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ABSTRACT

Hypothesis: The presence of non-Brownian spherical particles dispersed in a liquid modifies the impact and spreading dynamics
of a drop on a hydrophilic substrate. The difference in spreading dynamics is attributed to the increase in the viscosity of the
suspension caused by the presence of the particles. Similarly, the presence of anisotropic non-Brownian particles, such as fibers,
also increases the bulk viscosity of the suspension. In addition to the diameter D of the fiber, the length L, which determines the
aspect ratio A = L/D, is crucial in controlling the viscosity of a fiber suspension. Therefore, we hypothesize that the drop impact
of fiber suspensions with different volume fractions will result in a similar modification of the spreading dynamics.

Ezperiment: To investigate the impact and spreading dynamics, we prepare suspensions of fibers with an aspect ratio A = 12 at
different volume fractions. These volume fractions span the dilute, semi-dilute, and dense concentration regimes. Additionally, we
conduct a subset of experiments with aspect ratios A = 4 and A = 20. Furthermore, we characterize the thickness of the resulting
droplet film, as well as the coating and orientation of fibers after the spreading dynamics reach a steady state.

Findings: The presence of fibers significantly influences the spreading dynamics and final size of the droplet on the hydrophilic
substrate. Notably, the resulting droplet size after spreading decreases as the volume fraction of fibers in the suspension increases.
To rationalize these results, we use a modified equation, originally developed for spherical particles, which incorporates the viscosity
of the suspension. Additionally, we observe an increase in the splashing of the droplet during spreading when increasing the Weber
number and the volume fraction. Furthermore, we show that as the volume fraction increases, the final thickness of the droplet
increases, and the resulting fiber coating becomes less uniform. We also highlight the secondary influence of fiber geometry on the
coatings, such as the overlap of fibers, which further affects the coating uniformity. Despite these geometry-induced modifications,
the radial orientation of the fibers remains isotropic across all volume fractions considered in this study.

with more complex rheology”. For instance, on the impact of
shear thickening and shear thinning fluids on a hydrophobic sur-
face™ numerical simulations of the impact of viscoelastic liquid

1 INTRODUCTION

The impact, spreading, and final deposition of liquid droplets on

solid substrates are encountered in a wide range of natural and
industrial situations, from raindrops falling on soil to suspen-
sion drops in inkjet printers. Various aspects of drop impact on
solid surfaces have been studied, such as the early dynamics after
contact, the role of substrate wettability, the maximum spread-
ing diameter, the splashing threshold, or the force exerted on
the substrate see, e.g.,”*?. Such studies have greatly improved
our understanding of the impact of droplets of Newtonian flu-
ids. However, many industrial processes involve capillary flows
of complex fluids such as polymer solutions e.g.,* . particulate
suspensions e.g.,% and colloidal particles®. The numerous ap-
plications of drop impacts have motivated many recent studies

@ Department of Mechanical Engineering, University of California,
Santa Barbara, California 93106, USA; E-mail: sreeram@ucsb.edu

b Department of Mechanical Engineering, University of Maryland,
College Park, Maryland 20742, USA; E-mail: asauret@umd.edu

¢ Department of Chemical Engineering, University of Maryland, Col-
lege Park, Maryland 20742, USA

droplets™, the impact of yield-stress fluids on a flat surface™?,
and drop impact on thin films®®. Such studies have extended
our understanding of drop impact to homogeneous complex fluid
systems.

However, studies investigating the effect of discrete particles
during the impact and deposition of suspension drops on sub-
strates remain scarce. This topic is important because the depo-
sition of droplets of particulate suspensions occurs in processes
such as inkjet printing™#"® 3D printing of fiber composite ma-
trices®®, and drug delivery to designated parts of the respiratory
system™. The deposition of fiber particulates such as asbestos
is also of environmental concern, as the pollutants can be de-
posited in the lungs see’®. Past studies have considered the role
of non-Brownian particles dispersed in a fluid during capillary
flows. For instance, particles have been shown to modify the
pinch-off of droplets® %22 o thin-film coating processes®3 22,
The role of spherical, non-Brownian particles has also been inves-



tigated for the drop impact on flat surfaces®28 and on cylindri-

cal targets. The studies on drop impacts of particle-laden flu-
ids have characterized the morphology of the suspension droplet
upon impact, the splashing threshold, and the final particle dis-
tribution. However, the influence of anisotropic non-Brownian
particles, such as fibers, during the impact, spreading, and coat-
ing of a suspension drop on a solid substrate has received much
less attention and remains unclear. In the present study, we ex-
perimentally investigate the impact of a drop of fiber suspension
on a hydrophilic glass surface to address these questions.

