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Abstract - Droplet motion induced by external forces such as mechanical vibrations, shear flows or gravitational forces has a major
importance in many industrial applications. The present study introduces a setup for a tilting plane experiment, which enables
investigations of the droplet behaviour due to the balance between surface tension and gravitational force. Furthermore, droplet motion
measurements on a tilting acrylic glass surface are presented. The main aspect of this study is the influence of the droplet volume and the
angular velocity of the inclining plane on the droplet detachment. To quantify this influence, different moving regimes are detected and
specified. Further, flow maps due to the rotational velocity are obtained. The results show that the inclination angle needed to initiate
drop motions decreases when the droplet volume increases. In addition to that, the droplet motion is initiated at a smaller inclination
angle if the angular velocity decreases. This behaviour has no influence when rotational velocity increases above a certain threshold. The
study concludes that the detachment of water droplets on a tilting acrylic surface can be forced and amplified if either the droplet volume
is increased or the angular velocity of the surface is decreased.
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1. Introduction

The field of droplet movement research has been of great interest in recent years. The correlation between different
liquid properties and surface materials due to practical applications such as wetting and dewetting of both, hydrophilic and
hydrophobic surfaces, has been investigated in detail. For this purpose extensive analysis of droplets on an inclined or
inclining plane were carried out. This is done by measuring contact angles and sliding angles of moving droplets of different
sizes on versatile substrates. Table 1 shows an overview of the most recent publications in this field of research.

The first subdivided column of table 1 illustrates the major interests of the listed investigations. Three main effects
were explored for this purpose: the influence of the droplet volume on the critical slope angle, the dependency of the angular
rotational velocity on droplet motion and the change of droplet contour due to the inclination angle. Das et al. [1] investigated
the droplet motion of water on a proton-exchange-membrane fuel-cell gas-diffusion layer. In their experiment, they used a
modified automated goniometer for the measurement of contact angles and sliding angles of different water droplet sizes (5-
15ul). The droplets were placed using two injection methods (on the top and through the bottom of the substrate) and two
placement methods (placed on a horizontal surface and placed on a pre-tilted surface). The rotary motor operates with a
constant speed mostly between 0.5°/s and 1°/s. The authors used the results to calculate the adhesion force between the gas
diffusion layer surface and the droplets and came to the conclusion that for droplet volumes larger than 10l the sliding
angles are higher for droplets created on a horizontal surface than for droplets created on a pre-tilted surface. For small drops
the sliding angles are almost identical.

The second group of columns illustrates the methods of droplet placement which have been investigated. Droplets can
be placed horizontally, vertically, on a fixed pre-tilted surface or on a constant inclining surface. Quéré [2] used a tilted
surface with a fixed inclination for his investigations. He examined the case of a small contact angle hysteresis, for which
the drops are found to resemble spherical caps, despite the slope. Most of the experiments used an inclining plane apparatus.
In order to calculate the adhesion force for drops, Antonini et al. [3] developed an alternative method for the recording and
the analysis of the droplet shape on inclining surfaces. This method is based on the usage of multiple profile images of
droplets. In the experimental setup images of a droplet on an inclined surface are recorded by a camera, which rotates 180°
around the drop taking photographs at 10° steps. The images are used to accurately reconstruct the contact line shape and
the contact angle distribution along the contact line. This novel method also eliminates the problem of perspective error.

143-1



The columns headed “angular velocity” illustrate the rotational velocity of the tilting plate apparatus experiments.
Extrand and Kumagi [4] tilted the surface with an angular speed of 0.7 to 1°/s. The authors investigated the correlation
between the two different contact liquids - water and ethylene glycol - in relation to four polymers and silicon wafers. The
setup used four drop volumes between 36 and 116l for experiments on a rotatable plane apparatus. From the experimental
data the authors draw the conclusion that the hysteresis is closely tied to the chemical nature and that the roughness of the
surfaces has a negligible influence. Lv et al. [5] applied the highest angular speed with 1.5 °/s for all but for the present
investigation. The authors investigated the correlation between water droplets and pillar-structured hydrophobic surfaces.
For measurements with droplet volumes of 5, 10 and 15l they used a commercial contact angle meter. The droplets were
quasi-statically placed on the samples by an automatical micro syringe. The researchers observed that the onset of droplet
sliding under gravity on inclined pillar-structured hydrophobic surfaces always starts with detachment of the rear contact
line. The majority of investigated droplet volumes ranges from 1 to 50ul. Most of the investigations use hydrophobic
surfaces.

Within the scope of the present article we take a closer look onto the droplet motion behaviour on an inclining
hydrophilic acrylic glass substrate with different constant angular velocities. To the best knowledge of the authors, the
influence of the angular velocity on the droplet motion has not yet been investigated in detail. The experimental setup for the
investigation of a droplet motion on inclining surfaces is presented in the following chapter. We rely on the tilted plane
method in order to investigate the movement of drops due to the change of force balance between surface tension force of
the droplet and the gravitational force.

