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In the fields of medicine, biotechnology, and chemical analysis, the need often arises to transport a
very small amount of liquid. The characteristics of sliding acceleration by inclined surfaces with arrayed
micro-pillars were examined. This work related to the surface technology required for the actuator of
a microfluidic device such as a u-TAS to improve the movement of droplets. The ease of movement of
the droplets, 5 to 20 ul as the target volume, was evaluated by the acceleration in a relatively short
distance from the beginning of movement. The acceleration of the droplets was also measured when the
viscosity and surface tension of the droplet were changed. The size of the projection, made of silicon,
was 15 wm square (height: about 20 wm). The area ratio of the projection was mainly used to evaluate
the surface performance. The area ratio was varied from 0.9% to 25%. The relationship between the area
ratio and the sliding acceleration when the inclined angle was 20° was measured. The water droplets
slide almost had a spherical shape for a low area ratio. The sliding acceleration increased with a decrease
in the area ratio; when the area ratio was approximately less than 2%, it was close to the theoretical
sliding acceleration with no friction. When the area ratio was less than 1 %, the water droplets fell down
between the projection gaps. When the area ratio was more than approximately 21%, the acceleration
was greatly reduced. Lowering the area ratio was also useful for increasing the sliding acceleration, even
for a solution with high viscosity or low surface tension. It was confirmed that the acceleration was
significantly enhanced by decreasing the projection density.
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1. Introduction

Technologies for transporting small amounts of droplets are
often required in the fields of medicine, biotechnology, and chem-
ical analysis such as p-TAS [1-4]. A very small amount of a droplet
is difficult to be transported because the influence of the surface
forces becomes larger. For practical usage, the velocity of a droplet
sliding down an inclined surface is important. Therefore, this work
investigated the characteristics of sliding acceleration in a method
of using inclined surfaces with micro-pillars to develop an actuator.

Many studies have been conducted on transporting a small
amount of liquid droplets. Their research focus could be roughly
classified thus: (a) static characteristics of water repellency for a
flat surface with chemical treatment or surface roughness or sur-
face projections, and (b) dynamic characteristics such as sliding
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angle, sliding velocity, and acceleration for an inclined surface with
surface roughness or projections.

As for studies on (a), thin films of water repellent substances,
such as silane, alkyl, and hydrophobic polymers were formed
on the surface [5-8]. The wettability and the behavior of water
droplets on horizontal substrates were examined [9,10]. Studies
for moving droplets by electrostatic force (electret) [11-14] and
acoustic waves [15] were also conducted. Studies on (b) centered
on the relationship between the length of the contact line of three
phases (substrate, droplet, and atmosphere) and the hydropho-
bicity of the substrate [16], observation of the sliding behavior of
droplets [17-20], examination of frictional force [21], and forming
hydrophobic and hydrophilic patterns on the surface to facilitate
sliding performance of droplets [22].

Conventional studies reported that it was difficult to obtain
superhydrophobicity by using only chemical treatment [5,6].
Therefore, many studies on the improvement of water repellency
have used surface roughness or projections according to the Wen-
zel and Cassie-Baxter models [23,24]. Decreasing the length of the
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contact line of the three phases is effective for making the droplet
slide easily because the length possibly decreases by providing pro-
jections to the surface [16,25]. Studies have been conducted on
the effect of surface roughness; for example, sliding angle of water
droplets on the water repellent surface [25-27], the effectiveness
of the surface roughness of the nanometer level to ease droplet
slippage [28], and micro and nano-patterned superhydrophobic
polymers [29-31]. This work adopted the method of using pro-
jections. Studies on the contact angle, adhesiveness, and friction
of water droplets in relation to the size, pitch, and height of the
projections as a surface texture were conducted [32-34]. These
studies aimed to control the hydrophobicity and sliding velocity
of the water droplet. This work is closely related to them. It was
also reported that the surface roughness on the nanometer level
affected the ease of droplet slippage [35].

Itis desirable to be able to control the sliding velocity of a droplet
easily. The objective of this work was to clarify the relationship
between the area ratio of the projection and the acceleration quan-
titatively, to enhance the sliding acceleration close to the sliding
acceleration without friction. The target volume was 5 to 20 ul
(approximately 2 to 3.5 mm in diameter). The features of this work
are as follows. There have been few studies that measured the accel-
eration of droplets by changing the gap and size of projections. This
work mainly used the area ratio of the projections to show the den-
sity of projections, which was defined as the area of all projections
divided by the total surface area. The gap of the projections was
also used to investigate the characteristics of the acceleration. The
acceleration was also investigated when the hydrophobicity and
hydrophilicity of the substrate were changed.