Interfacial flows of non-Brownian fiber suspensions exhibit
complex multiphase dynamics arising from interactions between
discrete fibers and the surrounding liquid-air interface?®% In
many industrial applications, capillary interactions of fibers play
a crucial role®¥2, When fibers are introduced at capillary scales,
comparable to the characteristic length scale of the flow, their
random packing within the liquid is modified, influencing the
overall suspension dynamics. This is particularly pronounced
at larger volume fractions, potentially inducing fiber ordering
or resulting in fibers protruding through the liquid-air inter-
face. In applications involving additive manufacturing and spray-
coating, capillary interactions influence both the coated area and
fiber orientation, which are crucial to material strengthm. In
bioprinting of organs, capillary-scale interactions of deformable
anisotropic particles are relevant to cell extrusion, where precise
cell alignment is essential®, Similarly, capillary-driven flows are
also important in applications such as self-healing gels, localized
drug release and delivery, fibrous porous water treatment mem-
branes, and industrial-grade separations, where extrusion-based
methods are used to deposit fibers and anisotropic particles.
Another well-studied example is capillarity-driven flows of parti-
cles toward the contact line during the evaporation of colloidal
suspensions, affecting uniformity and coverage. The present
study aims to identify key quantities relevant to industrial appli-
cations involving the deposition of droplets of fiber suspensions
and examine how parameters such as volume fraction and fiber
geometry influence these quantities.

While the spreading dynamics, final droplet size, shape, and
splashing threshold have been studied for spherical particles, the
effects of fibers remain largely unexplored22822 The approach
used in this study successfully quantifies these parameters for
fiber suspensions. Notably, we introduce the concept of area
fraction to quantify the final surface area coated by the fibers
following the droplet impact, enabling a description of the effects
introduced by the presence of anisotropic particles within the
droplet. Additionally, we develop an in-house routine to quan-
tify the radial orientation of fibers in the deposited droplet, with
the capability to distinguish overlapping fibers accurately. Our
investigations provide a framework for quantifying key factors as-
sociated with capillary flows and interfacial effects in the droplet
deposition of non-Brownian fiber suspensions. Importantly, we
address a critical gap in the literature on droplet deposition in-
volving anisotropic particles.

The paper is organized as follows: in §2] we present the ex-
perimental techniques used in this study. In we discuss the
dynamics of the droplet as it impacts and spreads on a surface,
the resulting thickness of the deposited film, and map the splash-
ing after the drop impact. Following this, we present a discussion
on the coating of the deposited fibers and the distribution of their
orientations in We then draw concluding remarks in §4]
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Figure 1: (a) Schematic of the experimental setup. (b) Top and
side views of the geometry of the droplet as it spreads. The fibers
have cylindrical cross-section of diameter D and a length L.

2 EXPERIMENTAL METHODS

The experimental setup, shown in figure a)7 consists of a syringe
filled with the fiber suspension mounted vertically on a microm-
eter translation stage. The quasi-static extrusion of the fiber
suspension from a nozzle of diameter 3mm leads to a pendant
drop. The drop detaches when gravity overcomes the capillary
forces, leading to droplets of diameter dp = 2Rp = 4 £ 0.1 mm.
The droplet is released from a height H = 10, 14, and 18 cm,
resulting in impact velocities U = 1.4, 1.65, and 1.9 m/s, and
thus a timescale of impact t; = do/U =~ 2 - 4ms. More details on
the free-fall dynamics of the droplet are provided in §S1 of the
supplementary material. To ensure consistent results, we per-
formed seven realizations of the experiment for each parameter
investigated. The substrate on which the droplet impacts is a
hydrophilic glass surface. We prepare the substrate by polishing
it with an abrasive compound (3M, Cerium Oxide), ensuring a
consistent surface for all experiments and a small contact angle,
smaller than 5° for the solvent considered.

The suspension is made of non-Brownian nylon fibers dispersed
in a density-matched solvent made of a mixture of water and glyc-
erol (40%,/60% by weight) of density p = 1152kg/m® (measured
with Anton-Paar DMA 35), dynamic viscosity n¢ = 9.5 mPa.s
(measured with Anton Paar MCR 302), and surface tension
v = 67mN/m (measured with Attension Tensiometer). The sol-
vent has a contact angle . < 5° on the glass substrate. Note
that the presence of particles does not modify the density or the
surface tension of the suspension (See Ref. %344 We disperse the
nylon fibers of various aspect ratios A = L/D at different volume
fractions ¢ in the solvent. Most of the experiments are performed
with fibers of diameter D ~ 50 pm and length L ~ 600 ym, re-
sulting in A = 12. We also present some results for a smaller set
of volume fractions for fibers of aspect ratios A =4 and A = 20
and the same diameter D = 50 um (See figure S2 in supple-
mentary materials for the size distribution of the fiber lengths).
Overall, we use a volume fraction ¢ € [0.1, 20]%, depending on
the aspect ratio. Indeed, for too large aspect ratios or volume
fraction, the fibers may clog the nozzle®8 For the range of
volume fractions used here, we ensured that the volume fraction
of fibers in the extruded drop is similar to the volume fraction in
the nozzle, i.e., there is no self-filtration at the syringe nozzle™”
(see supplementary material, figure S3).
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Figure 2: Snapshots of time-evolution of the suspension droplet upon impact for volume fraction ¢ = 0.1%, ¢ = 1%, and ¢ = 5%

for fibers of length L = 600 ym and diameter D = 50 ym.

