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We have studied the motion of drops on inclined liquid-impregnated surfaces (LISs)
subject to vertical vibrations. The liquid drops comprise distilled water and different
aqueous solutions of glycerol of increasing viscosity. The use of weak pinning LISs
strongly affects the dynamical phase diagram. First of all, there is no trace of the
dominant static region at low oscillating amplitudes reported for oscillating solid
surfaces characterized by contact angle hysteresis. On the contrary, at sufficiently
low oscillating amplitudes, the drops always move downwards with a velocity that
depends only on the drop viscosity. Further increasing the oscillating amplitude may
drive the drop upwards against gravity, as reported for dry surfaces. The use of
more viscous drops widens this climbing region. Arguably, the main novelty of this
work concerns the observation of two distinct descending regimes where the downhill
speed differs by a factor of five or more. Fast-rate videos show that the evolution of
the drop profile is diverse in the two regimes, likely because the vertical oscillations
reduce the effect of the oil meniscus surrounding the drop at high accelerations.
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1. Introduction

Controlling the motion of liquid drops in contact with a solid surface has
broad technological implications in many different areas, ranging from textiles to
microfluidics and heat exchangers (Mistura & Pierno 2017). This control can be
achieved in a passive way by decorating the surface with suitable chemical traces
(Suzuki et al. 2008; Nakajima et al. 2013; Liu & Xu 2015; Zhao, Chen & Liu 2016,
2017; Lin et al. 2018). The presence of domains of different wettability introduces
interfacial forces that affect the droplet dynamics (Bonn et al. 2009). For instance,
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parallel stripes can slow down (Sbragaglia et al. 2014), deviate (Semprebon et al.
2016) or induce nonlinearities (Varagnolo et al. 2013) in the drop motion. If the
pattern is not symmetric, like an array of triangular domains (Varagnolo et al. 2014),
the motion can be anisotropic. Active control on functionalized surfaces can be
instead realized with a variety of external stimuli, which include electric (Mugele
& Baret 2005) and magnetic (Latikka er al. 2018; Rigoni et al. 2018) fields, light
(Dattilo et al. 2007; Banerjee, Dionysiou & Pillai 2015), temperature (Darhuber et al.
2003) and acoustic vibrations (Yeo & Friend 2014).

The main advantage of using vibrations is that they couple with the liquids inertia;
thus they do not require specific material properties. Drops on a horizontal plate
vibrating tangentially can unpin from surface defects and move (Daniel & Chaudhury
2002; Daniel et al. 2004). If the plate vibrates parallel to gravity, the contact line
oscillations are rectified by hysteresis, thus inducing a ratcheting motion to the water
drop vertically downwards (Dong, Chaudhury & Chaudhury 2006). Surprisingly,
drops on an inclined plane subject to sufficiently strong vertical vibrations can
climb against gravity (Brunet, Eggers & Deegan 2007, 2009), regardless of the
liquid viscosity and surface wettability (Sartori et al. 2015). An extension of this
study shows that drops can be moved on a flat surface by simultaneous vertical
and horizontal vibrations that are phase-shifted (Noblin, Kofman & Celestini 2009).
These intriguing drop behaviours are generally due to the classic ratchet mechanism,
i.e. a locally asymmetric but globally symmetric system may induce global transport
(Ding et al. 2018). In the climbing experiments (Brunet et al. 2007, 2009; Sartori
et al. 2015), the asymmetry is induced by the inclination of the plate with respect
to the acceleration (Ding et al. 2018). There have been several attempts to model
and understand the experimental observation (Brunet et al. 2007, 2009; Sartori
et al. 2015) of climbing motion of droplets using a wide range of assumptions and
approximations (see, for example, the summary reported by Bradshaw & Billingham
(2018)). Generally, it has been qualitatively attributed to the nonlinear interaction
between the drop deformation and the components of the acceleration (Brunet et al.
2007; John & Thiele 2010; Benilov & Billingham 2011; Savva & Kalliadasis 2013,
2014; Sartori et al. 2015; Bradshaw & Billingham 2016). Recent three-dimensional
numerical simulations suggest that the ratchet mechanism is due to a hysteresis of
the wetted area in one period of harmonic vibration (Ding et al. 2018). In particular,
the average wetted area in the downhill stage is larger than that in the uphill stage,
which is found to be responsible for the uphill net motion of the drop.