For the dynamic characteristics, studies have been conducted on
the relationship between the sliding acceleration of the droplet and
the dynamic contact angle on the hydrophobic surface [36-39], the
influence of pillar surface fraction and pillar height by using molec-
ular dynamics [40], and the slipping behavior of a droplet on a slope
with texture; for example, slippage on a superhydrophobic surface
with texture or on the modified surface [41,42]. It was clear that
when the droplet slides down an inclined surface, there is a sliding
mode and a rolling mode [41]. Sliding mode and rolling mode have
different accelerations. Therefore, the behavior of the droplet dur-
ing moving was investigated in terms of the acceleration as well as
observation by high-speed camera

Hysteresis has been reported as an influential factor in relation
to the sliding acceleration of droplets; for example, there have been
studies reporting that a correlation existed between the accelera-
tion of the droplet and the dynamic contact angle in the case of a
fluorine silane-coated surface [38]; in addition, constant acceler-
ation was generated, and the behavior of the droplet was mainly
slipping when the static contact angle was great [41]. In this work,
the acceleration was calculated using the Furmidge and Carre mod-
els [44,45] and compared with the measured values.
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Fig. 1. Improvement of transporting a small droplet by decreasing density of the
projection formed on the inclined surface.

Table 1
Specifications of micro-pillars.

Cross-section
Area ratio (%)

Gap (um)
Height (pum)

Square 15 pm x 15 wm
09,14,2.0,3.1,53,7.5,10, 15, 21, 25
140, 110, 90, 70, 50, 40, 32, 24, 18, 15
20 (+£5)

Studies on the effect of viscosity of droplet were conducted
[43]. There is a study indicating that viscosity affected the sliding
velocity when the sliding velocity exceeded approximately 0.1 m/s
[33]. The influence of the surface tension has not been investigated
much. In this work, the relationship between the viscosity or the
surface tension and the acceleration was investigated. The range
of the viscosity and the surface tension where this method could
enhance the sliding acceleration was investigated. In addition, the
relationship between the surface tension and the projection gap
was examined in terms of whether the droplet with low surface
tension was formed on the projection surface.

2. Material, processing, and experiment method

Fig. 1 shows the method of transporting small droplets in this
work. The water-repellent performance was improved by confining
the air between the projections [24]. This work relates to the surface
technology required for the actuator in a microfluidic device such as
a -TAS to improve the movement of droplets. Fig. 2(a) shows the
dimensions of the arrayed micro-pillars as projections, formed on
a silicon (Si) substrate by the MEMS technique, and Fig. 2(b) shows
the photograph of the fabricated projections. The arrow in the figure
indicates the moving direction of the droplets. The gap was equal
in the moving direction of the droplet and the orthogonal direction.
Specifications of the pillars list are in Table 1. The projection was a
15 pm square, and the height was about 20 um [32,34]. The cross-
section of the pillar was square. The ratio of the area of all the pillars
to the area of the substrate was defined as the area ratio of the

Pillar (15 pmx15 pum)

Moving direction of the droplets

(b) Photograph of the fabricated projections

Fig. 2. Dimensions of micro pillars.



S. Imai, S. Oshima and R. Sakuma / Sensors and Actuators A 309 (2020) 111964 3

n
T

OO0
OO0 0O

O
O
O

0000

ap

<«
Edge of the pillar: a, Gap: p
Fig. 3. Definition of area ratio. The area ratio was calculated from the pillar size and

the gap: (n? x a?) [ (n x a + (n-1) x p)?, where a: edge length of the pillar, p: gap
between the pillars, and n: number of the pillars in the row or the column.

Table 2
Specifications of liquids used for droplets.

Liquid Viscosity (mPaes) Surface tension (mN/m)
Water 1.1 72.3
Glycerin® aqueous solution

Concentration 20wt% 2.1 70.7
50 wt% 7.54 68.1

Ethanol® aqueous solution

Concentration 2wt% 1.12 63.0
5wt 1.22 56.9
17 wt% 1.31 51.1
43 wt% - 43.0

a No. 17018-25, NACALAI TESQUE INC.
b No. 14033-00, KANTO CHEMICAL CO. (Japan).

projection (hereinafter referred to as the area ratio) as shown in
Fig. 3. Projections were formed by dry etching of silicon (Si). Silicon
has a contact angle of approximately 65° with water, and is higher
than glass, which is often used as a substrate of a microfluidic device
[2-4]. Therefore, the performance of the Si substrate might appear
somewhat higher than glass.