In the present work, we considered moderate Weber numbers
We = pU?d/~v = 135, 190, and 240. The Reynolds number of the
solvent droplet upon impact is defined as Rer = pUd/n; and takes
the values 680, 800, and 920. Alternatively, we could define a sus-
pension Reynolds number as Re(¢) = pUd/n(¢) = Res ne/n(d),
where 71(¢) is the viscosity of the fiber suspension. The impact
and spreading dynamics are recorded from the top and the side
at 10,000 frames per second (VEO Phantom 640), as shown in

figure [

For an aspect ratio A = 12, the limits of the dilute, semi-
dilute, and dense regimes are ¢ < 0.54%, 0.54% < ¢ < 6.5%,
and ¢ > 6.5%, respectively, based on the limits provided by
Butler et al.%8 (Further details provided in §S1, supplementary
material). In the semi-dilute or dense regime, the hydrodynamic
and fiber-fiber interactions cannot be neglected®”. Different em-
pirical correlations have been proposed to describe the viscosity
of fiber suspensions 7(¢). Here, in the range of volume frac-
tion considered, we use the Maron-Pierce correlation, giving the
steady-state shear viscosity of fiber suspension:

n=mno(l—¢/pc)?, (1)

where ¢. is the critical volume fraction at which the viscosity
diverges, and depends on the fiber aspect ratio. We should em-
phasize that other empirical correlations would have been pos-
sible for the present fiber suspensions. For instance, Tapia et
al.B1 proposes 1 = no(1 — ¢/¢c)~%° for fibers of volume fraction
¢ > 25%. However, for the range of volume fraction considered
here (¢ < 10%), we use the Maron-Pierce correlation, similar
to the range of ¢ explored by Bounoua et al. B0, Further, the
Maron-Pierce model has been previously found to work well to
describe the dip-coating of substrates with fibers™®2.

3 RESULTS AND DISCUSSION

3.1 SPREADING DYNAMICS OF FIBER SUSPENSIONS
3.1.1 INITIAL SPREADING OF THE SUSPENSION
DROPLET

The droplet is released at a height H and impacts the substrate
with a velocity U. Figure a) shows the time-evolution of the
rescaled radius R(t)/Ro of the outer edge of the droplet for A =
12 and varying the volume fractions ¢ € [0, 10]% at We = 135.
‘We consider here the spreading dynamics of the droplet after the
initial contact with the surface at ¢ = Oms and until the radial
spread reaches a steady-state value around ¢ ~ 100 ms. While
the droplet continues to relax beyond this time, the increase in
the droplet size is about 25% from the maximum droplet size
over t ~ 30s > 100ms. The long-term evolution of the drop is
driven by capillarity and gravity, unlike the early-time inertia-
driven spreading dynamics. Additionally, the evaporation of the
solvent is also relevant for the long-term droplet size evolution
(t > 30s). Therefore, a detailed description of the long-term
evolution of the drop is beyond the scope of the present study.

During the initial spreading, i.e., for ¢ < teon, the radius R(t)
rapidly increases, as seen in the unshaded region in figure a).
Here, toon is the collision time defined as teon = 2R /U 142152 "0
value of teon =~ 2.5 ms for We = 135 is shown by the dotted lines
in figure a). This timescale agrees well with our experimental
observation of when the spreading radius R approaches a steady
value. The evolution of the dimensionless radius R(t)/Ro shows
that the addition of fibers slightly slows down the initial spread-
ing. Indeed, as we increase ¢, the macroscopic viscosity 7(¢)
increases in the presence of particles, resulting in larger viscous
dissipation.

