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Impact dynamics of non-ferro liquid droplets under
magnetic influence
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Qahtani®®

Impacting non-ferro liquid (water) droplets on a hydrophobic surface finds many applications in various
sectors. Controlling droplet behavior on the impacting surface remains critically important in terms of
affecting contact duration, spreading and contraction rates, and rebound height. Introducing an external
magnetic influence on droplets considerably alters the impact characteristics. Consequently, the present
study investigates the impacting of water droplets on hydrophobic surfaces with loosely dispersed low-
surface-energy ferro particles. Since the interfacial force between the particles and water is large,
a droplet picks up some ferroparticles, which are pinned on the droplet surface despite the presence of
the magnetic field. The particles pinned on the droplet surface alter the droplet behavior at the impacted
surface under the magnetic field. In order to assess the mechanism of how particles are picked up by
the impacting droplet liquid, the particles are functionalized to reduce the surface energy. It is
demonstrated that the functionalized particles are picked up by the water droplet; however, they are
pinned at the droplet surface rather than being immersed into the droplet fluid. The interfacial force due
to particles pinned on the droplet surface is higher than the magnetic force created under the magnetic
field. This gives rise to lower contact time, droplet spreading, and rebound height. This is more

rsc.li/rsc-advances

Introduction

Impacting droplets have many industrial applications and some
of which are related to surface cooling," in biomedicine,* bi-
oprinting,® surface cleaning” and similar. In impacting droplet
studies, the combination of magnetic forces with surface
hydrophobicity enables researchers to introduce new aspects
for designing adaptive surfaces that could provide greater
versatility for practical applications in diverse industries, from
aerospace to biomedical devices. The droplet liquid possibly
wets particles upon impact due to a positive spreading coeffi-
cient, which enables particles to suspend in the droplet fluid.®
Ferroparticles can be magnetized while creating a magnetic
force on the droplet surface and the size and number density of
the ferroparticles can alter the magnitude of the magnetic force.
In some cases, ferroparticles may cluster together within
a droplet or around the droplet surface while leading to the
formation of unique structures or patterns.® When a magnetic
field is applied, the clustering of ferroparticles results in local
and directional magnetic forces acting on the droplet. Hence,
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pronounced at low Weber numbers.

the mobility of droplets on hydrophobic surfaces can be
enhanced and controlled via the presence of ferroparticles
under externally applied magnetics fields.” The control of
droplet mobility can be fruitful in areas like microfluidics,
environmental monitoring, energy storage, and surface clean-
ing. However, low surface energy particles cannot be wetted by
a droplet fluid during impact. These particles cannot immerse
into the droplet fluid but rather pin on the droplet surface.
Hence, they can create a magnetic influence on droplet mobility
as an external magnetic field is applied.