The liquid of the droplet was mainly water. Liquids other than
water were also used to investigate the influence of viscosity
and surface tension. The specifications of these liquids are shown
in Table 2. The aqueous glycerol solution was used to change
(increase) the viscosity. The range of viscosity was about 1 to
7 mPa-s (cf. viscosity of blood: approximately 4.7 mPa-s). The aque-
ous ethanol solution was used to change the surface tension. The
surface tension was set to about 70 to 100% of water, because the
acceleration was expected to become small when the surface ten-
sion was small. When changing the viscosity or the surface tension,
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Fig. 4. Measurement apparatus used in this work.

the concentration was determined so that the surface tension or the
viscosity did not change (cf. Table 2).

Fig. 4 shows the measurement method for examining the
dynamic characteristics of the droplets. The substrate was placed
on the goniometer (the substrate was not electrically charged), and
the behavior of the droplet on the inclined surface was observed
with a high-speed camera from the side; then, the acceleration was
calculated. In this work, the inclination angle was 20 °.

3. Result and discussion
3.1. Relationship between area ratio and sliding acceleration

It was reported that static contact angle was increased by mak-
ing the pillar size smaller or enlarging the pillar gap [32,34]. This
work introduced the area ratio of the projection to represent the
density of the projections. When the area ratio was varied, the pil-
lar size was fixed. The standard pillar size was determined to be
15 pm square. The gap of the pillars was used as well as the area
ratio.

Fig. 5 shows the relationship between the static contact angle of
the droplet (water) on the projection surface and the area ratio (a),
and the relationship with the sliding angle when the droplet began
to move by inclining the surface (b). The area ratio was varied in
the range of 0.9 to 25%. When the area ratio was approximately
less than 0.9%, most droplets fell down between the pillars, and no
droplet was formed [34]. When the area ratio was 15% or less, the
contact angle was more than 150° in the state of superhydropho-
bicity. When the area ratio was 21% or more, the pillar gap became
almost equal to the pillar width, and the contact angle decreased
to the latter half of 140°.

In the Cassie-Baxter model, the contact angle 6’ is expressed by
the equation: cos 6’ = f x cos 8 + f— 1 (f: contact area ratio between
the substrate and the liquid). In the Wenzel model, the contact angle
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(b) Area ratio vs. sliding angle

Fig. 5. Relationships between area ratio and static contact angle (a) and between area ratio and sliding angle (b).
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0’ is expressed by the equation: cos 6’ = r x cos 6 (r: roughness
factor >1). The contact angle of water on the flat substrate (i.e., Si
wafer) was =65 °. The ratios f and r were 0.05 (5%) and 20, using
the intermediate value of the area ratios. By substituting into the
equation, the contact angle (') from the Cassie-Baxter model was
158 °. However, the Wenzel model could not be calculated because
r was too large (cos 8’ >1). The measured contact angles were in
the range of 150 to 160 ° (cf. Fig. 5(a)). The amount of water in the
measurement, to eliminate the influence of gravity, was 5 pl.

The sliding angle tended to decrease as the area ratio decreased
(Fig. 5(b)). At the area ratio shown in the figure, the sliding angle is
less than 10° (The sliding angle of the flat Si substrate was approx-
imately 48° (10 ul)). For the area ratio in the range of 0.9-25%,
and amount of liquid in the range of 5-20 .l in this work (¢2.1-
3.4mm, cf. capillary length of water: 2.72 mm), all the droplets
were expected to slide down when the inclination angle was 20°.
Therefore, the inclination angle (6) of the substrate was set to 20°.

The measurement of acceleration in this work was conducted in
the short distance, 10 mm to 30 mm from the beginning of move-
ment, which was for use as a microfluidics device. The velocity
range was also small (0.15-0.35 m/s). The equation of motion when
a droplet moves on a slope is expressed as Eq. (1).

ma=mgsind-f (1)

where m: mass of the droplet, a: acceleration, g: gravitational
acceleration, 0: inclination angle, f: resistance force. The resistance
forces, when the droplet moves on the slope, include friction on
the contact surface, capillary force, viscosity of the liquid, and air
resistance. These forces depend on the velocity of the droplet. In
this work, the viscosity of the liquid and the air resistance were not
considered to be significant because the velocity was small. The
friction force and the capillary force were not expected to fluctuate
significantly because the surface was extremely water-repellent.
Therefore, the acceleration was considered to be roughly constant
in the measurement conditions.