The spreading velocity, non-dimensionally defined as V/Viou,
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Figure 3: (a) Time evolution of the rescaled radius R/Ry for varying volume fraction ¢ € [0, 10] % of fibers (A = 12) and We = 150.
The shaded region shows the later stage of spreading once the droplet has fully impacted the surface (¢t > tcon). Inset: time-evolution
of the rescaled spreading velocity V/Vion. (b) Spreading factor S = max(R/Ry) for suspensions of A = 12 fibers with ¢ € [0,10] %
and We = 135 — 240. The dashed lines indicate fits using equation[d] The colored regions indicate the dilute, semi-dilute, and dense

regimes (from left to right)

where V = dR/dt and Veon = Ro/tcon, is reported in the inset of
figure a) for the same experimental parameters as in the main
panel. Following the impact, the spreading velocity reaches a
peak before the spreading slows down due to viscous effects. The
viscous dissipation arises from two contributions: wall friction
on the substrate and the presence of particles. As expected, the
peak velocity decreases slightly when increasing ¢, due to the
increase in macroscopic viscosity.

3.1.2 FINAL SPREADING RADIUS

After the collision (¢ > tcon), the droplet spreads to a maximum
radius, as seen in figure a), before slightly relaxing to a final
shape for ¢ > tcon. As the droplet spreads, the kinetic energy
from the impact is dissipated through viscous effects, and R/Ro
plateaus toward a constant value. To quantify the influence of
¢ on the maximum spreading radius, we define the spreading
factor 8 = max(R/Ro)?®. We report in figure b) the evolution
of B measured from our experiments for the A = 12 fibers at
We = 135, 190, and 240 and increasing volume fraction. The
shaded regions from light to dark represent dilute, semi-dilute,
and dense regimes®®. In the dilute regime 0% < ¢ < 1%, we note
that g slightly increases as volume fraction increases. However,
in the semi-dilute and dense regimes, ¢ = 1%, the final radius
decreases as ¢ increases, as expected from the increase in viscous
effects with ¢. We also observe similar results for the A = 4 and
A = 20 fibers at different We (figure S4 in the supplementary
material).

We can try to rationalize the evolution of 5(¢) using a model
developed by Pasandideh et al®2 for particle-free Newtonian lig-
uids, and extended by Nicolas?® for suspensions of neutrally
buoyant spherical particles. When an initial suspension drop of
volume Q = 47Ry®/3 impacts a solid substrate from a height H,
the total energy of the drop just before the impact is purely due to
the kinetic energy gained from the free fall, Ex = 4wpRo>U?/3.
After the impact, the spreading droplet dissipates energy through
viscous losses, Wy = 4 a w1 Ro?*, where o is a fitting parameter
of order 1. Similar viscous dissipation controlling bounding and
merging behavior has also been quantified for liquid droplets im-

pacting on thin liquid films®. For the solvent, an energy balance
provides the expression for the spreading factor®2:

Reg \ /4
p= (12a)

For suspensions of particles, the Reynolds number Re(¢) is

related to the Reynolds number Res of the solvent through

Re(¢) = Rer/n:(¢). As defined in equation [1} the relative vis-

cosity is given by 1. = n(¢)/m0 = (1 — ¢/¢c)"2, such that the

expression for the spreading factor for the droplet of fiber sus-
pension becomes:

B Res 1/4 p 1/2
ﬂ*(m) (“a)

Furthermore, when ¢ < ¢. we can approximate equation 3| as
a linear expression:
1¢
2 P

 /Re 1/4 )
b= (12a> (

We use equation |4 to fit § measured from the experiments, as
shown in figure b)7 which captures 8(¢) well in the semi-dilute
and dense regime (i.e., ¢ > 1%) for A = 12 fibers at different We.
For fibers, the maximum random packing fraction ¢. depends
on aspect ratio A (See Ref.). For A = 12, we consider ¢.=
37.5%, which provides the viscosity of the suspension in the range
n € [9.5, 17.66] mPa.s for ¢ € [0, 10]%, and a fitting parameter
a = 0.76 + 0.03 that depends weakly on We. Similar fits for the
A =4 and A = 20 fiber suspensions are provided in §S4 of the
supplementary material. The values of ¢ used here are based on
estimates from the work of Bounoua et al.%? and describe well the
evolution of f measured in this study. Nevertheless, ¢. remains
an estimate, and detailed measurement of the rheology of fiber
suspensions at different aspect ratios would allow us to obtain
be(A).

The values of « estimated from our experiments are close to
the values reported in Ref.28 (o = 0.89 for spherical particles on
a hydrophilic solid substrate). The larger values of « observed
for A = 4 and A = 20 noted in §S4 are likely due to a smaller

2)

®3)

(4)
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Figure 4: Diagram showing the splash/no splash regions for the
A = 12 fibers as a function of ¢ and We. The color map corre-
sponds to the normalized number of droplets ejected. The dashed
lines are a guide for the eye, demarcating the splash/no splash
boundary.

sample set of ¢ (only three values of ¢ were considered, as shown
in figure S4). However, this confirms our hypothesis on the role of
viscous dissipation 7(¢) on the final size of the suspension droplet,
despite the differences in aspect ratio A. In summary, at first
order, the spreading behavior of the fiber suspension droplets on
a hydrophilic substrate can be captured through the modification
of the effective macroscopic viscosity, and one can neglect the
local heterogeneity brought by the particles. This observation is
reminiscent of the similar configuration with spherical particles.
Therefore, the main effect of the geometry of the fibers here is to
change the value of ¢. and, thus, the viscosity at a given volume
fraction, and one can neglect the local heterogeneities brought
by the fibers during this phase.