As a droplet contacts a hydrophobic surface, the low contact
angle causes less droplet adhesion while enhancing available
kinetic energy of the droplet on the hydrophobic surface. In
general, the dynamics of the impact are governed by the
spreading, retraction and rebounding, or coalescence of the
liquid. However, the factors affecting the impact dynamics
include surface roughness and texture, free energy, impact
height, liquid viscosity, and liquid mass. The surface texture
and roughness contribute to repellency of the droplet by trap-
ping air in the texture sites while creating pressure force
between the liquid and the surface.*® The droplet viscosity gives
rise to a shear region at the droplet bottom and causing a shear
force adverting droplet expansion while contributing to kinetic
energy loss. Moreover, the spreading behavior of droplets on
hydrophobic surfaces is influenced by force ratios as described
by the droplet Weber number (We) and Reynolds number (Re).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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At high droplet Reynold numbers, the viscous dissipation at the
droplet-impacted surface becomes high and the frictional work
done increases during droplet expansion and retraction.
However, a critical Weber number (We), which represents the
relative importance of inertial forces to surface tension forces, is
one of the key parameters in assessing a droplet's spreading
behavior. The physical correlation between surface roughness,
surface energy, and droplet velocity influences the dynamic
behavior such that droplet coalescence, formation of satellite
droplets or splashing can result due to a thin film formed at the
surface before undergoing significant recoil or splashing.'® At
high Weber numbers, the impact velocity remains high,
resulting in increased spreading upon impact."* For hydro-
phobic surfaces, there is a limit to the maximum liquid spread
because of a strong surface repulsion force that counteracts the
droplet's inertia. Attempts to predict the maximum spread
factor using scale laws' or empirical formulation® may not
result in very appropriate estimation for applications related to
ferrofluid droplet impact. In addition, momentum balance** or
energy equations based on early formulations™ for assessing
the spread factor have limitations for a droplet fluid mixed with
small particles. The formulation of the spread factor incorpo-
rating combined power laws covering capillary and viscous
regimes provides relatively accurate predictions of impact
characteristics of droplet fluid without particles.'® Moreover,
improving surface hydrophobicity, through surface coatings,
significantly alters the droplet dynamics, allowing fast rebound
rates on the surface.” This remains crucial for self-cleaning
applications, where surface contaminants are removed by the
droplet fluid via spreading and rolling motion after impact.
The magnitude of a magnetic force, created at the interface
of particles and droplet fluid, can remain high'® while affecting
the dynamic behavior of the onset of droplet impact, despite the
fact that ferroparticles are loosely spread over impacting
surface. In this case, the loose particles act like a third body at
the surface altering contact angle, surface tension, and inter-
facial surface friction, and increasing droplet mass via surface
attachments.” Depending on the force created, due to the
magnetic effect, on the loose particles, some particles are
magnetically attached and remain part of the surface while
others may still attach to the droplet surface upon impact. The
balance between the interfacial force between droplet fluid and
the magnetic force defines the loose particle status on the
impacted surface. Hence, an external applied magnetic field
could potentially induce a variation in the texture or the wetting
properties by pulling or pushing the magnetic loose particles
while leading to a transient behavior in the liquid contact
angle.” At low magnetic field strengths, this effect on the
droplet spreading may become subtle; however, at high
magnetic fields, the modified surface can significantly influence
the droplet dynamics, potentially allowing for new paths of
spreading and recoiling.** This becomes especially interesting
in applications where the droplet dynamics may need to be
precisely controlled, such as in microfluidic applications or self-
cleaning of surfaces, where the ability to manipulate droplets
via magnetic fields provides a leverage for controlling droplet
motion over hydrophobic surfaces. Moreover, in self-cleaning
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and anti-icing applications, the integration of ferroparticles
with hydrophobic surfaces can be considered to change the
surface hydrophobicity depending on the desired or expected
outcome. Applying external magnetic fields can assist in
ensuring that droplets maintain a spherical shape for efficient
contaminant cleaning operation by preventing the formation of
surface icing under freezing conditions.*

Although ferrofluid droplet impact on hydrophobic surfaces
and droplet behavior have been investigated and explored
previously,>**'*?* magnetic control of impacting non-ferro
liquid droplets on hydrophobic surfaces in the presence of
hydrophobized ferroparticles has been less studied. However,
hydrophobized loose ferroparticle interaction with non-ferro
liquid, like water, droplets under a magnetic field can alter
the droplet spreading factor, restitution coefficient, contact
duration, and rebound height after impact. This is because
introducing hydrophobized loose ferroparticles at a hydro-
phobic surface adds a layer of complexity while influencing non-
ferro droplet dynamics because of modification of surface
topology and forces created on the droplet. Manipulation of
non-ferro liquid droplets by an external magnetic force extends
the practical applications of droplets, particularly in biomedi-
cine via manipulation of water droplets by a magnetic field.
Moreover, the magnetic tunability of droplets enables precise
spatiotemporal control over their movement and deformation,
making them especially attractive for applications where non-
contact manipulation is vital, such as in sterile biomedical
environments or closed microfluidic systems,”® and accurate
deposition of contactless non-ferro droplets with minimum
waste in high-tech printing and coating technologies. On the
other hand, droplet fluid spreading over ferroparticles can be
prevented by hydrophobizing the particles; in which case, the
hydrophobized ferroparticles can pin and attach to the droplet
outer surface (droplet boundary) upon impact, unlike the case
observed for non-hydrophobized ferroparticles.** Consequently,
the present study investigates the characteristics of droplets
impacting on sparsely distributed loose ferroparticles, placed
on a hydrophobic surface, under the influence of a magnetic
field. The droplet spreading and contraction rates and droplet
rebound height are measured experimentally and estimated
from analytical formulations. The study is extended to include
examining the influence of magnetic force on impacting droplet
characteristics as the ferroparticles are hydrophobized lowering
the surface energy to result in a negative spreading coefficient of
droplet fluid over the ferroparticle surface. In addition, the
experiments are repeated for surfaces without ferroparticles to
analyze and demonstrate the influence of a magnetic field on
the dynamics of impacted droplets.