The published experimental studies on the drop climbing of oscillating wedges use
solid surfaces characterized by a pronounced contact angle hysteresis A8 (Brunet et al.
2007, 2009; Sartori et al. 2015). To shed more light on this fascinating phenomenon,
we have systematically studied the dynamics of liquid drops on liquid-impregnated
surfaces (LISs) which exhibit negligible hysteresis (for example, A6 < 5°). Newtonian
solutions of different viscosities and surface tensions have been investigated. Lack of
a static region where the drop is pinned to the vibrating surface, and novel dynamic
phases have been observed.

2. Methods

2.1. Experimental set-up

The set-up resembles that used in our previous study of oscillating Newtonian drops
(Sartori et al. 2015). Drops are deposited on a substrate fixed to an aluminium
wedge with an inclination angle o = 45°, which is screwed to the moving shaft
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(d)

FIGURE 1. (a) Schematic drawing of the experimental set-up. Liquid drops are deposited
on a LIS attached to an aluminium wedge with an inclination angle o = 45°. The
wedge is screwed to the shaft of a shaker whose oscillating amplitude and frequency
can be accurately controlled. (b,c) Photographs of the drop profile on the horizontal (b)
and inclined (c) LIS. (d) Characteristic geometry of the surface patterns used for the
lubricant impregnation. Films of SU-8 are deposited on silicon wafers and patterned by
photolithography. (e) SEM image showing a portion of the surface used in this study.

of an electromagnetic shaker, as shown in the schematic diagram of figure 1. The
shaker oscillates vertically in the frequency range 10 Hz-10 kHz and the maximum
force it can exert is 8.9 N. The vibration amplitude A is determined with an IR
phototransistor that is calibrated by optically measuring the net displacement of the
shaft (Sartori et al. 2018). The resolution in A is estimated to be 2 wm. The vertical
acceleration is calculated from the formula a = 47%*f?A, where f is the vibrating
frequency. With a feedback circuit, it is also possible to sweep f while maintaining
A constant over a frequency interval 50-500 Hz.

The drop is illuminated by a backlight LED source. The drop profile is viewed with
different cameras and objectives to take spatial and/or temporal high-resolution videos.
The profile of each image is then analysed offline by a custom-written program, which
yields the apparent contact angles and other relevant geometric quantities (T6th et al.
2011). Special care has been devoted to the removal of spurious resonances caused
by the mismatch of the wedge mass centre from the shaker axis. To balance the
wedge on the axis, tiny weights are added close to the shaft. The adjustments have
been monitored by analysing the line shape of the IR photodetector and taking high-
resolution videos of the oscillating shaft. As a result, we are confident that the shaker
induces only vertical oscillations up to the maximum accelerations.

2.2. Liquid impregnated surfaces

Robust omniphobic surfaces can be obtained by trapping a lubricating liquid
inside a texture and choosing this liquid to allow a drop of another non-miscible
liquid to float on this mixed substrate (Lafuma & Quéré 2011; Wong et al. 2011;
Mistura & Pierno 2017). The surfaces for our study are prepared in a clean room
by using standard photolithography. Silicon wafers are spin-coated with a SU-8
negative photoresist layer of thickness 4 and exposed to UV light using masks
presenting circles of diameter d separated by a distance s (see figure 1). To favour
impregnation by a fluorinated oil, the surfaces are silanized with tricloro(1H, 1H,
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Liquid Concentration Density Viscosity  Surface tension

(w/w) p(gml™) p(mPas) o(mMm')
Water Pure 0.998 1.00 72.8

50 % 1.126 6.0 68.6
Glycerol/water 70 % 1.181 23.1 66.5

80 % 1.208 60.9 65.4

95 % 1.248 515 63.8
Fomblin Y
LVAC 06/6 Pure 1.88 120 21

TABLE 1. Main physical properties at 20°C of the liquids considered in this study
(Glycerine Producers’ Association 1963; Solvay 2017).

2H, 2H-perfluorooctyl)silane by vapour deposition. The lubricant is a fluorinated
oil (Fomblin PFPE (Perfluoropolyether) Y LVAC 06/6, Solvay) with viscosity
Woi = 120 mPa s and surface tension y,; =21 mN m~! at 7 =20°C (Solvay 2017).
Fluorinated oil completely wets silanized silicon and photoresist. Impregnation is
achieved by dip-coating the sample at low velocity (lower than 2 mm s~') from
a bath of oil and checking under a microscope that the patterned surface is not
over-impregnated with oil. We have explored different patterns. Here we present the
results obtained with surfaces patterned by cylindrical posts having 2 =8 wm and
d =7 pm separated by s =23 pwm, which we have found to present a long lifetime
(longer than two days) and very low contact angle hysteresis (A6 < 5°). The patterned
areas have a typical width of 1 cm and a length of 3 cm.

