet trajectory. Furthermore, we
experimentally observed that the droplet moves along a line inclined to the direction of gravity. The
droplet behavior can be analyzed using a theoretical model based on the droplet dynamics wherein the
surface tension acting on the contact line and the gravitational force are considering. The theoretical
results suggest that inclination from the gravitational direction can be increased if the advancing contact
angle is reduced. In the experiments conducted herein, ultrasonic vibration was applied to the inclined
plate to reduce the contact angle hysteresis. The results showed that the advancing contact angle actually
decreased and that the droplet trajectory was controlled to realize motion along a line with inclination

angle almost twice of that realized without vibration.



1. Introduction

Recently, lab-on-a-chip devices and microreactors using small amounts of liquid have become popular
in the fields of pharmaceuticals and chemical engineering as they help realize rapid heating and cooling,
highly efficient interfacial reactions, and system capacity minimization (Abgrall and Gué 2007; Gupta et
al. 2017; Xi et al. 2017). These devices often employ methods that can change the wettability or surface
tension locally in order to control the motion of droplets on a wall surface (Darhuber and Troian 2005).

The most popular technique to drive droplets is electrowetting-on-dielectric (EWOD) actuation. In this
technique, a decrease in the contact angle of the droplet on a charged dielectric layer is employed to
control the droplet motion. This technique has been widely researched to achieve efficient actuation. Lu et
al. observed the deformation process of a droplet moving between two simple horizontal electrodes in a
Hele-Shaw cell and simulated the process numerically (Lu et al. 2007). In other studies, the continuous
movement of droplets on consecutive electrodes was investigated. The droplet speeds were measured, and
the optimal electrode geometries and electrical control conditions were proposed (Adbelgawad et al.
2009; Jain et al. 2017; Nahar et al. 2016; Suzuki et al. 2010). Fobel et al. (2013) developed an integrated
control system for droplet actuation using EWOD. Further, research has reported that other movements,
e.g., uphill climbing, jumping, and coalescence of two droplets, can also be achieved by EWOD actuation
(Bhaumik et al. 2014; Datta et al. 2015; Lee et al. 2012).

Other methods to change the wettability of the surface too have been proposed, e.g., laser irradiation,
which we proposed in previous research. We developed self-assembled monolayers (SAMs) that exhibit
different wettablities upon laser irradiation. The droplet manipulation on the SAMs was comparable to
that achieved by EWOD actuation (Katoh et al. 2010; Wakimoto et al. 2013).

The Marangoni force induced by temperature difference is also utilized for droplet actuation. In
previous works, two heat sources were embedded in a wall to generate a constant temperature gradient
and the velocity of a droplet driven by the Marangoni force was measured (Chen et al. 2005; Pratap et al.
2008; Zhao et al. 2011). Further, the velocity and temperature distributions of a moving droplet were
analyzed via numerical simulations (Karapetsas et al. 2017).

Some researchers adopted a more direct transfer of the driving force to the droplet by applying a
magnetic force to a droplet containing magnetic material (Hutama and Oleschuk 2017; Zhang and
Nguyen 2017) or by applying vibrations to a wall with anisotropic structures such as oblique micro pillars
(Agapov et al. 2014; Dong et al. 2017; Shastry et al. 2006; Yeo and Friend 2014).

Although the abovementioned methods enable droplet actuation, they require continuous supply of
energy from external devices such as electric power sources, heat generators, and lasers. Furthermore, the
methods based on EWOD and Marangoni force require the embedment of electrodes and heat sources.
The insertion of these additional components nullifies the inherent advantages of reduction of size, cost,

and energy consumption of the lab-on-a-chip technology.



In the present research, we focused on droplets falling on an inclined plate under the influence of only
gravity. We attempted to control the direction of droplet motion by manipulating the wettability of the
plate surface. In a previous study, we considered a method of changing the direction of droplet motion
falling under gravity by patterning regions with different wettabilities on the wall (Katoh et al. 2016); for
this purpose, we used a photoreactive polymer poly(7-methacryloyloxy coumarin) (PMC) whose
wettability can be changed by ultraviolet (UV) irradiation. A test plate with a geometrical pattern of areas
with different wettabilities was created by locally irradiating wall with UV light, and droplet behavior on
the inclined test plate was observed experimentally. A saw-tooth pattern of the wall surface was adopted
to change the direction of droplet movement from the gravitational direction. Experimental observations
showed that droplets could be made to fall at a certain tilt away from the direction of gravity. In order to
theoretically determine the trajectory of the droplet on the inclined plate, the surface tension force on the
droplets was estimated by considering the contact angle varying along on the triple-phase contact line.
The theoretical results could approximate the actual observed trajectory efficiently.