Experimental

Glass sheets were used, the surface of which was hydrophobized
via deposition of nano-size synthesized silica nanoparticles by
using a dip coater (Biolin Scientific). The immersion and with-
drawal speeds were kept the same at 0.005 mm s~ during the
dip-coating process. The solution for surface hydrophobizing
was prepared according to the mixture used in a previous
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orthosilicate
ethanol,

study,” ie.  tetraethyl
butyltrimethoxysilane (OTES),
hydroxide solution was prepared accordingly. A Kyowa model
DM 501 goniometer was used for assessing the droplet contact
angle and hysteresis. It is worth mentioning that measurements
of contact angle and contact angle hysteresis were repeated for
all samples to ensure uniform and same wetting state of the
hydrophobized surfaces. The ferroparticles (Fe;O0,, Sigma
Aldrich) with =50 nm sizes were loosely distributed over the
hydrophobized surface while ensuring uniform distribution of
the particles. In addition, separately, ferroparticles were func-
tionalized with TEOS solution to reduce the surface free energy,
and the resulting hydrophobized particles were used in the
second cycle of the experiments, in which the same procedures
as for the first cycle (non-hydrophobized ferroparticles case)
were adopted. It is worth mentioning that during the func-
tionalizing process, some ferroparticles clustered forming
globule-like structures with micrometer sizes. A magnet
(NdFeB, K& Magnetics Inc., USA) was utilized in the experi-
mental setup. A numerical frame was incorporated for precise
water droplet impacting at the particle-distributed hydrophobic
surface. Fig. 1 gives a sketch of the experimental arrangements.
A camera operating at high speed (speed sense 9040) was
employed for real-time capturing of droplet motion during and
after the impact. A program was accommodated quantifying the
recorded camera data. The data were captured at a rate of 5000
frames per second (fps) and the images had 1280 x 800 pixels
with a pixel size of 14 um x 14 um. The uncertainty analysis was
carried out using the following relation:*®

o= ¢ |- prptas 1)

where (. is the average droplet velocity during impact on the
sample surface, 7 is the number of velocity repeats, and p(x) is
the velocity data distribution function in Gaussian form. The
bias uncertainty was assessed via evaluating the small peaks in
the distribution function. The uncertainty was estimated as
2.8%.