Fig. 6(a)-(c) shows the time histories of the measured displace-
ment, velocity, and acceleration, respectively, after the droplet
moves approximately 10 mm (volume: 10 pl, inclination: 20°, area
ratio: 2%, 10%, and 21%). The displacement was measured at time
intervals of either 0.005s or 0.01s. The velocity and acceleration
were calculated by the time difference of the displacement and the
velocity. This measurement was conducted several times, and the
average acceleration was used. The velocity increased almost lin-
early. While there was some variation, the acceleration was roughly
constant.

The projection is assumed to have caused an intermittent move-
ment of the droplet owing to the pinning effect of projection. Some
intermittent movements were observed in the time histories of the
velocity and acceleration. However, it could not be determined if
these movements were caused by the pinning effect. It is necessary
to examine further how intermittent motion affects the accelera-
tion.

Fig. 6(d) shows the behaviors of the droplets moving on the slope
and the trajectories of the points on the droplet surfaces obtained by
image processing. From these figures, the behavior of the droplets
was considered to be mainly slip, probably because the moving
distance after the start of movement was small (less than 30 mm).

Fig. 7(a) shows the relationship between the area ratio and the
acceleration when the droplet slid down the inclined surface (pillar
size: 15 wm square, inclination: 8 =20°). The measurement of accel-
eration was conducted in the displacement range of 10 to 30 mm
from the beginning of movement as shown in Fig. 6(a). When the
droplet was placed on the slope in the experiment, it was prevented
from bouncing. Regarding the deformation of moving droplets, the
displacement at the tip of the contact surface was used to mea-
sure the displacement. Variations of the measured acceleration
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(d) Moving behaviors of the droplets (5 ul (left) and 20 pl (right), area ratio: 5.3%)

Fig. 6. Time histories of displacement, velocity, and acceleration of the droplets
moving on the projection surfaces (a)-(c), and behaviors and trajectories of the
droplets (d) (sliding length: about 20 mm, 1000 fps).
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Fig. 7. Relationships between area ratio and acceleration. Pillar size: 15 wm square
(a) and 15 and 30 wm square (b). Figure (c) shows the relationship between the gap
and the acceleration, where the area ratio of (a) is changed to the gap. (Inclination
angle: 20 deg. Sliding acceleration without friction is 3350 mm/s2.)

are shown by the error bars. The figure indicates that acceleration
increased with decreasing area ratios. This was probably because
increased air was trapped between the pillars [16,25]. High accel-
erations were observed in the case of very small area ratios. When
the area ratio was 1.4%, the acceleration was close to the sliding
acceleration of a rigid body with no friction, approximately 3350
(mm/s2) (= g x sin 6, g: gravitational acceleration, €: inclination
angle of the substrate, 20°). However, when the area ratio was 0.9%,
droplets fell down between the pillars. When the area ratio was
between 5.3 to 15%, the acceleration slightly decreased as the area
ratio increased. When the area ratio was about 21% or more, a large
decrease occurred. When the area ratio was 30%, the sliding accel-
eration was expected to be close to zero. The pillar gap at the area
ratio of 25% was almost the same as the pillar width (15 m). For
comparison, the pillar gap at the area ratio of 5.3% was about 3 times
the pillar width. The droplet quickly slid when the area ratio was in
the range of 1 to 15%. Thus, the area ratio considerably affected the
acceleration. Fig. 7(b) shows the acceleration when the pillar size
is 30 wm square (volume: 20 ul, inclination: 20°), as compared to
Fig. 7(a) in which the pillar size is 15 wm square. The accelerations
of the two pillar sizes changed almost similarly with respect to the
area ratio.

The occurrence of three phases of the acceleration are displayed
in Fig. 7(a). However, the reason for the acceleration not increasing
significantly from 5% to 15% of the area ratio, is not completely clear.
The following mechanism was expected. The droplet surface was
suspended between the pillars with an area ratio less than approxi-
mately 15%, thereby reducing the mobility of the droplet. When the
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Fig. 8. Relationship between pillar size and static contact angle (a), and relationship
between pillar size and acceleration ((b)and (c)). The arearatio was set to be constant
at 6 % in (b) (the pillar gap was in the range of 20 to 90 wm). The pillar gap was set
to be constant at 70 wm in (c) (the area ratio was in the range of 3 to 6 %).

area ratio was less than 5%, a further decrease in the friction owing
to a decrease in the contact area exceeded the above effect. There-
fore, the acceleration increased again. The relationship between the
acceleration and pillar gap was also examined by changing the area
ratio in Fig. 7(a) to the pillar gap. Fig. 7(c) shows the result and it
is slightly different from that of Fig. 7(a). It was concluded that the
three phases were affected by the parameter. The mechanism of
the three phases and the effect of these parameters require further
investigation.