However, to apply the proposed method to a real system, it may be necessary to control the droplet
motion more effectively. In the present study, to enhance the effect of motion control through changes in
wettability, we proposed a method to reduce resistance to droplet movement from the resultant surface
tension caused by contact angle hysteresis. Usually, the contact angle hysteresis between the advancing
and receding contact angles may be caused by the irreversible energy barrier with the movement of the
contact line on a wall with roughness or impurities. Some authors suggested that the energy barrier and
hence the contact angle hysteresis can be reduced by applying vibrations to the wall (Katoh et al. 2010,
Volpe et al 2002). In this study, we propose a method to apply ultrasonic vibrations to a wall surface to
reduce the contact angle hysteresis and achieve more effective control of droplet movement. First, we
considered the influence of changes in the contact angle on the droplet motion based on the previously
reported theoretical model. Then, we experimentally studied the direction of falling of the droplet under
ultrasonic vibration. A step-type pattern with areas of different wettabilities was proposed, and a

saw-tooth pattern was applied to realize more flexible droplet control against gravity.

2. Experimental device and method

2.1 Experimental device

A schematic of the experimental device used in this research is shown in Fig. 1. The test plate was
placed horizontally. A droplet with a specific volume ¥ (15-30 pL) was dropped on the plate by using a
microsyringe. Then, the test plate was tilted to the specified angle by using a worm gear. The motion of
the droplet rolling down the plate surface was observed using a digital camera. Three test plates were
used for each experimental condition, and three measurements were taken for each plate. Thus, a total of

nine measurements were made to obtain the mean droplet motion trajectory under each experimental



condition.

We performed measurements with and without the application of ultrasonic vibrations. In the former
case, we used a bolt-clamped Langevin oscillator with a frequency of 28.1 kHz (Fuji Ceramics
FBL28452HS) as the oscillator. An alternating current of 28.1 kHz was output from a function generator
(NF Circuit Design Block manufactured, DF1906), and an amplifier (DENON, AE390) was used to
amplify the voltage to drive the ultrasonic oscillator. This oscillator was not equipped with any horn for
focusing the vibration. We applied a coat of epoxy gel as an acoustic couplant on the surface of the
vibrator and placed the test plate on this coating. The amplitude of the wall-surface vibration was
measured as 5.3 um by using a laser-displacement meter (KEYENCE, LK-G5000). The low efficiency of
the oscillator (~2%) resulted in a rise in the temperature of the surface of the test plate; however, we

verified that this temperature rise was negligible (within 1 °C) during the test.
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Fig. 1 Schematic of the experimental apparatus

2.2 Test liquids, test plates, and contact angles

In the experiments, a 20% water solution of ethanol and distilled water (used in our previous study)
were used as the test liquids. Their physical characteristics are listed in Table 1, where p represents the
density and o represents the surface tension.

The test plates were glass boards of dimensions approximately 25 mm x 25 mm. The plates were
spin-coated (250 rpm for 10 s, followed by 2500 rpm for 90 s) with PMC (0.5 wt% solution in

1,1,2,2-tetrachloroethane). PMC was synthesized and purified following the methods reported previously



Table 1 Physical properties of the test liquids at 20(x=1) °C

Test liquids p [kg/m?] o [mMN/m]
Distilled water 998 + 0.2 72.8+0.3
Ethanol 20% solution 971+0.2 39.5+0.3

Table 2 Contact angles (without ultrasonic vibration)

Test liquids 0n[°] 6r[°] NI R [°]
Distilled water 73.6 40.1 78.4 43.1
Ethanol 20% 66.7 32.0 71.1 35.0
Table 3 Contact angles (with ultrasonic vibration)
Test liquids Oal°] R[] NIN o' [°]
Distilled water 65.7 39.7 67.6 40.9
Ethanol 20% 61.9 31.6 63.8 324