2. Experimental Setup

The scheme of the apparatus designed and realized within the scope of this study is shown in figure 1. The experimental
setup consists of three main parts: droplet generation and positioning, a tilting plate apparatus and an imaging system.

A micro syringe is used to generate water droplets of different sizes (5-30ul). The accuracy of the droplet generation
is verified by means of an analytical balance. The droplet weight is measured for twenty times for each investigated droplet
size. The results show a very good reproducibility of the droplet size with an average standard deviation of ¢ = 0.02pl. In
order to ensure repeatability in placement, the droplet is formed on the tip of the syringe and gently lowered to the acrylic
surface, which is placed on the tilting plate.

The tilting apparatus consists of the tilting plate, which is mounted to a tube. The tube is connected to a double stage
toothed belt drive with a gear reduction of 9:1. To tilt the acrylic plate with a constant rotational velocity, the gearing
mechanism is mechanically powered by a step motor. The step angle is 0.0072° and the rotational speed is reduced by an
internal reduction of 50:1. This setup makes it possible to realize very slow and very high angular velocities. Moreover, the
step motor is installed on a vibration absorbing plate, to lower the transfer of vibrations of the step motor to the water droplet.
Finally different rotational speeds of the tilting plate (5, 10, 20, 40, 50°/s) are realized and controlled by means of a
monitoring software.

The imaging system involves a high speed camera, a macro objective and a cold light illumination unit. As shown in
figure 1, the drop is positioned between the objective of the camera and the light source so that the drop is backlit. A diffuser
placed between the light source and the tube of the tilting apparatus ensures uniform illumination.

The apparatus has to be calibrated before the measurements can be conducted. The tilting plate needs to be aligned horizontal.
For each droplet size the position of the camera, the zoom level of the objective as well as the focusing onto the droplet have
to be varied such that the droplet, while it is tilted, is displayed in the centre of the photographs.

All measurements are conducted at equal ambient conditions, realized by an air conditioning system. In every
measurement the tilting plate is inclined from 0 to 90°. We measure six different droplet sizes (5, 10, 15, 20, 25, 30ul) and
every droplet size with four different constant rotational speeds (10, 20, 40, 50°/s). For the analysis it is important that an
adequate amount of photographs is taken. For this reason, the frame rate for the rotational speeds of 10 and 20°/s is set to
60fps and for 40 and 50°/s the framerate is set to 120fps.

This experimental setup allows the investigation of a droplet on an inclined surface with a wide range of different
angular velocities. Figure 2 shows the final experimental setup.
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Table 1: Overview of the recent literature on droplet motion on a tilted or tilting substrate.

interest droplet position angular velocity droplet volume
o | 2| = o | o
year |authors % é § E 3 g ‘?; 2l olelelE|E2 2
s185|®| |2lE]° o EIRE
S| 8| £ =
1994 | Extrand, Kumagai [6]
1994 | Shiiba et al. [7]
1997 |Extrand, Kumagai [4] .
1997 | Quéré [2] . .
1999 |Miwaetal. [8] . .
1999 | Erbil et al. [9] .
1999 |Richard et al. [10]
2002 |Yoshimitsuetal. [11] |e .
2003 | Marmur [12]
2003 | ElSherbini et al. [13]
2004 |Haetal. [14] . . .
2004 | Shirtcliffe et al. [15]
2004 | Krasovitski [16]
2005 |Martines etal. [17] . . .
2006 |Sakai et al. [18]
2007 |Cortese et al. [19] .
2008 |Pierce etal. [20] . . .
2008 |Hashimoto et al. [21] .
2008 | Xiuetal. [23] . .
2009 [ Antonini, et al. [3]
2010 |Lvetal. [5] . . .
2010 |Spori et al. [24] . .
2011 |Ruiz-Cabello [4]
2011 |Mertaniemi et al. [25] .
2012 |Dasetal. [1] . . .
2016 |Present study o e . .
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Fig. 1: Schematic experimental setup. ' Fig. 2: Experimental realization.

3. Results

We present the results of our study in terms of the critical tilting angle ocrit. This angle describes the instant when the
droplet motion is initialized due to the force imbalance between the surface tension force and the gravitational force. In all
subsequent experiments the droplet position is varied from the horizontal to the vertical position using different rotational
speeds.

3.1. Length development of the droplet

Figure 3 shows that the length development of a 20ul droplet on an inclining plane can be characterized into four
different moving regimes:

state O: static droplet state,

state 1: advancing motion state,

state 2: receding motion state,

state 3: droplet detachment.