3.2 SPLASHING CRITERION FOR FIBER SUSPEN-

SIONS

Understanding the splashing of suspension droplets is essential
for good predictions of the final size and shape of the deposited
droplet®. Various splash criteria relating the droplet Reynolds
number, Re, and Weber number, We, have been proposed for a
liquid impacting on a substrate®®%. Modified versions of these
expressions have also been investigated for suspensions of spher-
ical particles®™%°8  However, such models fail to capture the
splash/no splash observations in the present study. A modified
criterion for splashing in the drop impact of suspensions has been
proposed by defining a particle-based Weber number®?. However,
this model does not address the role of ¢.

In figure[d] we show the regime map for the splashing of A = 12
fibers with ¢ € [0,10%]. The color map corresponds to the nor-
malized number of droplets ejected. The dashed lines are a guide
for the eye, demarcating the splash/no splash boundary. As ob-
served, the criterion not only depends on We and Re, but also

on ¢. At We = 135, we observe splashing only when ¢ > 2.5%.
For ¢ > 2.5%, as ¢ increases, the number of droplets ejected also
increases. The threshold decreases with We. For We = 190, we
see splashing when ¢ = 0% and for ¢ > 0.1%. At We = 240, we
observe splashing for all values of ¢. Similar splash/no splash ob-
servations have been previously reported for spherical particles”,
where splashing was observed with an increase in both We and
¢. This work, however, did not describe the number of droplets
ejected. We conclude from our observations that the splashing
behavior of suspension droplets is influenced by multiple factors,
including We, Re, and ¢. For fiber suspensions, additional fac-
tors such as aspect ratio A may also modify this behavior. From
a limited number of tests, we observe an increase in splashing
with We for A =4 and A = 20 fibers. However, a larger data set
is necessary to build an accurate model on the influence of A on
splashing and is beyond the scope of the study, where our pri-
mary focus is on the final deposited droplet. This is considered
in the following sections.

3.3 FINAL THICKNESS PROFILE OF THE DROPLET

Quantifying and predicting the thickness profile of droplets on a
surface is important in coating applications, inkjet printing, and
additive manufacturing®®**#€%6l  Various methods can be used
to measure or estimate the thickness of the liquid film, such as
imaging from the side or estimating the average thickness from
the droplet weight and radius. Such methods, however, have the
limitation that the thickness of the droplet can only be estimated
along a fixed plane or on an average. An accurate way to mea-
sure the thickness for the entire drop is through a light absorption
technique, where the intensity transmitted by a dyed liquid film
is mapped to a previously calibrated thickness®. This technique
was initially considered for pure liquid®? and later used with sus-
pensions of spherical particles®). Here, we adopt this technique
for fiber suspensions.

Before we prepared the suspension, we added 1.2gL™" of Ni-
grosin (Sigma-Aldrich), a black-dye commonly used for biological
samples, to the solvent. Nigrosin has been shown to not alter the
surface tension or the viscosity of the liquid®®. The details of the
calibration and method are provided in §S5 of the supplemen-
tary material. The calibration allows us to convert the intensity
I measured at any location and time by the high-speed camera
to the local liquid thickness (from the calibration parameter and
the reference intensity Ip). We show an example of the time evo-
lution of the 3-dimensional thickness profile extracted from the
procedure for a fiber suspension of volume fraction ¢ = 0.5% and
A =12 in figure a).