(Katoh et al. 2016; Sato et al. 2013). Further, [2+2] dimerization by cycloaddition occurs if a
thin-membrane coumarin inducer is irradiated with UV light of wavelength greater than 300 nm
(Morrison et al. 1966; Obi et al. 1999). This reaction is heat forbidden; hence, by irradiating a thin
membrane through a photomask, a dimerized region that can be easily patterned is created. In this study,
photoirradiation was carried out for 1 h under atmospheric conditions using an ultrahigh pressure mercury
lamp (Moritex MUV-250U). The light was passed through a Pyrex glass filter to eliminate wavelengths
less than 290 nm. The spin-coated thin-membrane was placed 10 cm away from the light source. The light
intensity was measured as 9.0 mW/cm? by a UV power meter (USHIO, UIT-101) equipped with a
UVD-365PD optical receiver (330—390 nm). The surface free energy is reduced owing to the changes in
the chemical structure due to dimerization, and the contact angle increased by ~5° (Katoh et al. 2016; Li
et al. 1997; Sato et al. 2012). Moreover, if the dimers are irradiated with short-wavelength light, it is
possible to recover the state of coumarin inducer and the wettability (Li et al. 1997; Sato et al. 2012).

The contact angle of the test plate with respect to the test liquids was obtained from the measurements
of the shape of the axisymmetric sessile droplet on the horizontal surface (Lahoon et al. 1996). Tables 2
and 3 list the measurement results of the advancing and receding contact angles, 64 and 6g, respectively,
with respect to each liquid used; 64’ and 6g' are the values after irradiation with UV light. Table 2 lists the

results obtained when no ultrasonic waves were applied, and Table 3 lists the results when ultrasonic



waves were applied. The results presented in the table are the mean values for the total of 18 times that
the six measurements were taken for each of the three test plates. The standard deviation was 0.7°. The
data in Table 2 show that the increase in contact angle upon UV irradiation, 46, is ~3°-5°. When
ultrasonic vibration was applied (Table 3), the values of the receding contact angle 8z were similar to
those obtained with no additional vibration (Table 2). On the other hand, upon the application of
ultrasonic vibrations, the advancing contact angle was reduced by ~8° in water and by ~5° in an ethanol
solution; hence, the contact angle hysteresis, i.e., (84 — z) was also reduced. Past research suggests that
the magnitude of the contact angle hysteresis (64 — ) is equivalent to the range of the contact angles for
which many metastable states of the droplets attached to the solid surface exist. Under ultrasonic
vibration, the droplet-attachment state nears the equilibrium state with the minimum energy because the
energy barriers between adjacent metastable states can be overcome by vibration; hence, it is expected
that the contact angle hysteresis is reduced (Katoh et al. 2010, Volpe et al 2002). The decrease in contact
angle hysteresis implies a reduction in the resistance arising from the surface tension acting on the contact
line when the droplet moves under an external force (Katoh et al. 2010). The data in Table 3 show that
under ultrasonic vibration, the change in the contact angle 46 of ~2° due to UV irradiation was smaller
than that obtained without vibration. In conclusion, although ultrasonic vibration could reduce the
resistance resulting from contact angle hysteresis, it could weaken the effect of changes in wettability
caused by UV irradiation. This conflicting effect of ultrasonic vibration will be discussed further based on
the theoretical model in Section 3.

In this section, we briefly describe the settings of inclination angle ¢ of the test plate from the
horizontal (Fig. 1). Based on the measured values of the contact angle, the critical angle ¢c¢ at which
droplets fall without stopping on the test plate can be obtained from the following relationship (Katoh et
al. 2016):

Q)

oo = sinl{OB(cos 0 —cos 9,;)} .

o0\

In the above equation, B is the maximum width of the droplet-attaching surface, and g is the gravitational
acceleration. At ¢¢, in Eq. (1), the maximum resistance due to surface tension and the gravity acting on
the droplets become equal. Through this experiment, the effect of application of ultrasonic vibration on
the movement of the droplets was evaluated; for each condition, the droplet volume was so selected that
the critical angle was ~55° and the angle of inclination was set to a value greater than ¢c¢ by ~0.8°. The
droplet volume was several tens of cubic millimeters. The width B in Eq. (1) can be obtained from the
droplet shape on the horizontal plate as determined by the axisymmetric Laplace equation representing
the force balance between surface tension and static pressure because the maximum width does not
change upon tilting the test plate (Katoh et al. 2016; Katoh et al. 2006).