Fig. 2a and b show the spread of as-received and function-
alized ferroparticles on the water surface and their immersion
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states at different times while Fig. 2c and d depict the attach-
ment of functionalized ferroparticles on a water droplet surface.
It is evident that the functionalized ferroparticles do not
immerse into the water but rather float at the surface due to low
surface free energy, unlike the as-received ferroparticles on the
water surface, which immerse into the water over time. Fig. 2c
depicts the attachment of ferroparticles on a droplet surface.
This is because the functionalized silica particle surface
possesses a hydrophobic wetting state; hence, the functional-
ized silica particles remain attached to the droplet surface
rather than piercing the surface and immersing into the droplet
fluid, as observed from Fig. 2b. It is worth mentioning that the
spreading parameter (S) can be formulated via surface free
energy of ferroparticles (vsa), interfacial tension across water
and ferroparticle surface (vsg), and the surface tension of water
(vra) through the relation: S = yss — vsr. — Yra- In this case, the
surface free energy of ferroparticles (ysa) is estimated to be
1.145 x 10° mJ m~?, the interfacial tension (yg.) is ~ 0.125 x
10®> mJ] m™?, surface tension is ~ 0.073 N m™ !, and the
spreading factor (S) becomes about 948 x 10° mJ] m % as
a result, water droplets wet the untreated ferroparticles.””*®
However, the surface free energy of functionalized particles is ~
38.2 mJ] m 2, which is significantly smaller than that of the
unfunctionalized ferroparticles while giving rise to a negative
spreading factor.” Fig. 3a and b show AFM data of the hydro-
phobized surface and while Fig. 3c demonstrates an SEM image
of same surface.’® The topology consists of clustered particles of
almost 30 nm in size and the cluster height varies between
25 nm and 130 nm forming the texture. The mean roughness of
the surface (R,) is almost 80 nm, and sub-micron cavities form
in between clustered particles while covering 27% of the
synthesized surface area. The hydrophobic state of the synthe-
sized sample surfaces was evaluated by a goniometer and the
water droplet contact angle is ~150° + 2°, with a hysteresis of 2°
+ 1° Moreover, as the droplet impacts on the non-
functionalized ferroparticles on the hydrophobic surface,
some ferroparticles are picked up by the droplet fluid, which
may slightly change the surface tension. Hence, sets of tests
were carried out to measure the particle concentration in the
droplet fluid after the impact and the percentage weight gain of
the droplet fluid was estimated as ~ 0.17%. It is worth
mentioning that droplet weight gain was measured by a sensi-
tive microbalance (Borealis BA-T/BA Series). In addition, the
contact angle measurements were repeated for droplets with
functionalized particles on the surface, and the change is found
to be about £1° due to ferroparticles pinning on the droplet
surface. SEM images of the as-received and synthesized ferro-
particles are shown in Fig. 3d and e. The functionalized surface
possesses a whisker-like texture emerging from the ferroparticle
surface (Fig. 3e). On the other hand, an applied magnetic field
may influence the contact angle for the case of functionalized
ferroparticles pinned on the droplet surface after impact. This
condition was tested experimentally, and the contact angle
change is found to be negligible (~1%) because of the non-
mixing of particles with the droplet fluid and the magnet loca-
tion, which is away from the surface impacted (70 mm).
However, a ferrofluid droplet in the stand-off position (onset of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) Functionalized ferroparticles floating on the water surface due to low surface free energy. (b) Immersion of as-received ferroparticles

into water due to high surface free energy. (c) An optical image of functionalized ferroparticles attaching to the droplet surface. (d) An optical
image showing a close-up view of functionalized ferroparticles attaching to the droplet surface.

exiting from the pipette) is influenced significantly by the
magnetic field and its trajectory changes slightly prior to
impact.*® However, in the current study, the water droplet
impacts onto the hydrophobic surface with loosely dispersed
ferroparticles for the cases of as-received and functionalized
ferroparticles. Hence, a magnetic influence on the falling
droplet prior to impact is not observed experimentally because
there are no functionalized ferroparticles on the droplet surface
during the free-fall period.

Results and discussion

The dynamic properties of a droplet that impacts on a hydro-
phobic surface having loosely placed ferroparticles are investi-
gated under the circumstances of with and without an applied
magnetic field. The conditions for particles picked up by the
droplet are explored via functionalizing the particles to reduce
their surface energy. The force analysis and dynamic behavior of
the droplet after impact are analyzed and discussed
accordingly.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Force analysis

A droplet impacting on a hydrophobic surface with loosely
located non-functionalized ferroparticles is considered and the
behaviors of droplet and particles are analyzed experimentally
and analytically. The wetting of water (droplet liquid) over as-
received (non-functionalized) ferroparticles remains critical
for particles to be picked by the droplet fluid while ensuring
adequate wetting and coverage of particles by fluid. The
spreading parameter (S) of the droplet fluid must maintain
a value exceeding zero (positive value):

S:'Yp_'Y_'Yp—w (2)

where v, is the surface free energy of particles (1.145 x 10° mJ
m~?),*? y is the fluid surface tension with a value of 0.0738 N
m ', and Yp—w 18 the interfacial tension with a value of 0.125 x
10> mJ m >3® The spreading coefficient (eqn (2)) becomes
positive and is around 947 mJ m . Therefore, the droplet liquid
wets the non-functionalized ferroparticles. To maintain the
ferroparticles in the droplet fluid, the capillary force (F,) and