2.3. Liquid solutions

Drops of known volume are deposited with a syringe pump (UltraMicroPump UMP3,
WPI) at the centre of the surface. Besides distilled water, we have also studied
different Newtonian, aqueous solutions of glycerol. The main physical parameters
of the various aqueous solutions are listed in table 1. The values of density p,
viscosity u and surface tension o refer to the working temperature of 20°C and
have been deduced from literature (Glycerine Producers’ Association 1963). The
corresponding spreading coefficient S, = Owa — Owo — Oos, Where o is the interfacial
tension between the two phases designated by subscripts w (drop aqueous solution),
o (lubricant) and a (air), is greater than zero, implying that the oil cloaks the water
drop (Smith et al. 2013) with a film of nanometric thickness (Schellenberger et al.
2015).

Figure 1 displays two characteristic images of water drops deposited on a horizontal
and an inclined LIS. They show that drops are quasi-hemispherical and surrounded by
a small oil meniscus. This circular meniscus is pulled from the oil film by the vertical
component of the surface tension of water (Smith et al. 2013). The side views display
an apparent contact angle of approximately 90° and negligible difference between the
front and rear contact angles of the moving drop, an indication that the contact angle
hysteresis on the LIS is very small.

3. Results and analysis

The motion of a liquid drop is found to depend on the acceleration a and the
frequency f of the vertical vibrations. Figure 2 displays the dynamical phase diagram
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FIGURE 2. Dynamical phase diagram of water drops of volume 2 =1 pl deposited on
a LIS tilted by o =45°. Drop velocity along the acceleration scans at constant frequency
(a—c) is reported in the side panels.

of pure water drops of volume §2 =1 pl obtained by scanning, at different constant
frequencies, the vertical acceleration. At such small volume, the interfacial tension
contribution is dominant and no breakup of the drops is observed (Brunet et al. 2007).
At variance with our previous work (Sartori er al. 2015), we have not normalized
these data to the resonance frequency of the drops rocking mode, corresponding to a
supported drop vibrated in a direction parallel to the substrate, because all the data we
present refer to the same §£2 =1 pl and the liquids have very similar surface tensions
and contact angles. Again, the parabolic dashed line separating the upper white region
represents the acceleration corresponding to the maximum oscillating amplitude of
approximately 0.8 mm provided by our set-up.

A noticeable difference with respect to the original phase diagram measured on
Poly(methyl methacrylate) (PMMA) surfaces (Sartori et al. 2015) is the absence of a
static region where the drop is not moving at low accelerations. The disappearance
of this region is a direct consequence of the very low contact angle hysteresis of
water drops on LISs, in agreement with numerical calculations (Sartori et al. 2015).
In analogy with previous experiments (Brunet et al. 2007, 2009; Sartori et al. 2015),
the diagram presents a narrow region where the water drops climb the wedge against
gravity with a velocity which can be as high as 5 mm s~!, whose existence has been
found also in numerical simulations (John & Thiele 2010; Benilov & Billingham 2011;
Savva & Kalliadasis 2013, 2014; Bradshaw & Billingham 2016, 2018; Ding et al.
2018). The value of the climbing velocity is of the same order as that experimentally
observed, although a quantitative comparison with previous studies is not possible
because they considered different inclination angles, volumes and viscosities (Brunet
et al. 2007, 2009; Sartori et al. 2015).

Arguably, the novel feature of this phase diagram is the presence of two distinct
descending regions (see red and green zones in figure 2). The boundaries between
them can be identified by looking at the characteristic amplitude scans shown in the
side panels of figure 2. At fixed increasing amplitudes, water drops are repeatedly
deposited on the oscillating substrate and their motion is recorded. The average of
the resulting speeds corresponding to at least five runs is then plotted in the amplitude
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scans. To make sure that the data are not affected by an irreversible modification in
the system, at the end of any amplitude scan the shaker is turned off and the new
velocity is compared with the initial one. In all the scans we present, the final velocity
coincides with the initial one within the statistical error.