2.3 Patterning on the walls

The surface patterns on the test plate used in this experiment are shown in Fig. 2. One part of the plate
was irradiated with UV light passed through a mask to obtain regions patterned with different contact
angles. Patterns A and B shown in Figs. 2(a) and 2(b) are identical to those in the previous study. Pattern
C, which is a step-type pattern, in Fig. 2(c) is newly applied in this study. The gray sections in the figures
represent UV-irradiated regions with poor wettability. The angle 4 shown in Patterns B and C (Fig. 2) is
the target angle of incline of the droplet movement from the direction of gravity. The value of u was set
with reference to the movement of the droplet under Pattern A. The details are described in Section 4.
Figure 3 shows the expected movement of droplets falling on each test plate. In the case of Pattern A
[Fig. 3(a)], if droplets enter a region with poor wettability, the resultant surface tension to the right
direction is generated based on the difference between the contact angles in the two regions. Thus, the

falling direction is inclined away from the direction of gravity. However, after the droplet travels some
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(a) Pattern A (b) Pattern B (saw tooth type) (c) Pattern C (step type)
Fig. 2 Test plates patterned with different wettabilities by irradiation of ultraviolet (UV) light (gray

area indicates the area with poor wettability resulting from UV irradiation)
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(a) Pattern A (b) Pattern B (c) Pattern C

Fig. 3 Schematic of droplet movement on each test plate when entering an area with poor wettability



distance on the plate, the attachment surface of droplet is wholly within the region irradiated by UV light.
Then, the transversal force due to the change in the contact angle disappears, and the droplet moves in the
direction of gravity. In order to make the droplets fall continuously in a set direction inclined from the
gravitational direction, the saw-tooth Pattern B was applied. As shown in Fig. 3(b), the droplets whose
direction of motion changed after entering an irradiated area enter a non-irradiated region before moving
in the direction of gravity; hence, the transversal force is reset once before re-entering the irradiated
region. By repeating this action, the droplets can be made to move at a fixed incline angle from the
direction of gravity (Katoh et al. 2016). Different geometrical patterns were employed in preliminary
experiments to realize this effect. Based on the observed results, we chose a simple saw-tooth shape with
straight lines as a promising pattern [Fig. 2(b)]. The geometrical parameters of the pattern were
determined appropriately by referring to the droplet scale used in this experiment. In the step-form Pattern
C [Fig. 3(c)], droplets enter the region with poor wettability and move sideways. When this displacement
is saturated, they re-enter into the next stepped region with poor wettability, resulting in continuous

horizontal movement. The effects of these patterns are described in Section 4.

3. Influence of the contact angle on the direction of motion of the droplet

We first provide an overview of the theoretical model considered in a previous report on droplet
movement on a wall (Katoh et al. 2016). Then, based on the representative values of the forces acting on
these droplets, we discuss the changes in the direction of motion of the droplets accompanying the

changes in the contact angle.

3.1 Theoretical model of droplet movement

Figure 4 schematically shows the surface of the droplet in contact with the wall, hereinafter referred to
as the “attached surface,” when droplets enter the Pattern A region. In the figure, x is the direction of
gravity; y, the transverse direction to the plate surface; and f, the angle of incline of the direction of
motion of the droplets with respect to gravity. The shape of the attached surface of the droplet is assumed
oval, as shown in Fig. 4. The radii of the top and bottom arcs are denoted as R, with the length of the
straight part as mR, where m = 0.6 within the scope of this experiment. Note that m can be actually
estimated from our theoretical method to obtain the three-dimensional droplet profile on a tilted plate
(Higashine et al. 2008). However, for the sake of simplicity, we used the aforementioned value in the
present study. In addition, the observed results show that when droplets enter the irradiated region, the tilt
of the top arc is smaller than f; that is, the bottom arc appears to be leaning to the right. By referring to
the observed results, we simply assumed the angle of tilt of the upper arc as 0.54. The contact-angle

distribution on the contact line C in the figure is taken as 6(s), and the unit vector normal to line element



