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a b s t r a c t
Despite the signiﬁcant effort spent over the years to study wetting and dewetting phenomena of droplets
on solid substrates under applied forces, there are still many unresolved issues. To name a few, a concise
theory for the two dimensional contact line is missing. Also, a controversy has recently arisen for the effect
of droplet size on the tangential force required for the inception of sliding. It is clear that to resolve such
issues and to better understand the underlying processes a new generation of experimental techniques
and results are needed. In this spirit, a novel device, Kerberos, is proposed and constructed here. Kerberos
offers two major innovative features compared to prior techniques: (a) it allows simultaneous rotation
and tilting of the droplet supporting plate (these mechanisms have been employed separately in the
past) and (b) three Wi-Fi cameras (viewing the droplet from X–Y–Z directions) follow the rotation/tilting
motion. The above features permit on one hand the independent control of normal and tangential forces
applied to the droplet and, on the other, allow real time 3D impressions of the droplet shape. Indicative
results manifest the wealth of new experimental data accessible by Kerberos which were out of reach by
other techniques. The theoretical background of droplet behavior in the new device is discussed, making
assumptions that lead to closed form solutions. Such a model is useful for the design of experiments with
the new device.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
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http://dx.doi.org/10.1016/j.colsurfa.2016.07.079
0927-7757/© 2016 Elsevier B.V. All rights reserved.

Wetting behavior of liquids in contact with solid substrates
plays an important role in different industrial processes [1]. The
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applications where wetting properties are of interest span from
aviation and automotive industries to the production of waterproof
textiles [2–5]. In the common industrial cases that external forces
are employed to spread liquids on solid substrates the proper term
to describe the phenomenon is either forced wetting or spreading.
Both terms have been extensively used in literature [6,7]. The serious interest on the topic over the last decades has led to a great
number of experimental devices to characterize the wetting properties of liquid/solid systems and also shed light to the underlying
phenomena [8–12]. Nevertheless, a tool capable of investigating the
wetting and dewetting of simple and complex substrates driven by
controlled body forces is still lacking. This is indeed the motivation
behind the present work: to develop a device that combines meticulous control of external body forces acting on the liquid along with
accurate recording of wetting/dewetting behavior in all 3 dimensions.
In the absence of an external force, equilibrium forces acting on
a liquid droplet that rests on a solid surface are balanced, as deﬁned
by Young equation [13]:
sv = sl + lv cos 

(1)

where sv ,  sl and  lv are interfacial tensions between solid and
vapor, solid and liquid and liquid and vapor (gas), respectively, and
 is the equilibrium contact angle between the droplet and the solid
surface. In reality, Young’s contact angle is hard or often impossible
to measure, because of chemical and physical inhomogeneity of the
surface which can obscure the actual equilibrium between phases
yielding only a pseudo-equilibrium (immobility) of the interfaces.
Therefore, a droplet can have a contact angle anywhere between the
limits imposed by the advancing and receding contact angles. The
advancing contact angle,  a , is the angle observed during a wetting
process and the receding contact angle, r , is the angle observed
during a dewetting process. There are some arguments that the
above behavior can be observed even for perfectly smooth and
homogeneous surfaces as a consequence of the peculiar shape of
the Derjaguin isotherm in the partial wetting case [14]. As has been
reported in the past [15,16] but also in a recent review by Volpe and
Siboni [17], the measurement of contact angle by different methods, derives very different, and often contradictory, results. This
leads to the conjecture that simply measuring contact angles is
not sufﬁcient to deﬁne the wetting characteristics of a surface. The
above argument becomes more signiﬁcant when studying rough
and porous surfaces. In cases where an external force is acting on
a liquid, the actual contact angle is determined by a dynamic equilibrium that contains the external force in addition to interfacial
tensions. The onset of droplet motion is determined by the relation
of the actual contact angle to the advancing/receding ones.
Working on the problem where external forces are applied on a
droplet, different researchers came to similar results [18–20], that
can be generalized as:



F
= klv cos a − cos r
˛

(2)

where F is the external force necessary to move the droplet on a
surface, also known as retention force, ␣ is the droplet base radius
and k is a proportionality factor. The factor k has been calculated
or assumed by different groups to be within a wide range of values
[9,18,19,21], but all prior studies showed that the retention force
is directly proportional to the droplet base diameter, as expected
from Eq. (2). Most of the experimental work done in this area used
the well-known Tilting Plate (also called Tilting Table) method. A
droplet is deposited on a plane surface which is then tilted until
motion of the droplet is initiated. In this respect, advancing and
receding contact angles are the angles formed at the front and
rear parts of the droplet, respectively, just before it starts sliding.
Although those experiments gave some important results, the lim-
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itations of the Tilting Plate method cannot be overlooked. The force
that can be applied to the droplet is dictated by the volume (mass) of
the droplet and only relatively large droplets can be examined. The
intensity of the applied gravitational force on the droplet cannot be
controlled independently. In Tilting Plate experiments, the tangential component of the gravitational force is equal to the retention
force at the moment of sliding initiation, but the inﬂuence of the
normal force is neglected. Moreover, the ratio of the normal to the
tangential force can be varied only in a speciﬁc way as determined
by the tilting angle.
Realizing the limitations in the Tilting Plate technique, several groups attempted alternative approaches for applying external
forces to a droplet. Some of them applied centrifugal forces by placing a droplet on a rotating plate [9–11,22]. Extrand and Gent [9]
and Katoh and Higashine with [10,22] monitored a droplet with
a camera, which was ﬁxed outside the rotating plate, i.e., it was
not rotating together with the droplet. This conﬁguration allowed
droplet images only at one speciﬁc angular position at every revolution of the plate: when the droplet was in the focal plane of the
camera. Results were compared with previously mentioned theories about retention force (i.e. Eq. (2)), conﬁrming them. Apparently,
using a camera which is not rotating with the droplet gives only limited set of data during the experiment. Another big disadvantage of
these experiments is that tilting was not available simultaneously
with rotation. The only possible combination was using the gravity
force as a constant normal force and adjusting the centrifugal force
as a variable tangential force.
The combination of rotation and tilting is necessary to fulﬁll the
need for independent control of normal and tangential forces acting
on a droplet. This was attempted for the ﬁrst time by Tadmor et al.
[11] who developed a device −Centrifugal Adhesion Balance (CAB)capable of decoupling normal and tangential force components acting on a droplet. The device was furnished with a camera rotating
with a droplet. Yet, there is only one camera, which implies that it
is not possible to observe the change of the complete droplet shape.
In the relevant theoretical analysis [23] it is claimed that there is
no dependence of the retention force on the droplet base diameter. This claim is based on experimental results obtained by CAB,
and it is in contradiction with the experimental results of other
researchers. Interestingly, in a subsequent publication from this
group, [24], using CAB with graphene as solid substrate, the aforementioned claim, that there is no dependence of the retention force
on the droplet base diameter, is not conﬁrmed. Recently, the experimental work done by De la Madrid et al. [12], using a different
centrifugal setup, led once more to inconclusive results that also
cannot conﬁrm the claim of Tadmor and co-workers. Unfortunately,
the published work using CAB so far, is not adequate for determining the capacity of the device in resolving the problems met in
experimental and theoretical study of force wetting dynamics.
A centrifugal force apparatus has been developed by Karapantsios and co-workers [25] to characterize stickiness properties
of food pulps on solid walls e.g. inside spray driers. The development of the present centrifugal device is inspired by that work
keeping in perspective all problems and disagreements described
in literature. The proposed new device not only allows decoupling of normal and tangential forces, but also enables monitoring
the change in droplet shape as viewed from X-Y-Z axes (allowing
3D image reconstruction). An additional important feature of the
device is the possibility of controlling independently the temperature of the substrate, as well as the temperature and the relative
humidity of the surrounding air. Being capable of measuring not
just contact angles, but instead the full contact line of the droplet
and change in droplet symmetry, the new device offers a complete
picture regarding spreading phenomena over plain and complex
surfaces. This includes better understanding of characteristics like
advancing and receding contact angles, droplet equilibrium shape,
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Fig. 1. Acceleration component analysis: g–gravitational acceleration, gt and
gn –tangential and normal components of gravitational acceleration, respectively,
c–centrifugal acceleration, ct and cn –tangential and normal components of centrifugal acceleration respectively, ␦–angle of a sample inclination, a –advancing contact
angle, r –receding contact angle.