Scan (a) at f =75 Hz initially presents a constant downward (assumed positive)
velocity of approximately 1 mm s~', a value consistent with those measured on static
LISs with similar inclinations and oil viscosity (Smith et al. 2013; Keiser et al. 2017,
Rigoni et al. 2018). Above a~22 m s~2, a linear increase in the downward velocity
is observed. We point out that this boundary does not signal any variation in the
downhill dynamics, which remains characterized by a constant velocity typical of
viscous motion. Scan (b) at f =125 Hz initially exhibits the same constant downward
velocity of approximately 1 mm s~!, then at a ~ 115 m s the drop stops and
starts moving upwards at increasing speed, till at a ~ 155 m s> the drop reverses
direction and starts moving downwards at much higher velocities, close to 10 mm s~!.
The maximum climbing speed observed, approximately 4 mm s~!, is similar to that
originally measured on a PMMA surface with the same inclination of 45°, but
characterized by a contact angle hysteresis A6 =33° (Brunet et al. 2007), although a
more quantitative comparison is impossible because the drops have different volume
and viscosity. Finally, scan (c) at f = 145 Hz resembles scan (a), namely an initial
downward velocity of approximately 1 mm s~!, followed by a pronounced increase
in the downward velocity above a~95 mm s~2. Movie 1 available as supplementary
material at https://doi.org/10.1017/jfm.2019.600 shows the characteristic drop motion
in the different regions.

With a fast camera we have analysed the drop evolution at different stages of the
amplitude scan. Figure 3 shows a sequence of side view snapshots taken over an
oscillating period (see also movie 2 in supplementary material). They clearly show
that the instantaneous drop profile varies significantly between descending and fast
descending. A fast descending drop experiences a larger variation in the profile:
the peak becomes sharper (see timepoints E and F) and the bump is wider and
shallower (see timepoint A and B). Interestingly, the profile evolution of a climbing
drop resembles that of a fast descending drop. No transitions to a fast descending
regime are observed on a solid surface (Brunet et al. 2007, 2009; Sartori et al.
2015), suggesting that they may be related to the use of LISs. Actually, when oil
is more viscous than the liquid drop, dissipation is expected to take place in oil —
that is, in the underlying film and in the surrounding meniscus. A detailed analysis
indicates that the resulting friction is caused by viscous effects in the front edge of
the moving meniscus surrounding the drop, which determine a nonlinear dependence
of the drop velocity with the driving force. As the driving force is increased, the
wedge dissipation is suddenly suppressed, which leads to a faster dynamical regime
that seems to arise from the self-lubrication of the drop (Keiser et al. 2017). Further
experiments combined with numerical calculations are required to better elucidate
the link of these mechanisms to the observed dynamics of oscillating drops. To
better quantify the differences in the snapshots, the graphs in figure 3(b) display the
periodic variation of the length £ of the contact area along the direction of the motion
for the same three characteristic cases. They show that the variation in ¢ increases
with the oscillating amplitude. More interesting, there is a marked difference in the
phase between ¢ and the oscillating amplitude: in the fast descending regime they
are practically in phase, while in the descending one they are out of phase by almost
180°.

We have extended these measurements to aqueous solutions of glycerol of
increasing viscosity. The results are summarized in the three phase diagrams shown in

876 R4-6


https://doi.org/10.1017/jfm.2019.600
https://doi.org/10.1017/jfm.2019.600

https://doi.org/10.1017/jfm.2019.600 Published online by Cambridge University Press

Motion of Newtonian drops on liquid-impregnated surfaces

kleleeelelele!
£l A A i
eevviviele
S [ % b %
eelevivvivie.
=8
g [ IS I\ 40 lﬂ
% B G%.D
§|A F\a/{Tlme
(b) 0 35 40 45 S0 55 60 65 70 75 80
2 16] o3
% g 1.2 | iy - % - ] 0 g
2~ osf 1-03 =

A (mm)

Climbing
£ (mm)

A (mm)

Fast descending
£ (mm)

t (ms)

FIGURE 3. (a) Side views of a water drop in the °‘descending’, °‘climbing’ and

‘fast descending’ dynamical phases, taken at different instants of a vibrating cycle of

frequency f = 125 Hz, as indicated in the diagram below the photos from A to H. The
accelerations are 105 m s72, 150 m s=2 and 190 m s~2, respectively. The scale bar is
1 mm. (b) Temporal variations of length ¢ of the contact area for the three different cases.
The length £ is graphically indicated in the first side view by a yellow bar. The solid lines
in the graphs indicate the oscillations in the vertical amplitude A of the substrate.