Moving
direction

(This figure has been revised)
Fig. 4 Contact line of droplet entering into area of different contact angles (/: incline of droplets’
falling direction with respect to gravity; R: radius of the top and bottom arcs of oval contact

line. Other geometrical parameters are explained in the text)

ds in the attached surface is represented by n. Then, the integral of the surface tension and gravity acting
upon the droplets along C can be used to obtain the vector of the force F applied to the droplets according

to the following equation:
F:§ ocosdxnds+ pgVsingxe, . )
c

Here, ex represents the unit vector in the direction of gravity (x direction). As described in Section 2.2, in
this experiment, observations were made at an inclination angle of the plate close to that for the condition
under which the surface tension and gravity acting in the x direction on the droplets are balanced. In this
case, the maximum falling velocity of the droplets is at most 1 mm/s, and the influence of inertia and
viscosity can be ignored compared with the gravitational force and surface tension.

As seen in Fig. 4, the boundary between the UV-irradiated and non-irradiated regions intersects the
contact line C at two points. The patterns of the intersection are categorized in five ways depending upon
whether C intersects a straight line or the top or bottom arc. For each situation, force F in Eq. (1) can be
calculated, and the downward and transverse components F and F, respectively, can be obtained. This
result was used to calculate the falling angle f of inclination for each droplet as

Fy
tan g =—- (3)
FX

The theoretical value of trajectory obtained from Egs. (2) and (3) and the experimental values are



compared in Fig. 5. The measured value of droplet position in the figure corresponds to the position of the
center of gravity on the attached surface. Figure 5 shows the result for ethanol solution and water for the
test plate with Pattern A when vibrations are not applied. As shown in the figure, the droplet movement is

roughly approximated by the theoretical model used in this study.

0
® Exp.(water)
Theory(water)
® Exp.(Ethanol 20% )
4 Theory(Ethanol 20%)
€
E
>
8
12
0 1 4

2
y [mm]
Fig. 5 Comparison of the experimental droplet trajectory with the theoretical model (Pattern A) (x and

y indicate the horizontal and gravitational directions, respectively)

3.2 Evaluation of the direction of falling droplets

As shown in Fig. 5, although the droplets in Pattern A eventually fall in the direction of gravity, they
initially move in a fixed inclination angle from the direction of gravity over several millimeters. The
maximum inclination angle in this case, Sua, Was ~16° for the ethanol solution and ~10° for water, as
shown in Fig. 5. Here, S can be considered an index to determine the target inclination angle u of
patterns B or C, as shown in Fig. 2.

We consider a representative situation in which the boundary line passes through the center of the
attached surface of droplet (Fig. 4) to estimate the value of S theoretically. Then, F, and F, can be

obtained as follows:
F, = pgV sing + oR[(1+sinzn)cosd, + (1+sinn)cos 6, —(1—siny) cos 6 — (L +siny) cos b, | , 4)
F, = oR[cosn(cosd, —cosd,) +cosy(cos b, —cosby) +{(1+sinz) cosd, + (1—sinzp)cosd, }sin 3
-{(1-siny)cos b + (1+siny)cosé, | sin(0.54)]
()

Here, # and y in Eqs. (4) and (5) are the angles shown in Fig. 4, and they satisfy the following relations:



sinn —tan(z—ﬂ] ’ SiL:tan(%—o.Sﬂj (6)

m/2+cosy  \ 4 m/2 +cosy

The values of f calculated from Eqgs. (3)—(6) matched the experimentally obtained values of f,..c within a
few degrees. Although the theoretical model proposed in this study assumes that f is sufficiently small,
ie.,, f < 1 (Katoh et al. 2016), we can roughly evaluate ..« according to the contact angle by using Eq.
(4) and (5). The first and second terms in the bracket on the right-hand side of Eq. (5) represent the force
based on the difference between the contact angles in the irradiated and non-irradiated areas. On the other
hand, the third and fourth terms multiplied by sin f and sin 0.54, respectively, represent the contributions
of the transversal components of the surface tension acting upon the top and bottom arcs of the contact
line when the droplet is tilted by an angle £ or 0.58 from the gravitational direction. As seen from Eq. (5),
as each contact angle decreases, the first and second terms in the bracket increase, provided that the effect
of irradiation (64" — 84) or (6z' — Or) is not changed. On the other hand, the smaller the contact angle
hysteresis (84 — 0r) or (84 — 6r"), the greater is the sum of the third and fourth terms with the decrease
(increase) in the advancing (receding) contact angle.