RSC Adv, 2025, 15, 44260-44271 | 44263
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(a) AFM topology of the hydrophobic surface.>*® Synthesized surfaces have various topologies. (b) An AFM line scan of the hydrophobic

surface. The surface topology consists of hill-like structures with a maximum peak height of about 132 nm.*>*° (c) An SEM micrograph of the
hydrophobic surface.>*° The clustering of nanosized (30 nm) synthesized silica particles is evident while forming hill-like structures. (d) An SEM
micrograph of synthesized ferroparticles®>*° and (e) an SEM micrograph of an as-received ferroparticle.

buoyancy force acting on particles must be of similar order to
the gravitation force. The capillary force is formulated in the
context of an earlier study,* i.e.:

F=6 2] ®)
pC
Here, my, is particle mass. Due to the magnetic effect, particles
aggregate within the liquid. The mass of the loose particles is
estimated to be ~5.5 x 10" kg. Since tension at the liquid-
particle interface is 0.125 N m ™", the force (F,) computed at the
interface from eqn (3) is ~1.56 x 10~ * N. Buoyancy force (Fgp,)
for particles inside the droplet is 3.21 x 107 N (Fgp = vsp ¥ p,
where V, is the volume of the particles while v, is the specific
weight of liquid), which becomes smaller than the interfacial
force. The weight of particles inside the droplet is estimated as

44264 | RSC Adv, 2025, 15, 44260-44271

~1.66 x 10~° N. Hence, the particles remain inside the droplet
once picked up after impact. On the other hand, the force
developed due to the magnetic effect alters with the concen-
tration of particles and the distance from magnet to droplet. As
the droplet gets nearer to the magnet, it gains acceleration
because of the force created under the magnetic effect. Since the
particles are located loosely on the hydrophobic surface and the
magnet is located below the surface (70 mm below the surface)
during the experiments, the force created between particle and
magnet interface can be formulated in the frame of an earlier
study.*® Hence, the force created as a result of the magnetic field
is:

Fn =MV, L {%} g (4)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where ¢ represents the volumetric particle concentration,
(npVap)
pt
particles in volume covered by loose particles, V¥ is the
approximate volume of a single particle, and V. is the total
volume of the particle layer as if it covers the whole hydrophobic
surface (using the photographic imaging technique, the value of
¢ is estimated as 0.62). M; denotes the saturated magnetization
per unit volume, H is the magnetic field strength, mg stands for
particle magnetic moment, Ky is the Boltzmann constant, T is
temperature, S is the spacing from magnet to droplet, and

I |:m0H
KgT
becomes equal to unity (approximately) due to the large value of
(] - ).
KgT

H H 1
L mL — coth mL [ —
KgT KgT |:m0H:|

calculated as %wt , where n;, is the number of lose

} is the Langevin function. The Langevin function

the term since

Utilizing specific values

KT

such as p. = 5170.4 kg m ™~ for particles, p,, = 1000 kg m > for
water, My = 6.6 x 10> mT for the particles, and 0.005 wt% for
concentration,® magnetic field strength (H) is ~6.95 x 10* A
m~', § = 20 mm of spacing from magnet to droplet outer
surface, and small droplet volume (20 pL), magnetic force is
calculated to be ~ 2.3 x 10°> N. When the droplet becomes close
to the magnet, this force increases significantly due to the
reduced distance (S) in eqn (4). Assuming the droplet impact
height (s) equals the diameter of the droplet (4.67 mm) before
the impact, magnetic field strength becomes H ~7.24 x 10* A
m ™', resulting in a force influencing the particles of ~6.8 x
107° N.

Droplet behavior after impact

Water droplets impacted on loosely distributed ferroparticles
over a hydrophobic surface with and without a magnetic field.
Fig. 4 shows high-speed camera images for time frames with
and without particles on the impacting substrate. The images
also include the case where a magnetic field was applied. The
spreading droplet liquid wets the non-functionalized ferro-
particle surface and upon impact some particles are captured by
the droplet fluid. This results in a change of the contact angle of
the droplet because of the presence of particles in the droplet
fluid, which lowers the contact angle almost ~ 2°-4°.° As the
magnetic field is applied, the particles picked up by the droplet
can further influence the surface tension and the contact angle.
The surface tension because of the magnetic field can be
formulated in accordance with earlier work.*® After considering
that the shape of the droplet resembles an ellipse, the surface
tension yields:**