Fig. 8 shows the relationship between pillar size (width: a) and
static contact angle (a) and acceleration (b). The arearatio of projec-
tions was set to be constant (approximately 6%). When the pillar
width was decreased, the gap (b) between the pillars decreased;
for example, b=16 wm at a=5wm, b=50 um at a=15pum, and
b=92 wm at a=30 pm. The variations of the measured acceleration
are indicated by the error bars. The contact angle increased with
the decrease in pillar size in Fig. 8(a). Fig. 8(b) indicates that the
sliding acceleration increased as the pillar size decreased. Fig. 8(c)
shows the acceleration when the pillar size changed at a constant
pillar gap (70 pm), as compared to Fig. 8(b), in which the pillar size
changed at a constant area ratio (6%). The area ratio and the pillar
gap in both cases were almost in the same range (the gap in Fig. 8(b)
ranges from 20 to 90 wm, and the area ratio in Fig. 8(c) ranges from
3% to 6%). The acceleration in both cases increased with a decrease
in the pillar size. However, it was observed that the changes in the
accelerations were quantitatively different.
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(a) Area ratio: 1.4%

(b) Area ratio: 21%

Fig. 9. Behaviors of droplets (10 wl) in the case of the different area ratios (1.4 and 21%, sliding length: about 20 mm, 1000 fps).

3.2. Behavior of droplet and sliding acceleration by calculation

Fig. 9 shows the behavior of sliding droplets captured with a
high-speed camera. The area ratios are 1.4% (a) and 21% (b), and
the liquid volume was 10 pl. The measured distance was approxi-
mately 20 mm. The area ratios almost corresponded to the smallest
and the largest cases. The droplet at the area ratio of 1.4% was closer
to a true sphere, and the droplet at the area ratio of 21% was slightly
flat. The images suggest that the behavior of droplets was close to
just slipping with a sphere shape. In addition, the contact surface
of the droplet at the area ratio of 1.4% was small. Therefore, the
sliding acceleration was probably close to the acceleration without
friction (3350 mm/s2) (cf. Fig. 7(a)). Conventional studies reported
that the sliding mode was mainly caused when the static contact
angle was large, and then a uniform acceleration motion was gen-
erated [38,39]. Because the contact angle was more than 150° (cf.
Fig. 5(a)), the behavior of the droplet was considered to be almost
sliding.

Furmidge’s equation expresses the balance between the gravity
component of the droplet in the inclined direction and the capil-
lary force [44]. The latter approximately represents the friction of
the contact surface when the droplet moves on the slope. Carre’s
equation, Eq. (2), is derived from Furmidge’s equation by assum-
ing the contact surface is a circle [45]. As the assumption of Eq. (2),
resistance forces such as the moment when the droplet rotates,
the internal flow resistance due to viscosity, and air resistance are
ignored. For water-repellent surfaces, the contact surface is consid-
ered to be almost a circle. Therefore, Eq. (2) was used to compare
with the measurement in this work.

ma=mgsind—1/2 e mwy), er(cosOgr—cosba) (2)

where y |, is surface tension of liquid contacting with air
(72.8 mN/m), r is the contact radius, and 04 and 6y are the advanc-
ing and receding contact angles. In Eq. (2), the first term on the
right side is the component of gravity in the slope direction, and
the second term is the friction force. The contact area of the droplet

Table 3
Hysteresis and contact radius®.

Area ratio (%) Hysteresis 0,-6g (deg) Contact radius r (mm)

2.0 6.1 0.691
3.1 9.0 0.534
53 7.1 0.569
10 7.1 0.885
21 131 0.790

2 Droplet: water, 10 .l

in the experiment could be assumed to be almost a circle because
the droplet was almost spherical (cf. Fig. 9).

Fig. 10(a) shows the relationship between the area ratio and the
measured advancing and receding contact angles (droplet: 10 .l
(m=10 kg)). Variations of the angles are shown by the error bars.
The hysteresis and the contact radius are shown in Table 3. Because
the droplet was almost spherical, the hysteresis was a small value
less than 10°. The smaller area ratio roughly had a larger dynamic
contact angle and a smaller contact radius. Fig. 10(b) shows the
acceleration calculated by using Eq. (2). The figure indicates that as
the area ratio decreased, the acceleration increased. This was con-
sidered to be due to the increase in the dynamic contact angle (64,
Or) and the decrease in the contact radius (r) in Eq. (2). When the
area ratio was approximately less than 3%, the calculation almost
agreed with the measurement. This suggested that the behavior of
the droplet was almost sliding at the low area ratio. The difference
between them became large when the area ratio was large. The
fluctuation of the contact angle of the droplet became large due to
swaying of the droplet. The average value was used in Fig. 10. This
variation was considered to be main cause of the error.