Using the contact angle for a water droplet when vibrations are not applied (Table 2) as the standard,
the fSua values corresponding to the changes in the contact angles are obtained using Egs. (3)—(6). We
calculated ..« for three cases: case A and cases BA and BR. In case (A), we assumed that all 6,4, 0z and
6.4, 6’ values were reduced for a fixed angle J. In case (B), we assumed that the contact angle hysteresis
was reduced. Here, we considered two scenarios: case (BA), wherein the advancing contact angles, 8, and
6.4, were reduced with J and case (BR), wherein the receding contact angles, 0z and 8z, increased with o.
The calculated results for water are shown in Fig. 6. As shown in the figure, S, for each case increases
with J. A comparison of these three cases shows that the maximum p,... is obtained for case BA. If the

difference between the contact angles in the irradiated and non-irradiated areas, 46, is fixed in Eq. (5), the
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Fig. 6 Estimation of the inclination angle, f, from the gravitational direction (A: both advancing and
receding contact angles are reduced by 6. BA: only advancing contact angles are reduced by J.

BR: only receding contact angles are reduced by 9.)



sum of the third and fourth terms in the bracket is greater than that of the first and second terms. Since sin
£ > sin 0.54, force F), in Eq. (5) is increased to a greater extent when the third term is increased; that is,
the advancing contact angle should be reduced. These results imply that the inclination angle f of the
falling droplets are effectively increased by applying ultrasonic vibrations that reduce the advancing

contact angle.

4. Experimental results and discussion

The experimental results of droplet trajectory on the test plate with Pattern A for water and 20% ethanol
solution are shown in Fig. 7; the results obtained with and without the application of ultrasonic vibration
are plotted. The maximum inclination angle under vibration, By, is 18° in water and 19° in the ethanol
solution, showing an increase from their respective results of 10° and 16° when no vibration is applied.
Moreover, in both test liquids, the droplets travel over longer distances at constant inclination angles on
the plate under vibration. Under the conditions in this experiment, although the change in the contact
angle, 46, due to UV light is less owing to the application of ultrasonic vibration, as stated in section 2.2,
Pmax 18 larger than that obtained in the absence of vibrations because the advancing contact angle becomes
smaller. When using the ethanol solution, the reduction in the advancing contact angle was smaller than
that obtained with water, and the effect of ultrasonic vibration was not remarkable.

Referring to the results for Pattern A (Fig. 7), we determined the target of inclination angel u for
Patterns B and C (Fig. 2) corresponding to the condition of ultrasonic vibration. The target angle was set
as i = 7° and p = 12°, with and without ultrasonic vibration, respectively. The results of the measured
droplet trajectory are shown in Fig. 8. Note that the following figures only shows the results for water
because the effect of the ultrasonic vibrations was not significant for ethanol solution and the results of

observation were almost similar to those obtained for water. Here, Figs. 8(a) and 8(b) represent the

O Water(None)
o Ethanol 20%(None)
® Water(USV)
@ Ethanol 20% (USV)

®
S

4
y [mm]

Fig. 7 Droplet trajectories with or without ultrasonic vibration for two types of test liquids

(x and y indicate the horizontal and gravitational directions, respectively)



situations with and without ultrasonic vibration, respectively. For Patterns B and C, the droplets move
along the set straight line at an inclination angle of x = 7° [Fig. 8(a)]. On the contrary, although motion at
the set angle ¢ = 12° is realized for Pattern B, the droplets do not follow Pattern C and move at
approximately 7° [Fig. 8(b)]. Further, for Pattern C, the droplet has a smaller relative bend in the top and
bottom arcs compared to those for Pattern A or B. In fact, the tilt angle of the top arc of the contact line is
~0.7p, which is somewhat larger than ~0.54 for Patterns A and B. This is attributed to the fact that in
Patterns A and B, the tilt of the boundary of the wettability change is 45°; however, in Pattern C, the
majority of the boundary line is at 90° (direction of gravity), thus reducing the relative bend in the top and
bottom arcs. As the difference between the tilt angles of the top and bottom arcs decreases, the sum of the
third and fourth terms in the bracket on the right-hand side of Eq. (5) too decreases. On the other hand,
since the first term becomes smaller owing to the application of ultrasonic vibration, the transversal force,
F), decreases. This suggests that the droplet could not reach the patterns with a large setting angle. The
results obtained from the theoretical model are also shown in Fig. 8 for comparison. The experimental
results are well approximated by the theoretical model even when the setting angle could not be achieved.