16x S
—yd__ X B 2
Tn Y{3<1+><N> °M+2} )

where x represents initial magnetic susceptibility, N corre-
sponds to demagnetizing, Boy is the magnetic bond number

rd,uon

Fyagnetic . . .
g = , where rq is droplet radius, u, is
Y

Fsurf—tension

© 2025 The Author(s). Published by the Royal Society of Chemistry
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magnetic permeability of free space, H is magnetic field

s
. sin"r
strength), and s is the surface area parameter (s = ; +p,

bOZ

. . b
where r = /1 — — is the eccentricity, p = a—o represents the
0

Qo
aspect ratio of the droplet, and ay, b, are major and minor axes
of the droplet). Introducing the data presented in earlier work®
(x = 1.2, N = 0.5,®) and using the optical images for the
droplet and assuming that the droplet resembles an elliptic

b .
shape, — becomes 0.7 and By, yields a value Boy, ~0.1 (because
ao

of low concentration of particles inside droplet), and eqn (5)

results in 7™ = 1.025. The small change in droplet geometry
Y

because of the magnetic field effect and observed from the
optical images is due to the small change of the surface
tension.

Fig. 5a shows droplet contact time with Weber number while
Fig. 5b demonstrates the variation of spreading factor for the
different cases considered in experiments. Contact time is
related to end of droplet expansion and retraction periods prior
to droplet rebound on the surface. The droplet contact time and
spreading factor differ considerably in cases with and without
loose particles on the surface and the presence or absence of
a magnetic field. This variation associated with droplet expan-
sion and retraction cycles on the surface is such that (i) the
presence of ferroparticles in droplet liquid, due to them being
picked up, increases surface tension while enhancing droplet
adhesion on the surface due to increased surface tension force,
(ii) shear stress on the impacted surface increases because of
loosely distributed particles on the surface, and (iii) the mass of
the droplet increases as a result of picking up particles while
contributing to the kinetic energy loss during expansion and
retraction. In the case involving the magnetic field, the force
created on particles due to the magnetic field contributes
significantly to kinetic energy loss during expansion and
contraction cycles on the hydrophobic surface. This is reflected
in Fig. 5a, where contact time remains lowest for all Weber
numbers for the case where the magnetic field is applied. In
general, contact time reduces as Weber number increases,
which is mainly because of the energy dissipation on the surface
in terms of friction, air drag, and work done during expansion
as well as the work done against the pinning forces of particles
particularly under the magnetic effect during expansion and
contraction cycles. Functionalizing the ferroparticles towards
reducing surface energy, via the dip-coating process, slightly
improves the contact time. This is because of (i) small surface
tension force between liquid and particle and (ii) interfacial
tension to pick up particles by liquid inside the droplet is less
likely, i.e. particles attach to the droplet surface rather than
mixing with liquid, which can be seen in Fig. 4. Moreover, the
shear force (F;) at the droplet-substrate interface can be
Ry dua(r)
o H 7 dn
is liquid velocity, r is variable along the radius, n is the space
variable normal to the surface, and R4 is the wetted radius. The
wetted area on the impacted surface can be simplified and

approximated by Fs = 27trdr, where u is viscosity, ug
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Fig.4 High-speed cameraimages: (a) a droplet impacting on the hydrophobic surface, (b) a droplet impacting on the hydrophobic surface with
loosely dispersed ferroparticles, and (c) a droplet impacting on the hydrophobic surface with loosely dispersed functionalized ferroparticles.

assumed to resemble a circle on the surface at the end of
spreading, which is ~1.26 x 10~7 m?, and average fluid velocity
(assumed to be the same as spreading velocity) is 0.0024 m s~ .
This results in a maximum shear force of about 6.14 x 10’ N at
the end of the spreading. However, the droplet interfacial force,
which is estimated as ~1.47 x 10~* N, becomes larger than the
estimated shear force. Therefore, shear force has a small effect
on contact time as compared to interfacial adhesion force due
to surface tension. It is worth mentioning that the interfacial
force contributes to the droplet pinning while lowering the
contact time of the droplet during expansion and retraction

44266 | RSC Adv, 2025, 15, 44260-44271

cycles. In the case of spreading factor (d,/d,, where d,, is the
maximum droplet spreading diameter on the surface and d, is
the droplet diameter prior to impact), as shown in Fig. 5b, the
impacting droplet extends on the surface while the clustered
particles maintain their locations over the surface because of
the magnetic force created, i.e. due to the small thickness of the
hydrophobized substrate (~0.2 mm), and magnetic force
remains high. This gives rise to minimum droplet spreading
over the impacted surface.