3.3. Influence of hydrophobicity and hydrophilicity of substrate

Silicon (Si) substrate was used in the experiments. However,
glass and other materials are used for various applications. There-
fore, the static contact angle and sliding acceleration when the
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Fig. 11. Relationships between area ratio and contact angle when hydrophobic treatment was conducted (a). Droplet was not formed on the surface with hydrophilic

treatment (b): water spread on the surface.

Table 4
Processing conditions of hydrophobic and hydrophilic treatments.

Hydrophobic treatment: CF4 plasma?®
CF4 gas: 50 sccm

Power: 50 W

Hydrophilic treatment: O, plasma?
0, gas: 50 sccm

Power: 50 W

Pressure: 100 Pa
Processing time: 1 min.

Pressure: 100 Pa
Processing time: 1 min.

The contact angles of water droplets on a flat Si substrate were 110° (hydrophobic
treatment) and 8° (hydrophilic treatment).
a Apparatus: CPE-200A, SAKIGAKE-Semiconductor Co. (Japan).

hydrophobicity and hydrophilicity of the substrate changed were
investigated. Hydrophobic treatment using fluorine plasma and
hydrophilic treatment using oxygen plasma were performed to the
substrate. The processing conditions are shown in Table 4. The area
ratios of the substrates were 2% and 5.3%.

Fig. 11(a) show the static contact angles of the water droplet
(10 wl) on the substrate with the hydrophobic treatment (pho-
tograph: Fig. 11(b) (left)). The contact angle did not change
significantly. It was reported that using only the chemical treatment
to decrease surface energy did not realize a static contact angle
exceeding 115° [5,6]. Therefore, it was considered that the contact
angle did not increase much because the original contact angles
exceeded 150°. For the Si substrate without projection, the con-
tact angles were 110° (hydrophobic treatment) and 8° (hydrophilic
treatment) after the treatments. In addition, the change of the slid-
ing accelerations was also slight, as shown in Table 5.

On the other hand, for the substrates with the hydrophilic treat-
ment, the droplet could not be formed for both substrates because

Table 5

Acceleration in the case with and without hydrophobic treatment.
Area ratio (%) 2.0 53
No treatment (mm)/s?) 27322,2954P 2426, 2730
With treatment (mm/s?) 2898, 3015 2460, 2702
310 pl.
b 20l

the droplet was spread immediately, as shown in Fig. 11(b) (right).
Because this treatment was completed in a short time, it was impos-
sible to change the degree of hydrophilization. The contact angle of
the water droplets in a silicon substrate was approximately 65°.
When the material of a substrate has a smaller static contact angle,
the performance, as shown in Fig. 7(a), would decline. As a mea-
sure against this, it would be effective to provide the hydrophobic
treatment to the surface.

3.4. Influence of viscosity and surface tension of droplet

3.4.1. Viscosity

The sliding acceleration was examined when the viscosity and
the surface tension of the droplet were changed. The acceleration
was examined in the low area ratio less than 5.3% (cf. Fig. 7(a)). This
was to enhance the acceleration of the droplets with high viscosity
or low surface tension by optimizing the area ratio. The velocity of
the droplet was in the order of several m/s; therefore, the influence
of the viscosity was considered [33]. The specifications of the lig-
uid used are listed in Table 2. The concentration was changed in
glycerin and ethanol aqueous solutions.
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Fig. 12. Relationship between area ratio and static contact angle (a) and acceleration (b) when viscosity of liquid was varied (droplet: 10 .l).

Table 6
Forming a droplet on projection surfaces.

Surface tension Area ratio (%)

(mN/m) 14 20 25 30

51 or more o O O O
From 43 to 51 x O O O
43 x O O x

Fig. 12(a) shows the static contact angle and Fig. 12(b) shows
the relationship between the area ratio and sliding acceleration
of the droplets (10 wl) when viscosity was varied. Variations of
measured acceleration are indicated by the error bars. As the vis-
cosity increased, the contact angle and the acceleration decreased.
The decrease in acceleration against viscosity was roughly propor-
tional to approximately -0.10 power of viscosity. While the reason
why the acceleration decreased as the viscosity increased was not
fully clear, the flow resistance on the contact surface and inside the
droplet was considered to be one of the causes [33,42,43]. The rea-
son why the contact angle decreased with increasing viscosity was
also not clear, the adhesion to the projection due to the viscosity
might be affected.