From our observations on droplet spreading dynamics, shown
in figure a)7 the droplet reaches a steady state of spreading
around ¢t ~ 100 ms. Using the technique described previously, we
extract the thickness profile of the droplet in this final state for
A = 12 at different ¢ and We. We show the azimuthally averaged
profiles for one realization of the experiment in figure b) (solid
green lines) for 0 < ¢ < 10% and We = 135. The shape of the
droplets in this state can be described, at first order, as a spher-
ical cap. This is a reasonable assumption since the maximum
height of the droplets on the substrate is of order h ~ 1mm,
smaller than the capillary length /. = 2.3mm and the Weber
number is small. Hence, capillarity dominates. Note that such
an assumption is expected to work well in the limit of vanishing
Weber numbers and deviate at larger Weber numbers. The as-
sumption of a spherical cap has been previously used to study
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Figure 5: (a) Thickness profiles of a fiber suspension droplet of volume fraction ¢ = 0.5% (A = 12) evaluated using absorption
spectroscopy as it spreads on the substrate. (b) Final droplet thickness profiles (Solid green lines, ¢ ~ 100 ms) for suspensions of
fibers of aspect ratio A = 12 and volume fractions ¢ € [0 — 10] % (from light to dark green) and We = 135. The dotted lines are fitted
profiles, assuming the final profiles have the shape of a spherical cap (see Equation . Inset: Schematic of the steady-state droplet
morphology and definition of the different physical quantities. (¢) Rescaled mean thickness profiles for A = 12 fiber suspensions at
different volume fractions. The solid lines show a smoothened signal overlaid on a shaded region with the raw mean thickness profile.
Inset: Maximum thickness hmax(¢) of the deposited droplet at different We. The error bars are obtained from five realizations of

each experiment. The dotted lines are given by Eq. (6).

the evaporation of a sessile droplet deposited on a hydrophilic
surface®. A schematic of the drop as a spherical cap is shown
in the inset of figure b). The equation for a spherical cap is:

R \* v R
( sin 6¢ > " tan 0¢
where h(r) is the thickness of the droplet given as a function of
the distance from the center r = 0, R¢ and 6; are fitting parame-
ters. The fit of the profile measured experimentally by equation
is shown by the dashed lines in figure b) and is found to
describe reasonably well the measured profiles. However, the ex-
perimental profile also exhibits a slightly squished droplet com-
pared to a spherical cap. This is likely due to some flattening
of the drop induced by inertia at impact and to some effects of
gravity in the final state. The final deposit radius R, which is
a fitting parameter, is found to only differ slightly by less than
5% from the direct measurement R shown in figure a). The
contact angle for the different volume fractions is in the range
5° < #r < 15°, and increases linearly with ¢. This contact an-
gle range is expected for a hydrophilic substrate, and the slight
increase can be due to the presence of particles. In addition,

h(r) =

()

these profiles only represent one realization of the experiment.
We can thus consider that equation works well to describe
the steady-state thickness, except at the edge of the droplet, in
this limit of small Weber numbers. We also observe in b) that
as ¢ increases, the final profile h of the droplet increases in the
semi-dilute and dense regimes. This is consistent with what we
observe in §3.1.1] where the radius of the drop decreases with
increasing ¢.

In figure c)7 we show the rescaled mean thickness profiles
h/hmax over the rescaled droplet radius r/R¢ for ¢ = 0— 10% at
We = 135, 190, and 240. We plot the mean thickness profile by
averaging the thickness measured at different ¢ for a given We.
We observe that the mean thickness profiles at different We are
self-similar. The profiles are fitted using Equation [5] indicated
by the dashed black lines. Hence, we use a single Equation to
describe the steady-state thickness profile of a fiber suspension
drop. The maximum droplet thickness hmax(¢) is shown in the
inset of figure c). The error bars for hmax shown in the inset of
Figure c) are extracted from five realizations of an experiment
for a particular ¢, We, and A. As expected, hmax decreases
slightly in the dilute regime before increasing with ¢. To describe



hmax(¢), we can use the conservation of volume, RS ~ hmaxRZ,
equation (3} and a Taylor expansion to obtain:

hmax(®) o Ro(1+0.50/6c) (6)

Equation |§| is used to fit the measured hmax for the A = 12 fibers
at different We, and is shown by the dashed lines in figure c)
inset.

3.4 SURFACE COVERAGE AREA OF FIBERS DE-
POSITED

The final coating of fibers on a surface is relevant to applications
from paints and coatings to surface functionalization, such as sur-
face drag reduction®*> In the top panel of figure @(a), we show
a top view of a drop of fiber suspension of A = 12 fibers with
¢ = 0.5% and We = 135 at t ~ 100 ms (z.e., close to its final state
after impact). We use image analysis to quantify the fraction of
area ¢area Of the substrate coated by the fibers in an annular
region of the droplet for various volume fractions and report the
results in figure [6(b) (for further details on the procedure used
to measure @area, see §56 in the supplementary material). The
width of the annular region considered is Ar = ro — 71 = 0.5mm
and taken at various distances r from the center of the droplet.
The width, Ar ~ L = 600 um, and is kept constant in the present
study. The volume fraction of fibers considered in figure [6|(b) is
¢ = 0 — 10%. In the dilute regime (¢ € [0,1]%), Parea Seems
almost constant over the entire range of r. At first order, the
result is a homogeneous surface coating of the fibers for all the
Weber numbers we investigated (see supplementary figure S7 for
We = 190 and We = 240 for A = 12 fibers, figure S8 for A = 4
fibers). For ¢ > 1%, as ¢ increases, there is a gradient in @area
away from the center. We expect such an observation since the
droplet has the shape of a spherical cap, and the thickness of the
droplet decreases away from the center (see figure [5)). This essen-
tially results in a non-uniform coating at larger volume fractions.
However, quantifying the area coated only provides a first-order
description of the surface coverage by the fibers. Additional fac-
tors can be considered, such as the radial spread for different
values of Ar, the overlap of the fibers, and their axial orienta-
tion within the capillary interface. Such second-order effects are
unique to anisotropic particles since they can reduce the effective
coated surface area. To explain our results on surface coverage,
and the secondary effects unique to anisotropic particles, we first
develop a model to capture @area as a function of the volume
fraction ¢. We then use this model to interpret experimentally
measured @area and to quantify the secondary effects through a
fitting parameter W;.