droplet shape evolution, onset of droplet motion, contour of contact area, force necessary for motion inception and ﬁrst stages of
motion. In order to plan experiments for the new device, a simpliﬁed 2D theoretical approach has been developed that can assess
these controversial matters. The name of the new device, Kerberos,
comes from the ancient Greek mythology. Kerberos was a three
headed dog-like creature monitoring the entrance activity into the
underworld. By analogy, the new device has three heads, each
equipped with a camera, which monitors the spreading activity of
a droplet onto an undersurface.
2. Principles of the technique
Basic principle of the technique is the independent control of
normal and tangential body forces acting on a droplet that lies on
a solid surface while monitoring the change of the droplet shape
and movement from three perpendicular axes (X-Y-Z in the Cartesian domain). The solid surface can be made to rotate and tilt
simultaneously. With the control of tilt angle and rotational speed,
gravitational and centrifugal forces are decomposed allowing the
independent control of tangential and normal forces acting on the
droplet. Fig. 1 shows acceleration component analysis. Accelerations that a droplet gains can be presented as:
at = gt − ct = g sinı + c cosı

(3)

an = gn − cn = g cos ı + c sin ı

(4)

where an is total normal, and at total tangential acceleration. In
addition, g and c are the gravitational and centrifugal acceleration,
respectively and ı is the plate angle (tilt). Centrifugal acceleration,
c = ω2 R, depends on angular velocity, ω = 2, and distance of the
droplet from the center of rotation, R, where  is the frequency of
rotation.
Tangential and normal forces are given as Ft = at ×  × V and
Fn = an ×  × V , respectively, where  is the density and V the volume of the liquid droplet. Any combination of these two forces is
possible, from at = c and an = g (droplet base normal to the axis
of rotation in either sessile or pendant conﬁguration) to at = g and
an = c (droplet base parallel to the axis of rotation with the droplet
peak either looking at the axis or opposite to the axis). Independent
control of these forces makes possible to identify the force necessary to slide the droplet on the surface (tangential body force) in
the presence of any normal force value.

Fig. 2. General view of Kerberos: 1a– permanent ﬂat Plexiglas covers, 1b–sliding ﬂat
Plexiglas cover acting as a front door, 2–rotary test unit, 3–tilting head, 4–small DC
motor for the control of the tilting head, 5–cylindrical Plexiglas glove box, 6–two
rubber gloves, ﬁxed for manipulation of a precision glass microliter syringe for
deposition of a liquid droplet on the sample surface, 7–battery pack for cameras,
8–electronics control box, 9–balancing system sliding radially 2 kg mass (balancer)
with DC control motor and a magnetic positioning sensor, 10–HMI touch screen
monitor, 11–AC motor coupled with a mechanical gear reducer, 12–main electronics control box, 13–power supply for controlling the Peltier element, 14–UPS,
15–polymeric base for UPS, 16–large emergency on/off button.

Adjustable parameters of the experiment are the rotation frequency, plate inclination, ı, droplet volume, air/solid temperature
and air relative humidity. Variables of the experiment are the surface morphology of the solid substrate and the type of liquid used
for the creation of the droplet.
3. Device description
Kerberos consists of a Rexroth® metallic frame with dimensions
150 × 104 × 85 cm inside which all mechanical and electronic parts
are installed, Fig. 2. The four legs of the frame are standing on
polymeric foam pads to absorb mechanical vibrations.
The metallic frame is separated in two parts, the upper and the
lower part. The upper part is from top, left and right side permanently enclosed by ﬂat Plexiglas covers for protection of the
operator during the experiments. The front side is furnished with
a sliding ﬂat Plexiglas cover acting as a door (open during tuning and loading, closed during operation). The back side (towards
the wall) is left open in order to easily perceive sounds inside the
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Fig. 3. Sample holder with other elements comprising the tilting head: 1–sample
(PTFE coupon running 75 × 13 × 3 mm) with a droplet on it, 2– micro-threaded rod,
3–metallic plate and Peltier element, 4–side view Wi-Fi camera, 5–back view Wi-Fi
camera, 6–top view Wi-Fi camera, 7–LED lights.