3.4.2. Surface tension

As for surface tension, the droplets fell down between the pil-
lars at a small area ratio when the surface tension was sufficiently
small. When the surface tension was less than 51 mN/m (ethanol
aqueous solution more than 17 wt%), the droplet (10 1) fell down
between the pillars at an area ratio of 1.4% (pillar gap: 110 um).
When the surface tension was 43 mN/m (ethanol aqueous solution
of 43 wt%), the droplet (10 wl) spread on the pillar surface at an area
ratio of 30% (pillar gap: 12 pm). These statistics are summarized in
Table 6. In these experiments, the pillar size was 15 um square and
the substrate was placed horizontally. The lower limit of the surface
tension at which droplets are formed depends on the arearatio. The
lower the area ratio, the higher the limit. This was probably derived
from that the droplet surface could not hang between the pillars.
These characteristics are determined by the surface tension, the
Laplace pressure of the liquid, and the gravity of the droplet. When
the area ratio is 1.4%, the lower limit of the surface tension was
51 mN/m (cf. Table 2). When the surface tension of the droplet is
small, it is difficult to achieve an area ratio that is small enough. As
a measure against this, it would be effective to reduce the size of
the pillar to enhance the acceleration (cf. Fig. 8(b)).

Fig. 13(a) shows the contact angle and Fig. 13(b) shows the rela-
tionship between the area ratio and the acceleration of the droplets
(10 1) when the surface tension was varied. As the surface tension
decreased, the contact angle and the acceleration declined. The

decrease in acceleration was roughly proportional to the surface
tension at approximately 0.59 power. When the surface tension
was small, the shape of the droplet became flattened due to grav-
ity; the contact surface became large. In addition, it was expected
that the surface between the pillars was greatly deflected. These
might be the reasons for the decrease of the acceleration.

The cause of the decrease in the acceleration when the viscosity
and the surface tension are varied (cf. Figs. 12(b) and 13 (b), respec-
tively), was investigated based on the dynamic contact angle and
the contact radius. Fig. 14(a) and (b) show the dynamic contact
angle and the contact radius of a 50% aqueous glycerol solution
and a 5% ethanol aqueous solution (10 wl), respectively. In the pho-
tographs shown in Fig. 14(c) and (d), which show the behavior of
the droplets, both droplets were slightly flat during sliding (area
ratio: 5.3%). These figures suggest that the behavior of the droplet
was almost sliding. Fig. 14(a) and (b) show that the dynamic contact
angle decreased with an increase in the viscosity or a decrease in
the surface tension, respectively. The contact radius also increased.
These are also considered to affect the decrease in the acceleration,
based on the analogy presented in Fig. 10.

Fig. 12(b) and 13 (b) show that lowering the area ratio is useful
for increasing the sliding acceleration, even for a solution with a
high viscosity or low surface tension. A glycerin droplet (10 1) with
a high viscosity (viscosity: 1410 mPa-s, surface tension: 63 mN/m),
can slide down the surface with an area ratio of 5.3% (inclination
angle: 20°).

3.4.3. Further investigation of viscous droplets

For a droplet with high viscosity, the contact boundary between
the droplet and the substrate is no longer a circle, i.e., Carre’s equa-
tion (Eq. (2)) does not hold. Therefore, the equation of motion of a
viscous droplet is considered based on Carre’s equation. The resist-
ing force per unit length on the contact boundary of the droplet in
Carre’s model is expressed as follows [45].

1
f=35" (cosbk — cosba) = fr —fa

The dynamic contact angles 6 and 04 of the viscous droplet on
a slope depend on the angular position of ¢ in Fig. 15(a). Therefore,
the equation of motion of the droplet is considered to be Eq. (3).
The second and third terms on the right side of Eq. (3) represent
the movement direction component of the surface tension (y) on
the contact boundary.

g
ma = mg sinf — %y,,,( / / cosbrsingpdods
AB Jo

T
- / / cosBsingdpds)
c Jo
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where the variables are the same as Eq. (2). “sin ¢” of the second
and third terms on the right side is for obtaining the movement
direction component of the surface tension and the component is
summed by the integral (ds).

Equation (3) needs to grasp the accurate shape of the contact
boundary and the dynamic contact angles. However, because deter-
mining these is difficult, the following simple model was used to
discuss the experimental results of Fig. 14: the changes of contact

radius (r) and the contact angle () were examined. The acceler-
ation was calculated by substituting the above values to Carre’s
equation and the acceleration was compared with the measured
acceleration. Then which factor affected the error was examined.
The height of the glycerin 50% droplet (h;) was smaller than the
height of the water droplet (hg) (hy < hg, cf. Figs. 14(c)and 9 (a)). On
the other hand, the contact radius of the glycerin 50% droplet (r;)
was larger than that of the water droplet (rg) (r; > o). The contact
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Fig. 15. Model to calculate the resisting force acting on the contact boundary of the droplet (a) and the model for calculating the contact radius and the contact angle by

using a missing ball (b) and (c), respectively.

radius of ry can be calculated roughly by Eq. (4) from the volume
of the missing ball of Fig. 15(b), while this value represents a static
case.

