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ABSTRACT

This study explores the effects of nanoparticles on the dynamics of drop spreading under external vibration, presenting an advance in the
understanding of nanofluid behavior on vibrating substrates. This work introduces insights into nanoparticle-mediated drop spreading, offer-
ing implications for improving particulate coatings, mini-mixers, and particle segregation technologies. By employing a twofold approach
that combines oscillating drop dynamics with internal flow pattern analysis, we find how even small concentrations of hydrophilic or hydro-
phobized silica nanoparticles inside water sessile droplets significantly alter the spreading process on silanized glass surfaces. Our study allows
distinct drop spreading regimes to be identified based on nanoparticle concentration and vibration amplitude, for both hydrophilic and
hydrophobized nanoparticles. Through a comprehensive analysis, we demonstrate that the vibration-triggered spreading of nanofluids can
lead to a stable and controlled manipulation of complex liquids.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0205785

I. INTRODUCTION dynamics to be understood, which is required to identify the role of
NPs in inducing and controlling drop spreading.

To investigate the interconnected effects of NP suspensions on
drop spreading, we performed experiments with pure water and nano-
fluid sessile drops on a non-wetting substrate under in-plane vibra-
tions. The purely sinusoidal signal was produced at a fixed frequency
for different amplitudes ranging from 20 to 160 um (approximately
0.8%-6% of the drop contact length). These experiments were

Vibration has been demonstrated to influence liquid drop behav-
ior on solid surfaces. Numerous studies have reported that an external
oscillating field allows single drops to be controlled, leading to phe-
nomena like the transition from a Wenzel wetting state to the Cassie-
Baxter state," net drop motion,” or drop relaxation.” Knowledge from
drop vibrations can be applied to various technological fields such as

mixing," drop segregation,”® and surface cleaning.” Recent research ) - : |
efforts have focused on the spreading phenomena induced by oscillat- con.ducted with hydrophilic and hydropboblzed s%hc.a NPS at concen-
ing mechanical field such as vibration and ultrasound.”*” Vibrations ~trations O_f 0.1 and 1vol. %'. To obtain a holistic picture of the
are able to mitigate hysteresis'’ and to induce oscillation in contact vibration-induced drop spreading, we employed a twofold approach
lines." The effects of vibration on pure water drops are well known, DY studying both the oscillating drop dynamics and the internal flow
but there is a lack of knowledge on the dynamics of drops containing patterns with fluorescent NPs. We focused on the early stages of the

finely dispersed particles, i.e., nanofluid drops, stimulated by mechani- vibration experiments and rationalized the phenomenon in terms of a
cal vibration. This excitation can lead to exploitable phenomena such driven oscillator with varying solid-liquid stiffness.
as particle pat’[e.rninglz’l'l and particle' size sorting.l.S Il. MATERIALS AND METHODS

Nanoparticles (NPs) suspended in water sessile drops are known .
for their ability to influence wetting properties and to promote spread- A. Nanofluids
ing.'"” Contact line dynamics are often altered by concentration gra- Stable aqueous suspensions of hydrophilic ({-potential: —44.93
dients of the NPs driven by internal flows'® due to convection, +009mV) and hydrophobized ({-potential: —35.80 % 0.22mV)
collective diffusion,'” or disjoining pressure.”’ Monitoring the flow 150 nm fluorescent core-shell silica NPs were synthesized using a modi-