Fig. 4. General view of the rotary unit: 1–the tilting head; 2–micromanipulators for
positioning the cameras on the tilting head; 3–glass microliter syringe for deposition
of a droplet on the sample surface; 4–pulse encoder controlling tilting motion.

frame during operation, avoid pressure ﬂuctuations, facilitate heat
dissipation to the environment etc.
Inside the frame, a rotary test unit is mounted. It consists of an
aluminum frame, which can spin with its axis of rotation parallel
to the direction of gravity. On the one side of the aluminum frame
a sample (solid substrate) holder is ﬁxed, Fig. 3. The sample holder
can be adjusted to accept samples measuring from 40 × 10 × 2 mm
to 75 × 30 × 20 mm. The average radial distance away from the axis
of rotation is 24 cm. Two counter moving jaws, driven by a microthreaded rod, grasp the samples tightly on the holder. This allows
keeping stable on the holder any shape sample, e.g. square, disk,
oval etc. Samples rest on a thin metallic plate, which at its other
side is in direct contact with a Peltier element (PM-30 × 30-36,
Stonecold) and a T-type thermocouple (OMEGA) to control its temperature between −20 and 50 ◦ C. When the Peltier element is in use,
an air blowing system with ﬂexible tubes regulates the temperature
of the ﬁns at its opposite side.
The sample holder is ﬁxed together with three digital Wi-Fi
cameras (WCB-100A, BRICKOM) viewing the droplet on the solid
substrate from three different perpendicular axes (X-Y-Z in the
Cartesian domain), Fig. 3 and Fig. 4. These cameras offer focal length
from 1 cm to inﬁnity, adjustable shutter speed from 1/8 s to 1/2000 s
and frame rate of 15 FPS. Cameras are battery powered and are connected through a Wi-Fi network to a computer for control, real time
view and video recording. The exact position of all cameras can be
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ﬁne-tuned independently in the X, Y and Z axis by using micromanipulators. Lighting is provided by battery operated LED panels
(White Backlight Displays, Lucky Light Electronics). The exact position and inclination of these LED panels are also adjustable with
respect to the examined droplet. The operating software of the
cameras allows simultaneous monitoring and synchronization of
images. A ﬂash light is used as an additional means of setting a
common starting time in the recordings of the three cameras.
The sample holder, the three cameras, the LED panels and the
Peltier element along with their positioning mechanisms are all
ﬁxed together comprising the tilting head of the rotary unit, Fig. 4.
The tilting head is driven by a small DC motor (6–12 Gearmotor
HSINEN), Fig. 2, which allows tilting of the sample at an adjustable
rate around an axis normal to the main rotation axis. Tilting angles
can be as small as 0.1◦ up to a full circle of 360◦ . Thus, both sessile and pendant droplets can be examined. Tilting rates can be
varied between 0.1◦ /s and 5◦ /s. Tilting rates and tilting angles are
registered by a pulse encoder (Efector 400, RM3011, IFM), Fig. 4.
The tilting head, the small DC motor and the pulse encoder
are enclosed in a Plexiglas cylindrical box (length 38 cm, diameter
20 cm), Fig. 2. This box serves as a glove box inside which air relative humidity and air temperature are controlled. On the outer ﬂat
cover of the cylindrical box, two rubber gloves are ﬁxed for manipulating a precision glass microliter syringe (Hamilton) to deposit
a liquid droplet on the sample surface. The syringe is always kept
inside the glove box, initially during the thermal regulation period,
then for droplet deposition and later during rotation and tilting.
When not in use, it is attached ﬁrmly to a special support ﬁxed on
the aluminum frame. Air relative humidity and air temperature are
controlled by combining an ultrasonic atomizer with an air blower.
Temperature and humidity regulated air enters and exits the glove
box through two special ports at the inner ﬂat cover of the glove
box. The atomizer and the air blower are external auxiliary units
employed only before rotation. However, air relative humidity and
temperature are continuously monitored even during rotation by
sensors mounted on the inner ﬂat cover of the glove box.
On the other side of the aluminum frame, opposite to the glove
box, several items are placed, which beside their basic function,
serve also as counter weight to balance the overall unit and warrant its vibration free rotation, Fig. 2. Among these items is a battery
pack for the cameras and a small electronics control box. If during
rotation the tilting head is made to move then the center of mass
of the overall rotary unit changes. In this case, accurate balancing
is achieved automatically by a 2 kg metallic mass (balancer) that
slides smoothly along ﬂat roller bearings to the exact radial position which balances the overall unit. Sliding of the balancer is driven
by a separate DC motor (6–12 Gearmotor HSINEN) with the help of
a magnetic positioning sensor (LM12-3002PCT, Yumo) according
to a pre-calibrated displacement function. Inside the small control
box, a programmable logic controller (PLC1) (CPU 1214C, Siemens)
is housed, which is used for the control of the DC motor for tilting, the DC motor for sliding the balancer, the pulse encoder, the
Peltier element and for monitoring the readings of the thermocouple under the substrate. Power lines to operate the items in PLC1
are connected to outside stationary power supplies through a slipring (EC3848-10, MOOG) which accommodates 10 circuit lines and
can rotate up to 10,000 rpm without cooling. On the other hand,
measured voltages (corresponding to tilting angle, temperature,
speed or rotation, etc) are transmitted to the main PLC (PLC2 below)
wirelessly by a Wi-Fi signal.
The lower part of the device, Fig. 2, includes an AC motor (250 M,
Rossi) coupled with a mechanical gear reducer (NMVR 050, Motovario), which are both mounted stably at the bottom of the metallic
frame of the device. The AC motor drives the rotation of the rotary
unit at an adjustable speed between 1 rpm and 200 rpm, with a resolution of 0.1 rpm. This corresponds to a centrifugal force acting on
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Fig. 5. Snapshot of the HMI screen. Example of programmed experimental proﬁle in
the staggering rotation mode. On the Y-axis is rotation speed in RPM and on the Xaxis time in seconds. The vertical line scrolls along the proﬁle displaying the current
values of rotation speed and time.

the droplet between ∼0.0003 g and ∼11 g. Adjustment of the motor
speed is done through a phase inverter (G120P, Siemens).
Attached to the bottom of the metallic frame is also a large
electronics control box, inside which another programmable logic
controller (PLC2) (CPU 1212C, Siemens), the phase inverter of the
AC motor and a network router (SCALANCE XB005, Siemens) are
installed. The phase inverter is directly connected to PLC2. On
the top of the metallic frame, a Human Machine Interface touch
screen panel (HMI) (KTP700 Basic PN, Siemens), is mounted. Network router, PLC1, PLC2, HMI and pulse encoder comprise Kerberos’
internal communication network. PLC1 and PLC2 communicate
with HMI through the router. PLC1 communicates with the router
through wireless access point − client connection. In this way,
full control of Kerberos using only HMI is enabled. A power supply (PL155-P, Aim and Thurbly Thandar Instruments), ﬁxed on the
large control box is used to control the Peltier element.
The whole device is powered through an UPS (PW-4130 M
1300VA, Trust), which is placed next to the large control box on
top of an electrically insulated polymeric base. The UPS is meant
to allow controlled shut down of the device in case of voltage ﬂuctuations without jeopardizing the function of the device. As a risk
precaution when the unit rotates at high speed, a large emergency
on/off button is incorporated in the device, easily accessible by the
operator.
4. Experimental procedures and preliminary results
Main functions of Kerberos are rotation of the solid substrate
around a vertical axis and tilting of the solid substrate around a
horizontal axis. Both rotation and tilting can be operated in manual
mode and in several automatic modes.
Upon rotation, a centrifugal force is applied on the droplet
placed onto the sample (solid substrate) surface. Every experiment
begins with a very low rotation speed (1 rpm), in order to avoid
inertial forces acting on the droplet when it is suddenly set in
motion. After a quarter of a rotation (15 s), the selected experimental mode starts. Apart from the manual mode, the ramp mode and
the staggering mode are also available which are both automatic
modes based on prescribed scenarios. In all operating modes the
prescribed experimental proﬁle together with the current rotation
speed and time are displayed on the HMI panel, Fig. 5.
In the manual mode only a target rotation speed parameter is
required as an input to the HMI. This speed is reached at maximum
speed increase rate, 1.5 rpm/s. It is reminded that the rotation speed
can be adjusted between 1 rpm and 200 rpm, with a resolution of
0.1 rpm. This corresponds to a centrifugal force acting on the droplet
between ∼0.0003 g and ∼11 g. After the target speed is reached,