For very small gravitational changes the initial droplet contour and therefore the static state is observed (state 0). In
the next regime, the receding end induces a reluctant behaviour of the droplet, whereas the enhancement of the inclination
angle leads to a motion of the advancing part. This results in an increasing droplet length (state 1). This behaviour is observed
as long as the gravitational force of the droplet and the force at the leading end is smaller than the retaining force at the rear
of the droplet. At the highest point of state 1 (~66°) a balance is reached between the gravitational force and the surface force
of the droplet. Afterwards the droplet behaviour reverses. The receding end starts to move and the advancing end holds of
the contact line. As a consequence, the droplet length is reduced (state 2). Before an explicit droplet movement (state 3) can
be detected, the droplet passes again through the first and the second regime (70-78°). Afterwards the droplet accelerates
downwards the inclining plane and the droplet length increases. This droplet motion (state line 1-2-1-2-3) is observed for
droplets of a volume between 20-30ul. For smaller droplets the droplet detachment cannot be detected due to the lack of
droplet mass.

Figure 4 shows the length development of a 30pl droplet on an inclining plane with an angular velocity of 20°/s.
Unlike to droplets with a volume between 20-30pl, the state line simplifies to 1-2-3. Moreover, the beginning of every state
occurs earlier due to a higher droplet mass. The complete droplet movement (state 3) starts at 55° and not at 75° as in figure
3. Hence, increasing the droplet volume leads to an earlier droplet detachment. Figure 5 shows the different regimes for a
30ul droplet. The first two images show the static state where the droplet contour does not change much. Compared to that
at an inclination of 40° the droplet length is increased. For a slope of 55° the droplet detachment is initialized and the droplet
motion is visualized for a tilting angle of 70°.
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Fig. 3: Length development of a 20pl droplet.

Fig. 5: Different droplet regimes for a 30ul droplet.

3.2. Flow map of the droplet

Figures 6 and 7 show the influence of the rotational speed on the regime transition. Droplets with a volume smaller
than 20l do not cross the transition from state 2 to state 3 by tilting the angle with 10°/s (figure 6). Thus, a droplet motion
is not detected here. For droplets smaller than 15ul only the static and advancing acceleration regime exists. Finally,
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increasing the droplet volume to 30pl leads to an earlier transition from state 1 to state 3.

Comparing these results with those presented in figure 7 it becomes evident, that all transition areas are shifted to a
higher inclination angle by increasing the angular velocity to 20°/s. This is due to the fact that the droplet has more time to
develop a stable position when the influence of the gravitational force is not increased too fast. For example, the droplet

detachment for a rotational speed of 20°/s occurs for a 20ul droplet at 78° instead of 66° for 10°/s.
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Fig. 6: Flow map for an angular velocity of 10°/s.
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Fig. 7: Flow map for an angular velocity of 20°/s.
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Increasing the rotational velocity to 40°/s and 50°/s (figure 8 and 9) confirms the observed results that the droplet
motion is again induced at a smaller inclination angles. The moving maps between 40°/s and 50°/s do not differ significantly.
For a 30pl droplet the transition regions occur at approximately 17°, 53° and 61° for both rotational velocities. Hence, for
angular velocities above a certain threshold, the droplet experiences a similar moving behaviour.
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Fig. 8: Flow map for an angular velocity of 40°/s. Fig. 9: Flow map for an angular velocity of 50°/s.

4. Conclusion

This study presents an experimental setup for the investigation of water droplet motion caused by the balance between
the surface tension force and the gravitational force. Furthermore, results of droplet motion measurements on an inclining
acrylic glass surfaces are documented. The inclination of the surface is realized by means of a step motor droplet motions
are visualized by a diffused back light in combination with a high-speed camera. The post-processing of the achieved images
uses an in-house code which is based on a grey-scale analysis of the images. The study aims at investigating the moving
behaviour of the droplet and determining the influence of the rotational speed of the surface on the droplet detachment point.

Inclination measurements at a constant rotational velocity but with different droplet volumes show that droplets
smaller than 30ul have a different detachment scheme than droplets with volume larger than 30ul. Small droplets (< 30ul)
iteratively traverse different moving regimes. At the beginning a motion at the advancing part is detected which is followed
by a motion at the receding part. Before the droplet detaches both regimes occur again. Larger droplets (volume > 30ul)
show a simpler moving scheme. The droplet length increases due to the movement of the advancing area and it decreases at
the receding part. For larger droplet volumes the transition from the static to dynamic state occurs at smaller inclination
angle.

Furthermore, the results clearly indicate that droplets smaller than 20ul do not detach from the surface. Above this
droplet volume an enhancement of the droplet volume leads to an earlier detachment. Decreasing the rotational speed results
also in an earlier droplet motion. The influence of the angular velocity reduces above a magnitude of 40°/s.

The experiments show that the influence of angular velocity on the initial droplet motion increases with higher droplet
volume. We therefore conclude that the detachment of water droplets on acrylic glass surfaces does increase significantly
when the droplet volume increases and the rotational velocity decreases.
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