fields developed within nanofluid drops allows the particular NP fied Stober synthesis following the procedure of Liu et al.”' where the
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cores consist of silica labeled with rhodamine B isothiocyanate (RBITC,
Sigma-Aldrich) and the shell is undyed. The NPs are free of residual sur-
factants or free monomers and are either left untreated (hydrophobic) or
hydrophobized using 4 yil hexamethyldisilazane (Acros Organics B.V.B.
A.) per mg nanoparticles, stirred at 300rpm for 18h. These particles
were used to prepare water-based nanofluids at volume fractions of
¢ = 0.1% and 1.0%. The surface tension values, measured with a drop
tensiometer (Attension, Biolin Scientific), are presented in Table I. The
hydrophobized nanofluid exhibited a noticeable decrease in the apparent
surface tension compared to the hydrophilic nanofluid. This high surface
activity is attributed to the low affinity of hydrophobized NPs for water.
A stress-controlled rheometer (MCR702, Anton Paar) with a 50 mm top
cone and a 50 mm bottom plate geometry was used to measure the vis-
cosity of the nanofluids, which were all 1 mPas (shear rate  =100s —1,
temperature T = 22 °C), with the standard deviations within the rheom-
eter torque fluctuation range.

B. Substrates

Smooth glass slides (Thermo Scientific) were chosen as substrates
to prevent any contact line pinning due to surface roughness. After
cleaning with Milli-Q water and ethanol, the slides were immersed in a
dichlorodimethylsilane solution (silanization solution I, Sigma-
Aldrich) for 10 min and then allowed to dry. The maximum asperity
size, as measured using AFM (supplementary material Fig. S1), is
11.4nm. The wettability of the modified glass was evaluated with a
home-made drop goniometer (10 uL water drops), with measured
contact angle values of 98.6° (static), 107.4° (advancing), and 86.2°
(receding).

C. Experimental set-up

The drop dynamics induced by lateral vibration was examined
with a home-made experimental device (see Fig. 1), based on a perma-
nent magnet shaker (LSD V201, Briiel & Kjaer, 5 Hz-13 kHz), a high-
speed CMOS camera (Phantom Miro C110, 500-1000 fps) equipped
with a variable magnification objective (Computar MLM3X-MP), and
a back-lighting system to enhance the contrast of side-view drop
images. The vibration experiments were performed at 40 Hz and with
amplitudes within the range of 20-160 ym. The recorded videos were
processed with Image] and subsequently analyzed with customized
MATLAB codes. The contact angles on the left and right sides were
evaluated with a modified version of the MATLAB code of Andersen
and Taboryski.”” To analyze the relative displacement of vibrating
drops, we used an elliptical fit MATLAB code, provided by Gal.”’

TABLE I. Nanofluid types used in the present experiments with the volume fraction
of solids ¢ and the apparent surface tension.

Nanofluid type ¢ (vIv) Surface tension (mN/m)
Water 0% 722*04
Hydrophilic 0.1% 725+0.8
Hydrophilic 1.0% 729*0.1
Hydrophobized 0.1% 572*0.2
Hydrophobized 1.0% 56.4* 0.4

pubs.aip.org/aip/pof

Laser source
Computer

FIG. 1. Set-up for optical and laser visualization of vibrating sessile drops.

Particle image velocimetry was used to visualize the fluid flow
within the sessile drops. A set of spherical and cylindrical lenses were
adjusted to produce a thin laser sheet (~0.3 mm thick) from the laser
unit (SDL-532-1500T, Shanghai DreamLaser Technology), precisely
focused on the maximum cross section of each sessile drop. This laser
sheet acted as an illumination source for the fluorescent NPs sus-
pended within each nanofluid drop. To selectively capture the emitted
fluorescent light, we fixed a dichroic filter (FDIR, Thorlabs) to the
camera objective. For the experiments performed without nanofluids,
we used neutrally buoyant fluorescent polystyrene microparticles
(1.14pm, PS-FluoRed, microparticles GmbH) as tracers, ensuring that
the Stokes number, Stk < 1, indicating that these particles closely fol-
low the fluid flow. The resulting fluorescent signals were analyzed with
particle image velocimetry.”* All experiments were conducted at room
temperature (25 °C) in still air without humidity control. The experi-
mental timescale (~10s) was significantly lower than the evaporation
timescale (~20 min for 5 L water drops).