rotation continues at this speed until the experiment is manually
stopped. During manual mode, monitoring the droplet shape using
live view from the cameras, allows a ﬁrst estimation of the correlation between rotation speed and droplet shape evolution. This
permits a better deﬁnition of procedure steps in automatic modes,
such as values of rotation speed and speed increase rate, for investigating the conditions at which the droplet shape changes or when
droplet sliding starts.
The ramp mode requires input to the HMI of three parameters:
target rotation speed, ramp duration and constant speed duration.
Ramp duration is the time required for reaching the target rotation
speed starting from 1 rpm. This parameter essentially determines
the (constant) rate of increasing rotation speed until the target
speed is reached. Experiments at different ramp durations, but the
same target speed, give information about the inﬂuence of the history of the applied force on the spreading of the droplet. Constant
speed duration is the period during which the rotation is continued after the target (constant) speed is reached. Prolonged rotation
at constant speed allows, apart from checking for possible deviation from equilibrium, time to the operator to start tilting if so
required by the speciﬁc experimental design. Both ramp duration
and constant speed duration are deﬁned in seconds.
By combining cycles of two or more ramp modes, the staggering
mode is deﬁned. The number of cycles is currently set between 2
and to 20 cycles with the possibility each cycle to employ different
target speed, ramp duration and constant speed duration. Ramp
duration of every next cycle is the time required for speed to change
from the target speed of the previous cycle to the target speed of
the next cycle. Target speed of the next cycle can be either higher or
lower than the previous one. On Fig. 5, an example of a staggering
mode experimental proﬁle is presented on the HMI panel. Using
the staggering mode in identical repeating cycles permits checking
the theoretical assumptions that are presented in the next section.
All modes of tilting can be initiated at any moment of rotation.
Autonomous use of tilting alone is also possible. There are three
input parameters to the HMI for tilting. Namely, target tilting angle,
tilting rate and tilting direction. Tilting can be conducted in both
clockwise and counterclockwise directions; this can be signiﬁcant
when performed during rotation as it yields different magnitude
of the force components. It is reminded that tilting can reach up
to a full revolution (from 0◦ to 360◦ ), at tilting rates between from
0.1◦ /s to 5◦ /s. Resolution of the tilting angle parameter is 0.01◦ and
accuracy 0.1◦ . With a predeﬁned tilting rate and direction, an experiment can be operated manually. The instantaneous (current) value
of the tilting angle is displayed on the HMI panel in all times. In
automatic mode, a tilting experiment stops when the predeﬁned
tilting angle is reached. If an experiment is continued without zero
reset, the current angle is memorized as the inception angle for the
next experiment. Tilting angles are calibrated against an electronic
level device (2170-360, Insize).
During the course of any type of experiment videos are taken
using the above mentioned Wi-Fi cameras. From these videos,
frames are extracted and images are analyzed in post-processing.
Data about droplet shape evolution, droplet symmetry, advancing
and receding contact angles, pinning of the droplet, and change in
contact line are obtained from these images.
To access and conﬁrm the functionality of Kerberos, preliminary test experiments are conducted, using only rotation in manual
mode. Results from an experiment without tilting (gravity is the
only normal force) starting from an almost axisymmetric droplet
(water, V = 10 mm3 and initial contact angle = 53◦ ) is discussed here.
The rotation speed increases following a ramp up to 80 rpm. Representative images obtained from all three cameras before and after
droplet sliding are presented in Fig. 6. The variation of droplet size
before sliding is only marginal. It must be stressed that the experimental uncertainty in determining contact angles from the current
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Fig. 6. Representative images from an experiment without tilting (gravity is the only normal force) starting from an almost axisymmetric droplet of water (V = 10 mm3 ) on
PTFE substrate. The rotation speed increases following a ramp from 1 rpm to 80 rpm.

ries. Because detailed 3D computations are too cumbersome for
this purpose, a simpliﬁed analytical model is derived based on a
2D droplet shape and a linearized Young-Laplace equation. This
follows in the next section.

5. Analytical droplet model for experimental design
purposes

Fig. 7. Experimental results of the dependence of the front ( 1 , advancing) and rear
( 2 , receding) contact angles on the tangential Bond number (Vdroplet = 10 mm3 ).

images is ±2.5 ◦ (maximum discrepancy among repetitions) and
this is more due to image analysis rather than image quality. Work
is underway to develop custom software to cope with the demanding task of determining contact angles from the recorded images
combining local tangent lines with the total volume of the droplet.
The side contact angles (recorded by the camera at the back
of the droplet) are associated with intermediate points along the
periphery of the droplet and always reside between the values
of the rear (receding) and the front (advancing) angle. These side
angles are a decreasing function of Bo number (which is deﬁned
as in the following section) starting from 53◦ and reaching 46◦ .
The really essential information in this experiment is the evolution
of the front (advancing) angle  1 and the rear (receding) angle  2 .
The variation of these two angles with the Bo number is shown in
Fig. 7. The transition of the two angles from their initial value (corresponding to axisymmetry) to the advancing and receding values
respectively is clearly seen. It is apparent that for the present substrate (PTFE ASTM D 1710, Metal Samples)  a = 75◦ and  r = 42◦ .It
must be stressed that these are indicative preliminary data to show
only the capacity of Kerberos and by no means should be used to
assess the spreading of water on Teﬂon.
For designing the experiment it is necessary to develop a tool
for fast assessment of the experimentally applied force trajecto-