The area fraction ¢area occupied by the fibers in the annular
region is the ratio of the apparent area of the fibers detected in
the annulus to the total projected area of the annulus:

v, DL

AS (7)
where L and D are the length and diameter of the fibers, respec-
tively, and W is a fitting factor that accounts for the apparent
area detected. The projected area of the annular region, as shown
in figure @(a) is AS = 7(r3 — r1). The effective number of fibers
in the annulus, n.s, can be calculated from the number of fibers
per unit volume, n, and the volume of the annulus, A, i.e.,
neg = nAQ. The volume in the annulus AQ = Q(r2) — Q(r1),
where Q(r) is the volume of a section of the spherical cap, and is
given by:

Q(r) = 7rr2h(r) + 7 [Amax —

()barea = Neff

h(r)] [3r® + (hmax — h(r))?]

h(r) is given by Equation We also assume that the volume
of liquid lost due to splashing is negligible for the parameters
considered here.

Now that we have an expression for neg, we want to relate @area
to the volume fraction ¢. By definition, the volume fraction is:

Qﬁberpﬁbe!r
¢ ~v N —AberPliber
eroppdrop

(8)

where N is the number of fibers in a drop, Qfper = 71'D2L/4
is the volume of a single fiber, paver is the density of the fiber,
and pdarop is the density of the suspension. As noted in the
fibers are neutrally buoyant in the solvent, hence paber ™~ pdrop-
Further, the number of fibers per unit volume can also be defined
with respect to the volume of an undeformed drop, n = N/Qarop.
This simplifies the volume fraction to:
nD?L

> (©)

From equations (]Z[) and @D, and using the fact that n =
nesr /ALY, we get the expression for @area in terms of the volume
fraction ¢ as:

o=n
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As noted before, ¥, is a fitting factor to account for the ap-
parent area of the fibers captured using experiments. This fac-
tor provides second-order information on the area coated by the
fibers. In addition to ¥, we consider an additional term W5 to
equation , which accounts for the effect of the squishing of
the drop after impact due to both inertia and gravity. This re-
sults in a drop that is not a perfect spherical-cap, which is also
noticeable as deformations at the edge in figure[5] (b). This defor-
mation is not well represented by equation has been discussed
further in §S9 of the supplementary material. This provides the
final expression for the area fraction in terms of volume fraction:

401 AQ
D AS (1)

An interesting observation from this model is that @area is in-
dependent of the fiber length, L, for neutrally buoyant suspen-
sions. This is not directly observable from experiments. We fit
the model given by equation to our experimental data shown
in figure @(b) and observe a reasonably good fit for our results.
Further, the fitting parameter ¥2 measured for the A = 12 fibers
are provided in figure S9 (b) in the supplementary material.

(10)

¢area = ¢ + \1’2

The values of U, evaluated from @area for various ¢ at We =
135, 190, and 240 are shown in the inset of figure @(b) We ob-
serve that W, increases in the dilute regime but gradually asymp-
totes to a constant in the semi-dilute and dense regimes. The pa-
rameter ¥, accounts for second-order effects introduced by the
presence of fibers due to multiple factors such as overlapping,
axial orientation for the fiber within the droplet, or the length
of the region Ar considered. Factors such as overlapping and
orientation of the fiber with respect to the vertical axis essen-
tially result in less of the fiber area exposed. Additional factors,
such as the size of the annular region Ar, could also introduce
second-order effects. For instance, although the resulting coating
is uniform at low volume fractions, certain regions of Ar may lack
fibers entirely. This is reflected in the measured values of ¥, for
0.1% < ¢ < 1%, which vary within the range ¥, € [0.5,2]. For
¢ > 2.5%, the area covered by the fibers spans the entire droplet,
eliminating non-uniformity across Ar. However, capillary effects
induced by the droplet’s shape lead to a weak decrease in U1, and
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Figure 6: (a) Top: Snapshot of a drop of fiber suspension with A = 12 and ¢ = 0.5% impacted at We = 135 at its final state.
Bottom: Side-view schematic of the droplet at its final state. The shaded region represents the annulus within which the fraction
of area occupied by the fibers is measured. (b) Annular area fraction @area at different radial distance r from the droplet center for
A =12 fibers and ¢ = 0 — 10% at We = 135. The dashed lines show the fit using Equation The fitting parameter ¥, is shown
in the inset for We = 135 (green circles), We = 190 (blue squares) and We = 240 (purple triangles).