figure 4. The water diagram is added to facilitate the comparison. The main feature is
a pronounced widening of the climbing region at the expense of the fast descending
region as the drop viscosity increases. For the most concentrated glycerol solution,
the phase diagram essentially consists of a descending region at low accelerations
and a climbing region at high accelerations. Sweeping the accelerations between these
extremes causes the drop to repeatedly move up and down.
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FIGURE 4. Dynamical phase diagrams of drops of different aqueous solutions
corresponding to 2 =1 pl and o =45°.

Figure 5 shows the dependence of the drop velocity on the vertical acceleration
for a fixed frequency f =100 Hz and for drops of volume §2 =2 pl having different
viscosity. The drops all have volume §2 = 2 pl to guarantee reliable dosing also
for the highly concentrated (95 % (w/w)) glycerol solution, which is more viscous
than the lubricant (see table 1). At low a (see inset), the velocity of water drops is
approximately 2 mm s~!. Similar values are observed with glycerol aqueous solutions
up to 80% (w/w). Instead, drops of almost pure (95% (w/w)) glycerol solutions
move at a velocity of 1 mm s~'. These data confirm that two regimes are successively
followed by increasing the drop viscosity u (Keiser et al. 2017): firstly (1 < i),
the speed v plateaus at a value roughly independent of w, and dissipation mainly
occurs in the lubricant; at larger drop viscosity (i > W), the speed decreases with
W, indicating that in this regime the dissipation occurs in the drop.

As we increase the vertical acceleration, different trends are observed depending
on the drop viscosity. For pure water drops, the downhill speed increases almost
linearly with a, reaching a value of approximately 30 mm s~! when a =160 m s~2.
Drops of glycerol solution 70% (w/w) initially behave as water drops, but, for
a > 30 m s72, v reaches a plateau around 8 mm s~'. Further increasing a causes
the drops to slow down till they stop around 120 m s~> and then climb uphill
against gravity: when a = 160 m s~2, the uphill speed amounts to approximately
10 mm s~'. The same trend is exhibited by the more viscous drops of glycerol
solution 80 % (w/w), the only differences being quantitative: the plateau velocity is
much smaller, approximately 2 mm s~!, and the drops stop at a lower acceleration,
approximately 100 m s~2, further suggesting that in this regime the dissipation
occurs mainly in the drop. Notably, these drops climb faster: when a = 160 m s~2,
the uphill speed amounts to approximately 15 mm s~!. Conversely, the dynamics of
drops of almost pure glycerol solution (95 % (w/w)) is significantly hampered and
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FIGURE 5. Velocity of drops of liquid solutions having different viscosity as a function of
the vertical acceleration of the post. The inset displays an enlargement of the data at low
accelerations. The data refer to drops of volume 2 =2 pl and an oscillating frequency
f =100 Hz.

1

the maximum speed, either downhill or uphill, remains below 2 mm s, up to the

maximum acceleration achievable with our set-up.

4. Conclusions

In conclusion, we have systematically studied the dynamics of Newtonian drops on
LISs inclined by 45° and subject to vertical vibrations. The liquids comprise distilled
water and different aqueous solutions of glycerol of increasing viscosity. LISs are
made by standard lithographic techniques and, to avoid problems with contaminations,
measurements are repeated with fresh surfaces which exhibit A6 < 5°. The resulting
dynamical phase diagrams are strongly affected by the use of weak pinning LISs. First
of all, the drops are always found to descend, even at the lowest oscillating amplitudes,
in agreement with theoretical studies of ideal flat surfaces with A6 = 0°. Further
increasing the oscillating amplitude may drive the drop upwards against gravity, as
reported in previous studies. The use of more viscous drops widens this climbing
region. Increasing the amplitude may also induce a new descending regime where
the downhill speed is higher by a factor of five or more. Fast-rate videos show that
the evolution of the drop profile is diverse in the two regimes, probably because the
vertical oscillations reduce the effect of the oil meniscus surrounding the drop at high
accelerations. We hope that this preliminary work will stimulate further studies on this
system that, despite its simplicity, exhibits quite unexpected dynamical regimes.
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