A simpliﬁed analysis of the behavior of a droplet in Kerberos
device is performed. The analysis is based on the simplest possible
mathematical case. However it permits the demonstration of the
parametric dependence of the problem and serves as a roadmap
for the foreseen experimental results and for the design of experimental strategies.
The ﬁrst major assumption is that the droplet is planar twodimensional. A large part of the work with droplets on tilted plates
has been based on this assumption [26]. In the particular case of
sliding droplets the two-dimensionality assumption concerns the
majority of literature work [27,28]. There have been also arguments
that the contact line of actual droplets can be assumed having an
oval shape, so a 2-dimensional planar geometry is more than a qualitative representation of the real situation [19,29]. Nevertheless, the
qualitative description of the actual case is enough for the purpose
of the present study.
The second major assumption employed here refers to the linearization of the curvature term in the Young-Laplace equation.
This linearization implies small slope of the droplet shape (thin
droplets). This particular assumption has been used extensively
in literature for the simulation of droplet spreading or sliding (in
conjunction to the lubrication approximation) even for non-thin
droplets [28]. It is noted that such an approach is more accurate
for small contact angles and certainly can be considered acceptable for hydrophilic liquids (contact angle less than 90◦ ). The major
advantage of the droplet model resulting from the above assumptions is that it allows an analytical manipulation. It is actually the
only model offering this convenience while retaining the essential
physics of the original problem.
The two simplest cases of a horizontal solid substrate (normal
to the rotation axis; only tangential body force) and a vertical solid
substrate (parallel to the rotation axis; only normal body force) are
studied separately. The shape of the droplet is denoted as f(x),x is
the coordinate along the basis of the droplet and  is the surface
tension of the liquid (termed  lv in Eq. (1)). The linearized curvature
is just the (negative) second order derivative of f with respect to x
[30].
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5.1. Normal body force
The Young-Laplace equation in case of the vertical plate for a
sessile droplet takes the form:
2

−

∂ f
= Po − Rω2 f
∂x2

(5)

where R is the distance of the droplet center (at x = 0) to the axis
of rotation, ω is the angular velocity of rotation and  is the liquid
density. The variable Po is related to the static pressure at the position x = 0 and it has to be determined from volume constraint and
boundary conditions [10]. The problem has not an intrinsic characteristic length (in general the droplet radius is unknown) so usually
the capillary length is used for non-dimensionalization. It is found
more convenient to use as characteristic length a size scale relevant
to the actual one instead of the capillary length. This choice in the
present work is L = 1 mm.
The non-dimensionalized problem has the form:
2

−

∂ f
= G − Bof
∂ x2

(6)

where f and x are both normalized by L (we kept the same symbols for clarity) and G = Po L/, Bo = ω2 RL2 /. It is noted that the
parameter A equals to Bo0.5 where Bo is the so-called Bond number
expressing the ratio of the force deforming the droplet to the force
resisting to the deformation (gravity and surface tension respectively in the present case). The Eq. (6) is a second order linear
ordinary differential equation and its solution is the superposition
of the homogeneous and of the particular solution:
f = c1 e−Ax + c2 eAx +

G
A2

(7)

where c1 , c2 and G are constants that have to be determined. The
requirement of symmetric drop shape leads to c1 = c2 = c. Let us
denote as ˛ the normalized drop radius (i.e. radius in mm). The
following conditions must be obeyed by f: f = 0 and − ∂f = tan() at
∂x
x = ˛ where  is the contact angle between drop and plate. Replacing
the Eq. (7) in the above conditions, solving the resulting system for
constants c and G and replacing back in (7) leads to the following
form of the drop shape:
f=

tan()
(−eAx − e−Ax + eA␣ + e−A␣ )
A(eA␣ − e−A␣ )

(8)

The total normalized droplet volume V (i.e. two dimensional
volume in mm2 ) can be found from the relation

˛
V=2

fdx

(9)

0

Substituting Eq. (8) in Eq. (9) and performing appropriate algebra leads to:
V
1
˛(eA˛ + e−A˛ )
=− 2 +
A˛ − e−A˛ )
2 tan()
A(e
A

(10)

Eq. (10) is a compatibility condition connecting droplet radius
˛, droplet volume V, contact angle  and parameter A (or equivalent
Bond number which is equal to A2 ). This equation can be used in
several ways. The more evident is to determine one of the parameters ˛, V, , A, knowing the values of the other three. It is noted
that in the particular case of parameter , any realizable solution
requires  r ≤ ≤ a where  r ,  a are the receding and advancing
contact angles, respectively. Apart from single relations between
variables the above equation can also reveal the history dependent
droplet behavior. This behavior is associated with the contact angle
hysteresis (difference between  r and  a ).

Fig. 8. Variation of droplet basis radius
 r = 40◦ , Veq = 16 mm3 , normal body force).

˛

with

Bo

( 0 = 45◦ , a = 60◦ ,

In order to understand the droplet behavior with respect to
Bo an experiment with a droplet volume 5 mm2 is assumed. An
equivalent three dimensional volume Veq is introduced to allow
comparison with the experimental data. The relation between
volumes V and Veq results from axisymmetry assumption and it
is Veq = 3V˛/8. The droplet shape for a given Bo is completely
described (i.e. using Eq. (8)) by its two geometric parameters: basis
radius ˛ and contact angle . The advancing and receding contact
angles are  a = 60◦ and  r = 40◦ , respectively. The actual contact
angle can be anywhere between these two values. Initially it is
assumed that the Bond number is zero (in the absence of centrifugal acceleration) and the contact angle is  0 = 45◦ . Then the Bo
number starts to undergo cycles from 0 to 5 and vice versa. This is
achieved by increasing and decreasing the rotation speed. The procedure is considered slow enough to ensure that the quasi-static
approach is valid. The evolution of droplet basis radius and contact
angle is shown in Figs. 8 and 9, respectively. At ﬁrst there is an initial transient. The contact angle increases keeping ␣ constant up to
= a . Then the droplet spreads (increasing ˛) while keeping = r . At
some point the initial transient enters a limiting cycle consisting of
an advancing (spreading) and a receding (retracting) branch. Both
branches consist of a constant angle and a constant radius clone.
The limiting cycle depends only on V,  a and  r whereas the initial
transient depends also on the initial state of the system. If the initial state is in the limiting cycle (e.g. Bo = 0,  0 =  r ) the system will
never leave this cycle. In any other case, an initial transient appears
transferring the system from its initial state to the limiting cycle.
5.2. Tangential body force
The next case is that of a solid substrate lying normal to the rotation axis. The normal force to the droplet will be ignored here and
focus is given to the tangential force. It is stressed that omitting
the normal force here (i.e. Bo = 0 case of the previous arrangement)
does not correspond to exotic conditions (e.g. microgravity). It can
be shown that for the droplets of volume and contact angle examined here the normal force can be safely ignored (at least for water)
even under terrestrial gravitation. In the case of the previous section
with the vertical arrangement of the solid substrate the invariant
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Fig. 9. Variation of droplet contact angle  with Bo ( 0 = 45◦ ,  a = 60◦ ,
 r = 40◦ , Veq = 16 mm3 , normal body force).