Fig. 6a demonstrates the restitution coefficient for various
conditions, including with synthesized particles and in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Contact time vs. Weber number for the different cases considered in the present study. (b) Spreading factor vs. Weber number for the

different cases considered in the present study.

presence of the magnetic field. The restitution coefficient
represents the ratio of velocity change prior to and after impact

. Va—s — Va-— .
on the surface, ie. e= M, where Vy_,, is the
Va-m — Va-i
droplet velocity at onset of impact, V4_; is the initial velocity
before fall from the stand-off condition (Vq_; = 0), V4_s is

impacted droplet velocity on the surface (varies during contact
time), and V4_¢is the final droplet velocity on the surface (Vy_¢ =

. fh .
0). It can also be written as e ~ h—f, where % is droplet rebound

1

height and #4; is droplet stand-off height. The Weber number
represents the surface tension force over the inertia force of

. pV4a®D . . . .
droplet, ie. prd 4 where p is density, Vq4 is velocity of the
Y

© 2025 The Author(s). Published by the Royal Society of Chemistry

droplet (depending on stand-off height), and D4 is the droplet
equivalent diameter, which corresponds to the diameter of
a perfectly spherical droplet having the same volume as the
stand-off droplet. Similar to that of droplet contact time as
shown in Fig. 4a, increasing the Weber number lowers the
restitution coefficient. Force of inertia attains high values as the
stand-off height increases. The droplet loses its kinetic energy
upon impact and this loss is significant as the stand-off height
becomes large. The presence of particles on the impacted
surface contributes to kinetic energy loss, which increases as
the magnetic field is introduced. However, functionalizing the
particles causes less kinetic energy loss as compared to that
corresponding to as-received particles. In this case, interfacial
force (~1.56 x 10~* N) contributes to pinning of the droplet on
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for the different cases considered in the present study.

the surface and shear force (~6.12 x 10’ N) contributes to
kinetic energy loss after impact. The restitution coefficient
reduces almost linearly with Weber number and the percentage
reduction becomes similar for the cases considered. Fig. 6b
shows rebound height with Weber number for all cases
considered. Rebound height is influenced by the particles,
which becomes more significant for the case with ferroparticles
and magnetic field, i.e. in such a situation, the magnetic force
created on particles contributes to pining of the droplet on the
surface, which in turn causes droplet kinetic energy loss and
attainment of low rebound height. It is worth mentioning that
the maximum shear and interfacial forces are estimated as
~6.14 x 10”7 N and ~1.56 x 10~* N, respectively. However, the

44268 | RSC Adv, 2025, 15, 44260-44271

(a) Rebound height vs. Weber number for the different cases considered in the present study. (b) Restitution coefficient vs. Weber number

magnetic force is estimated as ~6.8 x 10> N for a magnetic
field strength of H ~7.24 x 10° A m™'. These forces act in
opposition to droplet inertial force for rebounding while
contributing to low rebound height under the influence of the
magnetic field. In the case of functionalized particles, the
particles are not wetted by the droplet fluid, due to negative
spreading rate,* and they are rather attached to the droplet
surface during the rebounding cycle, which can be observed
from Fig. 4. However, the force acting on particles, under the
influence of the magnetic field, contributes to kinetic energy
loss and the rebound height remains small, provided that
droplet rebound height for as-received particles is less than that
for functionalized particles. As-received particles are picked up