Ill. RESULTS AND DISCUSSION
A. Drop dynamics

On the static substrate, sessile drops of both hydrophilic and
hydrophobic nanofluids showed a decrease in contact angle (CA;)
compared to pure water (see Table IT and supplementary material Fig.
S2). This natural spreading of nanofluids was enhanced as the nano-
particle (NP) concentration increased.”’ The surface tension of both
nanofluids differs significantly (see Table I), indicating more surface
activity of the hydrophobized particles to the air-liquid interface. This
reduction leads to a higher spreading coefficient of the hydrophobized
nanofluid than the hydrophilic nanofluid on the as-prepared silanized
glass substrate. This justifies the higher natural spreading of the hydro-
phobized nanofluid.
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TABLE II. Initial (subscript /) and final (f) values of contact angle (CA) and contact
line length (CLL) for water and the different nanofluids.

¢ CA, CAs CLL; CLL;
Nanofluid type (v/v) (deg) (deg) (mm) (mm)
Water 0% 98.6 96.3 2.49 2.53
Hydrophilic 0.1% 95.5 63.2 2.57 3.65
Hydrophilic 1.0% 87.8 62.8 2.64 3.63
Hydrophobized 0.1% 97.6 421 2.32 391
Hydrophobized 1.0% 84.0 41.9 2.57 3.96

When subjected to the vibrating substrate, no significant migra-
tion (movement of the center of mass) of oscillating drops was
observed (see Fig. 2). Both the advancing and receding contact angles,
however, were altered by the vibration. It is well known that sessile
drops, under a suitable mechanical stimulus,” are relaxed toward the
most stable configuration, typically decreasing their contact angle. This
effect is referred to as vibration-induced spreading. However, in our
study, this forced spreading of nanofluids differed depending on the
type of nanofluid, NP concentration, and vibration amplitude. Unlike
the pure water drops, the shape of nanofluid drops undergoes continu-
ous flattening during vibration until a steady-state oscillation is
observed after approximately 0.5s for the nanofluid with ¢ = 0.1%
hydrophilic particles and more than 8s for ¢ = 1%. As the oscillating
contact line dilates, the vertical position of the drop center gradually
decreases. Finally, the contact line length of the vibrated nanofluid
(CLLy) increases under certain conditions (see Table II).

To identify the physical mechanisms responsible for drop spread-
ing, we estimate the ratio between inertia forces and capillary forces via
the Weber number,

2
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FIG. 2. (a)—(e) Image sequence of 5 uL (left) water and hydrophilic nanofluid drops
with (center) 0.1vol. % and (right) 1 vol. % solid loading during the substrate vibra-
tion. The images are taken at the same point in the period, with the arrow indicating
the direction of substrate motion in all the images.
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where p represents the liquid density, v, is the maximum linear veloc-
ity of the substrate (i.e., the product between the oscillating frequency
and amplitude), r, is the contact drop radius, and 7, is the surface ten-
sion (liquid-vapor). For the highest amplitude vibration, the highest
NP concentration of 1%, and the lowest nanofluid surface tension, the
results obtained in our experiments held We < 1. This observation
indicates that the interfacial forces dominate for drop spreading over
the vibration. The same analysis is completed for the small viscous
forces at the contact line (via the capillary number). Definitively, the
vibrational input acts as an energy trigger, bringing the system closer
to the present interfacial thermodynamic equilibrium.

We illustrate in Fig. 3(a) the identified spreading regimes with the
most meaningful data (obtained with the vibration amplitude 75 um).
In the case of pure water drops, the contact line (and contact angle)
oscillates in a steady regime around their equilibrium values. However,
the nanofluid drops oscillate with a preferential advancing motion up
to a new equilibrium configuration. The stabilization kinetics of oscil-
lating nanofluid drops varies as the NP concentration, although for
each nanofluid the contact line length reaches the same value. The evo-
lution of advancing and receding contact angles during spreading is
reported in the supplementary material (see Fig. S3).