point during variation of normal force is the center of the droplet
so this was the choice for deﬁning x = 0. In the present case of tangential force, the invariant point is the edge of the droplet in the
direction opposite to the applied force. In the case of a tangential
force directed away from the axis of rotation, e.g., right edge, the
choice for x = 0 is the edge of the droplet close to the axis of rotation,
e.g., left edge.
The Young-Laplace equation in this case takes the form (Bo refers
to tangential force now, but it is still given by the same relation as
before):
2

∂ f
= −G − Box
∂x2

(11)

Integrating both sides of the equation twice leads to:
f = −Bo

x3
x2
−G
+ c1 x + c2
6
2

(12)

where c1 and c2 are undetermined constants. The droplet length
is denoted as ˇ. Requiring that f(0) = f(ˇ) = 0 and substituting Eq.
(12) into these conditions leads to c2 = 0, c1 = Boˇ2 /6 + Gˇ/2. In order
to replace the undetermined constant G with the directly measurable contact angle  1 at the right edge, the following condition
is employed − ∂f = tan(1 ) at x = ˇ. Performing the corresponding
∂x
algebra results in:
2
2 tan()
− Boˇ
3
ˇ

(13)

c1 = tan() − Boˇ2 /6

(14)

G=

ˇ
The next step is to apply the volume constraint V =

fdxin
0

order to ﬁnd the ﬁnal compatibility condition for the case of tangential force:
V = −Bo

ˇ4
ˇ2
ˇ2
ˇ3 2 tan(1 )
2
−
(
(tan(1 ) − Bo
)
− Boˇ) +
24
6
3
2
6
ˇ

(15)

45

Fig. 10. Variation of droplet contact angles  1 ,  2 and of droplet length ˇ with Bo
( 0 = 60◦ ,  a = 60◦ ,  r = 40◦ , Veq = 12 mm3 , tangential body force, initial transient).

The contact angle at the invariant left droplet edge is denoted
as  2 and it is computed from the relation ∂f = tan(2 ) at x = 0 as:
∂x

2 = tan−1 (tan(1 ) − Boˇ2 /6)

(16)

Further on, a symmetric droplet with V = 5 mm2 and Bo = 0
with the same advancing and receding contact angles as before
is assumed. Then Bo starts ﬁrst to increase and subsequently to
decrease in a periodic fashion between values 0 and Boc , the latter
being the critical Bo value for sliding. The initial contact angle  0
equal to the advancing contact angle of 60◦ is also assumed. The
evolution of  1 ,  2 and ˇ from the initial state to the onset of sliding
(Boc = 0.23 for the particular case examined here) is shown in Fig. 10.
As Bo increases  1 remains constant, ˇ increases and  2 decreases.
The condition for sliding is  2 =  r . So when  2 reaches the value of
40◦ , stability is lost and sliding occurs. The sliding condition does
not depend on droplet history so the sliding onset parameters (Boc ,
ˇc ) can be found directly from the system of Eqs. (15) and (16)
by ﬁxing the following angle values  1 =  a ,  2 =  r . After the ﬁrst
branch from Bo = 0 to Boc the system enters a limiting cycle. During this cycle the droplet length remains constant and equal to ˇc
whereas  1 oscillates steadily between  m and  a (for  1 ) and  m
and  r (for  2 ). There is no hysteresis in the case of tangential force.
The trajectories followed by the angles are the same for Bo increasing or decreasing. These two trajectories for the particular example
studied here are shown in Fig. 11. Of particular interest is the value
 m (equal to 52◦ for the present example) acquired from both  1 and
 2 when the droplet gets a symmetric shape every time it reaches
Bo = 0.
In brief, the system undergoes an initial transient for the ﬁrst
branch of Bo numbers and then enters a limiting cycle with constant
droplet size and oscillating contact angles. The initial transient for
 0 different from  a is analyzed for the case for which results have
been already presented. In case of  0 larger than  m the following
behavior is observed as Bo increases in the initial branch: At ﬁrst,
 1 increases up to  a keeping ˇ constant and with  2 decreasing.
Then ˇ increases keeping  1 =  a and having  2 decreasing down to
the sliding point. In case of  0 smaller than  m the droplet behavior is the following: At ﬁrst,  1 increases keeping ˇ constant until
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The present experimental set up renders appropriate the use of
two Bond numbers from both experimental and theoretical point
of view. The practical operation of the experimental devise leads
to speciﬁc trajectories in the phase plane of the two Bo numbers.
From the above analysis of droplet behavior having one Bo equal
to zero is evident how complex may be the situation when both
Bo vary simultaneously. This is the reason why simpliﬁed models
like the present one are important for the design of experimental
procedures on the base of anticipated droplet behavior.
5.3. Effect of body force variation in the droplet

Fig. 11. Variation of droplet contact angles  1 ,  2 with Bo ( 0 = 60◦ ,  a = 60◦ ,
 r = 40◦ , Veq = 12 mm3 , tangential body force, steady cycles).

A characteristic feature of the methodology used to create the
body force is the force variation inside the droplet. The centrifugal force is a linear function of the distance from the rotation axis.
The previous analysis is based on the assumption that the droplet
size is much smaller than the distance from the axis so the force
can be assumed uniform across the droplet. The effect of force
non-uniformity depends on droplet orientation and it is larger in
case of tangential force since the length of droplet is larger than its
height for droplets of interest in the present work. Thus, the worst
case of tangential force is examined here using a model similar to
those used above. Assuming that R is the distance from the axis
of rotation to the left edge of the droplet (invariant point for this
orientation) the governing equation considering the variation of
centrifugal force is:

2

2

f (mm)



1.5

(17)

Applying the usual non-dimensionalization employing L the
above equation is transformed to:

1

Bo=0
Bo=0.15
Bo=0.2
Bo=0.23

0.5
0

1
∂ f
= −Po − Rω2 x − ω2 x2
2
∂ x2

0

1

2

x (mm)

3

2

∂ f
= −G − Box − DBox2
∂ x2
4

Fig. 12. Droplet shape for several values of Bo ( 0 = 60◦ ,
 r = 40◦ , Veq = 12 mm3 , tangential body force, initial transient).