V = (ho/6) x (312 + h3) = (7h1/6) x (313 + h2) )

The values of h and r of the droplets (10 ul) in Fig. 15(b)
were determined from Figs. 9 and 14: water droplet: hg =2.53 mm,
1o =0.6 mm; glycerin 50% droplet: h; =2.38 mm. The value of r of
the glycerin droplet was obtained as 0.87 mm. This almost coin-
cided with the result shown in Fig. 14(b).

The Reynolds number (Re = pV - r [ u, p: density, V: velocity, r:
contact radius, w: viscosity) was calculated to be approximately 26
for the glycerin 50% droplet of 10 wl (p: 1130kg/m3, V: 0.2 m/s (cf.
Fig. 6(b)), r: 0.86 x 1073 m (cf. Fig. 14), i =7.54 mPa- s (cf. Table 2)).
The reason for that the calculated contact radius almost coincided
with the measurement is probably due to the fact that the Reynold
number was small. Conventional studies have shown the contact
radius in the case of dropping the viscous droplet on the plane and
the contact radius increased approximately 1.15 times at the same
Reynold number [46-48]. That is, the change of the contact radius
was small.

The contact angle in the above case was obtained as 180 ° — 6
from the geometrical relationship in Fig. 15(c). The contact angle is
obtained as about 140 ° by using the measured values of r; and R,
of the glycerin 50% solution, 0.86 mm and 1.35 mm, respectively
(6 = sin"!(r; | Ry)). The measured values (cf. Fig. 14(a)) were a
slightly different (64 =139 ° and fg = 131°). It is because the change
of the contact angle due to the inclination of slope and the dynamic
behavior of the droplet is not taken into consideration. The dynamic
contact angle is expected to decrease due to the energy loss by vis-
cosity. However, the value of Weber number (We = pV2 - 1 [ y, y:
surface tension, cf. Table 2)) of the droplet was approximately 0.5.

According to this small Weber number, it is considered that large
deformation is suppressed [46-48].

By substituting the contact radius and contact angle
(ry=0.86mm, 6,=139 °, and Og=131°, cf. Fig.14 (a) and (b))
of the 50% glycerin droplet into Carre’s equation, the calculated
acceleration was approximately 2200 mmy/s2. This was 10 - 15%
larger than the measured value (1900 —2000 mm)/s?, cf. Fig. 12(b)).
This difference was considered to be due to the change of the
contact boundary by the effect of viscosity (Carre’s equation
assumes it as a circle). When the viscosity was high, the contact
boundary was expected as an ellipse when the droplet moved on
the slope. This effect enlarges the resisting force of the right side
of Eq. (2) because the contact boundary is enlarged as shown in
Fig. 15(d). The calculated acceleration roughly agreed with the
experimental result when the expansion factor (“c” in Eq. (2’)) was
1.15.

ma=mgsind—1/2 e mwy ,er(cosOr—cosba) e C 29

In the above estimation, the difference between the calculated
acceleration and the measured acceleration is considered to be due
to the shape of the contact boundary. To incorporate the accurate
shape of the contact boundary into Eq. (3) is considered to improve
the accuracy.

4. Conclusions

The sliding acceleration in the method of transporting liquid
droplets by inclined surfaces (20°) provided with fine projections
(area: 15 wm square, height: 20 wm) was investigated by intro-
ducing the area ratio of projections from 0.9% to 25%. The contact
angle of the water droplets on the projection surface was approx-
imately 155°. The sliding acceleration increased with the decrease
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in the area ratio. When the area ratio was 2% or less, it was close to
the theoretical sliding acceleration with no friction. When the area
ratio was less than 1%, the droplets fell down between the projec-
tions. When the area ratio was more than 21%, the acceleration was
greatly reduced. Therefore, the effective area ratio ranged from 1 to
15%. Because the droplet slide maintains an almost spherical shape
in the case of very low area ratio, the measured acceleration almost
corresponded with the acceleration calculated by using dynamic
contact angle. Lowering the area ratio was useful for increasing the
sliding acceleration, even for a solution with high viscosity or low
surface tension. It was apparent that the acceleration was almost
controlled by the area ratio of projection.
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