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by the liquid upon impact; however, functionalized particles
mainly attach to the droplet surface (Fig. 4). Fig. 6b demon-
strates rebound height for the different configurations used in
the experiments. Since droplet vertical position is associated
with restitution coefficient in terms of e ~ \/%, large restitution
1
coefficients result in large rebound height. The droplet
undergoes multiple rebounds after impact and because of
energy dissipation, the peak rebound height decreases with the
number of rebounds. This becomes visible for the case of as-
received particles. Energy dissipation between peak heights is
relatively larger for surfaces with particles than plain surfaces.
This shows that interfacial resistance between particles and
liquid, and shear resistance created at the surface increase with
the presence of particles. Consequently, total energy dissipation
before multiple rebounds increases. In addition, loosely
distributed particles on the hydrophobic surface influence the
wetting state of the substrate while lowering the droplet contact
angle and increasing contact angle hysteresis. This causes an
increased surface tension force during droplet expansion over
the surface after impact through which dissipated energy
increases during droplet expansion. For synthesized particles,
droplet hysteresis remains low, and work done overcoming the
surface tension becomes less during droplet spreading. This
gives rise to higher peaks for the rebound height than those for
the as-received particles case. In the case of an applied magnetic
field, particles are pinned on the substrate surface creating
a topology that modifies the surface wetting angle. In addition,
some particles can be taken up by the droplet liquid (Fig. 3)
while contributing to droplet pinning on the surface. Therefore,
increased work done overcoming the surface tension force, due
to high hysteresis, and the pinning effect of the magnetic force
result in large energy dissipation causing low rebound height
peaks. This is more pronounced for the other peaks of the
rebound height.

Conclusions

An impacting droplet on a hydrophobic surface with loosely
dispersed ferroparticles with and without a magnetic field is
investigated. Dynamic analysis of the impacting droplet is
conducted, in which spreading, retraction, and contact time on
the surface are evaluated, and droplet rebound height is
determined. To assess the energy dissipation of droplets after
impact, experiments are repeated after incorporating synthe-
sized particles to lower the hysteresis of the wetting angle at the
surface. The surface is hydrophobized via the deposition of
synthesized silica nanoparticles via the dip-coating technique. A
high-speed camera system was utilized to record the impacting
droplet motion. We demonstrated that the presence of loosely
dispersed ferroparticles slightly alters the surface wetting state
in terms of a slightly reduced contact angle (almost 2.5%
reduction) and increased contact angle hysteresis (almost 5%
increase), which becomes important in the presence of
a magnetic force. However, the contact angle increases when
the ferroparticles are functionalized to lower their surface free
energy. Impacting droplet properties are influenced by the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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loosely dispersed particles after impact. Some particles are
picked up by the droplet liquid after impact, which is related to
the positive spreading coefficient of the droplet liquid on
particles, ie. the liquid wets the particles. Because of high
interfacial force between particles and the liquid (~1.56 x 10~*
N), these particles remain inside the droplet during multiple
rebounds. Droplet energy dissipation during impact increases
due to the presence of particles while reducing the contact time
at the surface, which becomes more visible at high Weber
numbers. Droplet energy dissipation is related to (i) work done
against surface tension force, due to reduced contact angle and
increased contact angle hysteresis, during expansion and
contraction, (ii) enhanced shear stress at the droplet bottom
due to the presence of particles in the droplet bottom increasing
the rate of fluid strain, and (iii) slightly increased droplet mass
via particles being picked up by the droplet fluid upon impact.
This becomes more apparent as the magnetic field is intro-
duced. The particles are magnetically attached to the substrate
surface, creating a surface topology that enhances the contact
angle hysteresis. In addition, only a few particles can be picked
up by droplet liquid after impact because of the magnetic force
(~ 2.3 x 107" N), which is higher than the capillary force (~2.69
x 107° N). Restitution coefficient and rebound height are
reduced by the particles, which becomes significant as the
magnetic field is introduced. The reduction of restitution
coefficient and rebound height reaches about 40% and above
due to the magnetic field. Functionalized particles attach to the
droplet surface rather than being picked up by the droplet fluid
because of the negative spreading coefficient. Since the inter-
facial force (~1.56 x 10~ N) is bigger than the magnetic force
acting on the particles (~ 2.3 x 107> N), no new droplet or
particle separation is observed after the second rebound. The
present study provides a detailed analysis of impacting droplets
on hydrophobic surfaces with dispersed loose particles and
provides useful information on impacting droplet mobility and
characteristics under the influence of a magnetic field.
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