5
 a = 60◦ ,

the condition  2 =  r is reached. Then  2 remains constant and both
ˇ and  a increase up to the sliding point. The variation of droplet
shape with tangential force for the initial transient of the presented
example is shown in Fig. 12. It is noted that the deformation of
the droplet between Bo = 0 and Boc is limited. This is because the
stability is mainly related to the contact angles which change considerably even for small variation of the droplet shape. According
to Fig. 12, for Bo = 0.15 the length of the droplet is the same with the
initial (Bo = 0) one. For larger Bo values the length increases up to the
sliding value (shown for Bo = Boc = 0.23). The sensitivity of droplet
shape on Bo increases as Bo reaches its critical value. In general,
the droplet trajectory for arbitrary variation of a tangential force
can be constructed by using Eqs. (15) and (16). Comparing Fig. 11
and Fig. 7 a qualitative agreement between theory and experiment arises (considering that the conditions are not completely
the same). This level of agreement is enough for the purpose of the
present model (design of experiments). More elaborate models will
be constructed for the purpose of analyzing the experimental data.
In the general case the system will have two independent Bo
numbers, BoN and BoT namely, referring to normal and tangential
body force. As stated in [31], the use of two different Bond numbers
is the best choice for the general theoretical analysis. Nevertheless, the Tilting Plate experimental set up suggests the replacement
of the two Bond numbers by one Bond number and tilting angle.

(18)

where the parameters G and Bo have been already deﬁned and the
parameter D = 0.5L/R determines the effect of ﬁeld non-uniformity.
The scope here is to identify the effect of parameter D on droplet
shape so the mathematical problem is not solved for speciﬁc contact angle as before but the length ˇ found previously for D = 0 will
be assumed ﬁxed and the variation of droplet shape with D will be
examined.
Eq. (18) is integrated twice and then the boundary conditions
f(0) = f(ˇ) = 0 are applied in order to ﬁnd the integration constants.
The result is:
f=

−BoD 4
Bo 3
(x − ˇ3 x) −
(x − ˇ2 x) − G(x2 − ˇx)
12
6

(19)

By employing the requirement for dimensionless volume V the
value of G can be found as:
G=

6
BoD 5 Bo 4
(V −
ˇ −
ˇ )
40
24
ˇ3

(20)

The droplet of the previous section is used as reference point
for assessing the effect of D. The state of maximum deformation
(i.e. prior to sliding Bo = Boc ) where the effect of non-uniform force
is expected to be maximum, is considered. The droplet shape for
R = 10 cm (practically indistinguishable for any R > 10 cm) and for
R = 1 cm is shown in Fig. 13. It is noted that even for a droplet with
length equal to the half of the distance from the rotation axis, the
droplet shape variation is hardly detectable. More important than
the droplet shape effect is the effect of D on the contact angles and
especially on the left edge angle  2 which determines the sliding
condition. The effect of R on  2 is shown in Fig. 14. It is reminded
that for D = 0 (i.e. R goes to inﬁnity) the value of  2 is equal to 40◦ .
As R decreases this value decreases too. Even for R = 10 cm there is a
deviation from the asymptotic value of 40◦ . A simple modiﬁcation
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Fig. 13. Effect of distance Ron droplet shape at the sliding conditions ( 0 = 60◦ ,
 a = 60◦ ,  r = 40◦ , Veq = 12 mm3 , Bo = 0.23, tangential body force).
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small droplets along with continuous wireless recording of droplet
shape in 3D. Rotation and tilting is performed around two perpendicular not intersecting axes. The new device permits independent
control of the tangential and normal components of the applied
force. It is expected that this feature will lead to a wealth of prototype experimental results that will allow a better fundamental
understanding of droplet adhesion, spreading and sliding. A supporting theoretical model for the equilibrium droplet shape has
been developed. The model is based on a linearized two dimensional approximation and is actually the only one capable of giving
closed form results. Results for the two extremes of only normal
and only tangential forces are presented. This type of simpliﬁed
model is important in the design of experiments since the device
enforces a trajectory to the droplet through the phase space of
components of the applied force. Preliminary experimental results
show a qualitative agreement between theory and experiments.
More sophisticated three dimensional models are needed in order
to extract quantitative information from the experimental data.
Work is underway.
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 a = 60◦ ,  r = 40◦ , Veq = 12 mm3 , Bo = 0.23, tangential body force).

of the uniform force approximation is to multiply R by the factor
(1 + 0.5ˇ/R) which corresponds to computing the force not at the
edge but to an (approximated) middle of the droplet. The result of
such an approach for  2 is also shown in Fig. 14 and is proved to
be extremely accurate up to R = 4 cm. In addition, the error in angle
is much smaller than 1◦ even for R = 1 cm. The practical results of
this analysis can be summarized in the following statement: The
linear variation of the body force has absolutely no effect on droplet
behavior for any droplet length smaller that 10% of the distance
from the axis of rotation provided that a proper estimation of the
average force has been made.
6. Conclusions
In the present work a new device, Kerberos, is introduced which
allows simultaneous rotation and tilting of the supporting plate of