Considering the need for the practical control of droplet movement, we conducted experiments for a
test plate with Pattern B for two setting angles, 4 = 7° and 15° (Fig. 9). The experimental results of the
droplet trajectory are shown in Fig. 10. The droplets diverge from the direction of gravity immediately as
they enter the saw-tooth pattern for 4 = 7°. Then, the droplet bends again immediately when it enters the
region with the second target angle, i.e., 4 = 15°. Droplet motion at each inclination angle is shown in Fig.
10; it is also shown in an animation (Online Resource).

The changes in wettability are very small when the difference between the contact angles is ~2°;
however, the direction of motion can be controlled within ~15°. The polymer used in this experiment has

the characteristic that reversible-wettability-change patterning is realized under relatively simple UV

® Exp.(plate B) ® Exp.(plate B)
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(a) Without vibration (b) With ultrasonic vibration

Fig. 8 Experimental results for the droplet trajectory for Patterns B and C (solid line indicates the
theoretical results obtained from Egs. (2) and (3) )



irradiation; however, in order to control the direction over a wider range, it is necessary to increase the

change in contact angle, 46; this is a topic for future research.

45°

15°

Fig. 9 Pattern B with two types of designated inclination angles of 7° and 14° (Gray area

indicates the area with poor wettability resulted from irradiation of ultra-violet light)
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Fig. 10 Droplet trajectory on the test plate shown in Fig. 9 (Solid and broken lines indicate the
target of droplet trajectory)

5. Conclusion

A method for controlling the direction in which droplets fall on an inclined plate is proposed. This method
is based on the changes in wettability due to the cross-linking of polymers upon UV irradiation. Droplet
behaviors on three types of test plates with different geometrical patterns of wettability change were
observed. The main results can be summarized as follows:

(1) In the saw-tooth pattern proposed in this research, when the contact angle of the base plate changes,
the change in the inclination angle f of the droplet-falling direction with respect to gravity was considered
based on the theoretical model in which the surface tension acting on the contact line and the gravitational
force were considered. By decreasing the advancing contact angle of the base plate, f was effectively
increased.

(2) Ultrasonic vibration was applied to test plates, and the falling motion of the droplets was observed. For



water, the contact angle between the UV-irradiated and non-irradiated areas decreased from 4° without
vibration to around 2° with vibration; however, the advancing contact angle decreased by ~8° without

vibration. Thus, f increased considerably upon the application of vibration.

Nomenclature

Roman symbols

B: Maximum width of a droplet [m]

F: Vector of the force applied to a droplet [N]

g: Gravitational acceleration [m/s?]

m: Ratio of straight part of contact line to the radius of the arc-like contact line [-]
R: Radius of arc-like contact line [m]

V: Liquid volume [m?]

x: Coordinate on the plate surface in the direction of gravity [m]

y: Coordinate on the plate surface in transverse direction [m]

Greek symbols

o (=45°): Oblique angle of the UV-irradiated area in pattern A [°]

B: Inclination angle of moving droplet [°]

d: Variation in the contact angle [°]

n: Center angle of the arc-like contact line (advancing side, ref. Fig. 4) [°]
0: Contact angle [°]

p: Target inclination angle of droplet movement [°]

p: Liquid density [kg/m?]-

o: Surface tension [N/m]

¢: Inclination angle of the test plate [°]

y: Center angle of the arc giving the receding contact angle (receding side, ref. Fig. 4) [°]
Superscripts

": UV-irradiated

Subscripts

A: Advancing

R: Receding

x: Gravity direction on the plate surface

y: Transverse direction on the plate surface
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