In terms of the drop center position and the substrate position
during vibration [Fig. 3(b)], a series of evolving ellipses reveal the
phase shift (ellipse rotation) between the oscillating deformable drop
and the driving substrate. For an in-phase rigid body, this graph
should represent an inclined straight line, with a slope related to the
amplitude ratio. The phase shift [Fig. 3(c)] for the water drop is consis-
tent since its oscillating behavior remained unchanged during substrate
vibration. On the other hand, the contact area gradually increased dur-
ing vibration for the nanofluid drops. This affects the lateral oscillation
of the drop center, resulting in a continuous phase change of the drop
oscillation with respect to the substrate. The phase shift correlates with
the rate of energy transfer between the oscillating drop and driving
substrate.

The ellipse area provides an estimate of the global performance of
the driven drop oscillation [Fig. 3(d)]. In many oscillating mechanical
systems, the fastest energy transfer is reached when the driving force
and the system are precisely 90° out of phase. This feature is
highlighted with dashed lines in Figs. 3(c) and 3(d). The hydrophob-
ized nanofluid showed a similar behavior to the hydrophilic nanofluid,
but a higher vibration level was required to initiate the forced spread-
ing. This could be caused by the lower restoring cohesive force of the
hydrophobized nanofluid. However, it might be mostly attributed to
the collective behavior of the hydrophobized NPs within the oscillating
drops. When water drop and substrate oscillate 90° out of phase, the
maximum shear adhesion force may be readily overcome and the drop
describes a rocking translational motion. In the supplementary mate-
rial, the corresponding graphs for hydrophobized nanofluids are
included for completeness.

B. Internal flow in nanofluid drops

To explain the differences found in Sec. 11T A, a visualization of
the fluid flows formed within the nanofluid drops is useful. Therefore,
we observed the fluid velocity field in oscillating water drops, by using
diluted fluorescent microparticles [Fig. 4(a)]. The applied vibration
induces a complex three-dimensional internal flow within the droplet.
By focusing our analysis on the droplet’s middle section, parallel to the
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direction of vibration, we identified two alternating asymmetrical vor-
tices. Close to the surface, within the Stokes boundary layer,l‘ the flow
patterns were found to align with the lateral motion of the oscillating
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nanofluid were differently dispersed in bulk, the fluid flow might trans-
port different amounts of NPs toward the fresh solid-liquid interface.
This allows us to assume that the deposition of hydrophobized NPs
onto the substrate was favored. Despite the present evidence of sub-
strate modification observed in the differences between water and
nanofluid drops in the final contact angles (see Table IT) and the stabi-
lization in the contact line spreading, additional experiments are con-
ducted to obtain direct evidence of substrate modification [see the
supplementary material Figs. S5(a)-S5(c)].

C. Spreading triggering

We have identified three distinct spreading regimes based on the
spreading rate: null, slow, and fast. We plot in Fig. 5(a) the comprehen-
sive spreading diagram for both types of nanofluid, in terms of the NP
concentration and vibration amplitude. The gray area denotes condi-
tions where no drop spreading was observed, the shaded region corre-
sponds to the spreading onset, with slow dynamics (~10s), and the
white area points out to the rapid spreading (~15).

It is well known that the introduction of NPs into sessile water
drops leads to two main competing effects:'® self-pinning and natural
spreading, but at different timescales. Spreading of free nanofluid
drops is a slow dynamic process, and its rate is magnified by concen-
tration. The solid-liquid interfacial energy, 7, is altered by NP adsorp-
tion/deposition;'* consequently, the equilibrium contact angle, defined
by the Young equation, is determined by this modified surface and the
new 7 value. The presence of NPs also increases the surface roughness
with nanoasperities.'>”” These alterations in the substrate properties
during vibration influence the drop’s equilibrium condition. At the
start of the vibration cycle, the nanofluid drops oscillate around out-
of-equilibrium configurations. For each vibration cycle, the drop con-
tact line slips and deposits NPs onto the newly formed solid-liquid
interface. The onset of the contact line motion then requires higher
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FIG. 5. Drop spreading diagrams for (left) hydrophilic and (right) hydrophobized
nanofluids. The dashed line indicates the vibration amplitude used in Fig. 3.
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threshold forces to overcome self-pinning, preventing dewetting dur-
ing the receding mode. An elongated contact area was consolidated
after each cycle. After several cycles, the nanofluid drop is able to attain
a steady oscillation [Fig. 3(a)] and the forced spreading ceases. The
self-pinning effect is achieved with a large number of NPs adsorbed at
the newly created solid-liquid interface. To attain this threshold value,
either more vibration cycles are required at low concentrations or a
fewer cycles at higher concentration of the nanofluid. A final balance is
attained between the enhanced retention force and the restoring force.
This explanation is supported by the trends observed in Fig. 3, where
each nanofluid at different concentrations reaches the same final value
of the contact line length (see Table II), i.e., the same final saturation of
the solid-liquid interface. Self-pinning is also rationalized in terms of
higher energy barriers that separate the multiple metastable drop
configurations.