[1] H.B. Eral, D.J.C.M. ’t Mannetje, J.M. Oh, Contact angle hysteresis: a review of
fundamentals and applications, Colloid. Polym. Sci. 291 (2013) 247–260,
http://dx.doi.org/10.1007/s00396-012-2796-6.
[2] A. Dotan, H. Dodiuk, C. Laforte, S. Kenig, The relationship between water
wetting and ice adhesion, J. Adhes. Sci. Technol. 23 (2009) 1907–1915, http://
dx.doi.org/10.1163/016942409 × 12510925843078.
[3] R.J. Hansman, M.F. Barsotti, Surface wetting effects on a laminar ﬂow airfoil in
simulated heavyrain, J. Aircr. 22 (1985) 1049–1053, http://dx.doi.org/10.
2514/3.45248.
[4] K. Grundke, K. Pöschel, A. Synytska, R. Frenzel, A. Drechsler, M. Nitschke, A.L.
Cordeiro, P. Uhlmann, P.B. Welzel, Experimental studies of contact angle
hysteresis phenomena on polymer surfaces—toward the understanding and
control of wettability for different applications, Adv. Colloid Interface Sci. 222
(2015) 350–376, http://dx.doi.org/10.1016/j.cis.2014.10.012.
[5] J. Drelich, A. Marmur, Physics and applications of superhydroplethobic and
superhydroplethilic surfaces and coatings, Surf. Innov. 2 (2014) 211–227,
http://dx.doi.org/10.1680/si.13.00017.
[6] D. Bonn, J. Eggers, J. Indekeu, J. Meunier, E. Rolley, Wetting and spreading, Rev.
Mod. Phys. 81 (2009) 739–805, http://dx.doi.org/10.1103/RevModPhys.81.
739.
[7] R. Holdich, V.M. Starov, P. Prokopovich, D.O. Njobuenwu, R.G. Rubio, S.
Zhdanov, M.G. Velarde, Spreading of liquid drops from a liquid source, Colloid
Surf. A 282–283 (2006) 247–255, http://dx.doi.org/10.1016/j.colsurfa.2005.
11.023.
[8] G. Macdougall, C. Ockrent, Surface energy relations in liquid/solid systems. I.
The adhesion of liquids to solids and a new method of determining the
surface tension of liquids, Proc. R. Soc. London Math. Phys. Eng. Sci. 180
(1942) 151–173, http://dx.doi.org/10.1098/rspa.1942.0031.
[9] C.W. Extrand, A.N. Gent, Retention of liquid droplets by solid surfaces, J.
Colloid Interface Sci. 138 (1990) 431–442, http://dx.doi.org/10.1016/00219797(90)90225-D.
[10] M. Higashine, K. Katoh, T. Wakimoto, T. Azuma, Proﬁles of liquid droplets on
solid plates in gravitational and centrifugal ﬁelds, J. Jpn. Soc. Exp. Mech. 8
(2008) s49–s54, http://dx.doi.org/10.11395/jjsem.8.s49.
[11] R. Tadmor, P. Bahadur, A. Leh, H.E. N’guessan, R. Jaini, L. Dang, Measurement
of lateral adhesion forces at the interface between a liquid droplet and a
substrate, Phys. Rev. Lett. 103 (2009), http://dx.doi.org/10.1103/PhysRevLett.
103.266101 (266101).
[12] R. de la Madrid, T. Whitehead, G.M. Irwin, Comparison of the lateral retention
forces on sessile and pendant water droplets on a solid surface, Am. J. Phys. 83
(2015) 531–538, http://dx.doi.org/10.1119/1.4906413.
[13] T. Young, An essay on the cohesion of ﬂuids, Philos. Trans. R. Soc. London 95
(1805) 65–87, http://dx.doi.org/10.1098/rstl.1805.0005.

48

S.P. Evgenidis et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 521 (2017) 38–48

[14] V.M. Starov, M.G. Velarde, Surface forces and wetting phenomena, J. Phys.:
Condens. Matter 21 (2009) 11, http://dx.doi.org/10.1088/0953-8984/21/46/
464121 (464121).
[15] A.F. Stalder, G. Kulik, D. Sage, L. Barbieri, P. Hoffmann, A snake-based
approach to accurate determination of both contact points and contact
angles, Colloids Surf. Physicochem. Eng. Asp. 286 (2006) 92–103, http://dx.
doi.org/10.1016/j.colsurfa.2006.03.008.
[16] P.G. Pittoni, C.-H. Lin, T.-S. Yu, S.-Y. Lin, On the uniqueness of the receding
contact angle: effects of substrate roughness and humidity on evaporation of
water droplets, Langmuir 30 (2014) 9346–9354, http://dx.doi.org/10.1021/
la501455d.
[17] C.D. Volpe, S. Siboni, Use abuse, misuse and proper use of contact angles: a
critical review, Rev. Adhes. Adhes. 3 (2015) 365–385, http://dx.doi.org/10.
7569/RAA.2015.097310.
[18] C.G.L. Furmidge, Studies at phase interfaces. I. The sliding of liquid droplets on
solid surfaces and a theory for spray retention, J. Colloid Sci. 17 (1962)
309–324, http://dx.doi.org/10.1016/0095-8522(62)90011-9.
[19] E.B. Dussan V, R.T.-P. Chow, On the ability of droplets or bubbles to stick to
non-horizontal surfaces of solids, J. Fluid Mech. 137 (1983) 1–29.
[20] R.A. Brown, F.M. Orr, L.E. Scriven, Static droplet on an inclined plate: analysis
by the ﬁnite element method, J. Colloid Interface Sci. 73 (1980) 76–87, http://
dx.doi.org/10.1016/0021-9797(80)90124-1.
[21] A.I. ElSherbini, A.M. Jacobi, Liquid droplets on vertical and inclined surfaces: i.
An experimental study of droplet geometry, J. Colloid Interface Sci. 273 (2004)
556–565, http://dx.doi.org/10.1016/j.jcis.2003.12.067.
[22] K. Katoh, M. Higashine, T. Wakimoto, R. Masuda, On the sliding and proﬁle of
a liquid dropletlet on a rotating disk, Heat Transf. Asian Res. (2009), http://dx.
doi.org/10.1002/htj.20276 (n/a-n/a.).

[23] R. Tadmor, Line energy and the relation between advancing, receding, and
young contact angles, Langmuir 20 (2004) 7659–7664, http://dx.doi.org/10.
1021/la049410h.
[24] H.E. N’guessan, A. Leh, P. Cox, P. Bahadur, R. Tadmor, P. Patra, R. Vajtai, P.M.
Ajayan, P. Wasnik, Water tribology on graphene, Nat. Commun. 3 (2012)
1242, http://dx.doi.org/10.1038/ncomms2247.
[25] A.M. Goula, T.D. Karapantsios, K.G. Adamopoulos, An advanced centrifugal
technique to characterize the sticking properties of tomato pulp during
drying, Dry Technol. 25 (2007) 599–607, http://dx.doi.org/10.1080/
07373930701227151.
[26] B. Krasovitski, A. Marmur, Droplets down the hill: theoretical study of
limiting contact angles and the hysteresis range on a tilted plate, Langmuir 21
(2005) 3881–3885, http://dx.doi.org/10.1021/la0474565.
[27] L.M. Hocking, Sliding and spreading of thin two-dimensional droplets, Q. J.
Mech. Appl. Math. 34 (1981) 37–55.
[28] G. Karapetsas, K.C. Sahu, O.K. Matar, Effect of contact line dynamics on the
thermocapillary motion of a dropletlet on an inclined plate, Langmuir 29
(2013) 8892–8906, http://dx.doi.org/10.1021/la4014027.
[29] J.J. Bikerman, Sliding of droplets from surfaces of different roughnesses, J.
Colloid Sci. 5 (1950) 349–359, http://dx.doi.org/10.1016/00958522(50)90059-6.
[30] C. Pozrikidis, Introduction to Theoretical and Computational Fluid Dynamics,
OUP, USA, 2011.
[31] P. Dimitrakopoulos, J.J.L. Higdon, On the gravitational displacement of
three-dimensional ﬂuid dropletlets from inclined solid surfaces, J. Fluid Mech.
395 (1999) 181–209, http://dx.doi.org/10.1017/S0022112099005844.