To further elucidate these observations, Fig. 6 visually represents
the different energy configurations between nanofluid drops and water
drops on solid substrates. This figure highlights how the presence of
nanoparticles modifies the energy landscape due to altered surface
roughness and interfacial energy, as a direct consequence of nanoparti-
cle adsorption and deposition. The preferential adsorption at interfaces
of hydrophobized NPs increases the self-pinning force and decreases
the capillary restoring force. This justifies that the drop spreading for
the hydrophobized nanofluid is only triggered at high concentration
and high vibration amplitude. Without such drop vibration, the NPs
typically only accumulate at the three-phase contact lines driven by the
convective flows. To model the fundamental behaviors of nanofluid
droplet spreading, we have developed a heuristic mechanical model.”
This model is detailed in the supplementary material Fig. S6.

IV. CONCLUSIONS

The dynamics of nanofluid sessile drops on laterally vibrating
substrates is significantly different from that of pure water drops. The
incorporation of hydrophilic and hydrophobized nanoparticles affects
the drop spreading process under external vibration. Through the
analysis of the drop center oscillation for various vibration amplitudes
and nanoparticle concentrations, we have identified three unique
spreading regimes. The preferential adsorption of hydrophobic nano-
particles at interfaces enhances contact line pinning and reduces the
restoring force (surface tension). This produces an increase in the

o) 1

Nanofluid Water

M

1
iz initial H
f: final 1 4
w:water : : :
nf:nanofluid 5 : n : :
- : : g :
gr{f nf o), Ow 6

FIG. 6. Energy configuration for water and nanofluid drops on solid substrates, illus-
trating the impact of nanoparticle deposition on the equilibrium states.
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threshold amplitude for nanofluid drop spreading. To gain deeper
understanding, we employed laser-induced fluorescence visualization
to assess the nanofluid internal flows, revealing the relevant impact of
hydrophobic interactions on the nanoparticle concentration profiles,
particularly around the vortex stagnant points. Driven by these inter-
nal flows, the nanoparticles deposit onto the solid-liquid interface,
modifying the substrate in terms of both roughness and interfacial
energy and thereby effectively altering the substrate wetting properties.
This research unveils the underlying mechanisms for vibration-
triggered spreading of nanofluid drops, offering valuable parameters
for tailoring liquid manipulation. This research opens new possibilities
for the tunable deposition of nanoparticles on substrates and also has
implications for applications of nanofluids where such a deposition
may have undesirable implications.

SUPPLEMENTARY MATERIAL

See the supplementary material for enhances the findings of the
main text with additional visual and graphical data. It includes initial
images of contact angles for different nanofluids, atomic force micros-
copy topography of the substrate, and analyses of contact angle
dynamics. Additional results cover the dynamics of hydrophobized
nanofluid drops under vibration, showing changes in contact line
dynamics and displacement patterns. Visual evidence of nanoparticle
deposition on the substrate and a theoretical model of the mechanical
interactions within vibrating nanofluid drops are also provided. These
materials offer a deeper understanding of the experimental outcomes
and theoretical insights presented in the manuscript.
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