results in a non-uniform coating of the fibers. To investigate this
parameter further, we conducted additional experiments using
fibers with A = 4, as reported in figure S8 in the supplementary
material. Preliminary observations of ¥; suggest it may be a
non-linear function of multiple parameters, including ¢, Ar, A,
and capillary effects associated with the pinning of the contact
line at the droplet boundary. Hence, further investigations are
required to fully understand this parameter.

3.5 FINAL ORIENTATION OF THE FIBER

Capillary dynamics can play a crucial role in influencing fiber
orientation during droplet deposition, as the balance of surface
tension, inertia, and viscous dissipation aligns fibers in the sus-
pension. This alignment critically affects the mechanical,
thermal, and functional properties of the resulting material, mak-
ing it relevant to applications in industries such as additive man-
ufacturing and biomedical engineering. Further, the radial
orientation is also required to calculate the deviatoric stresses
in suspensions of anisotropic particles (see, e.g., the work by
Shaqfeh and Fredrickson® for more details).

In the present study, we can directly measure the radial orien-
tation fr in the dilute and semi-dilute regimes, where overlapping
fibers remain distinguishable. We define 0 as the angle formed
between the fiber and the radial vector r passing through its cen-
ter, as illustrated in figure[7(a). In figure[7|(b)-(d), we summarize
the measured values of 6r after the droplet has reached its final
state, i.e., t ~ 100ms. We measure this orientation for A = 12
fibers with ¢ € [0.1,5]%, A = 4 fibers with ¢ = 2%, and A = 20
fibers with ¢ = 0.4%, at We = 135 —240. The procedure involves
using a custom routine developed in Python that can distinguish
between two overlapping fibers (see §510 in the supplementary
material).

In figure[7(b)-(d), we present the fraction of fibers detected as
a function of fr. The distribution is based on seven experimen-

tal realizations for each parameter set, resulting in a dataset that
ranges from over 100 to 5,000 points, depending on the value of
¢. Figure E(b) shows the orientation measured for ¢ = 0.1% of
the A = 12 fibers at We = 135, 190, and 240. In this dilute
regime, we observe a slight anisotropy in the distribution of Og.
Figure m(c) captures the influence of volume fraction in the range
¢ € [0.1,5]% for the A = 12 fibers at We = 135. Indeed, as ¢ in-
creases, we observe that the distribution of g becomes homoge-
neous, i.e., the fibers are increasingly randomly distributed. This
could be due to an increase in fiber-fiber interactions or an in-
crease in viscous dissipation, which minimizes the rearrangement
of fibers in any preferred direction. In figure d), We probe the
role of fiber geometry A, for aspect ratios A = 4, 12, and 20.
We chose the volume fraction ¢ for different A such that we have
sufficient fibers to quantify and that the suspensions have similar
enough viscosity. Once again, we see an isotropic distribution for
Or(A). The isotropy appears to decrease weakly with A. This
observation suggests that of the two factors driving isotropy, i.e.,
viscous dissipation and fiber-fiber interaction, the latter is likely
more important. In summary, from figure [7{b)-(d), we note that
the distribution of fr is within a narrow range of 0 to 0.1 across
different We, ¢, and A. Despite the slight differences observed,
the overall steady-state radial orientation is isotropic across the
range of parameters we measure.

Figure[7[b)-(d) provides insight into the net distribution of 6.
However, it does not reveal any information on the distribution of
Or in the radial or angular direction. To probe this, we quantify
the distribution of fr as a function of r and 6. This is shown
in figure [7[e) for a suspension with ¢ = 0.1% and We = 135,
190, and 240. The heat map provides information on radial or
angular preference for the distribution of 0gr, if any. However,
figure E(e) does not reveal any such preferential orientation. We
observe this to be true for all the We across ¢ € [0.1, 5] % for the
A =12 fibers.

To summarize the radial orientations measured in figure E(b)—
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Figure 7: (a) Schematic of a droplet with a single fiber. The radial orientation is defined as 6w, the angle the fiber makes with
respect to the radial direction r through the center of the fiber. (b) Distribution of O for A = 12, ¢ = 0.1% fibers at We = 135,
190, and 240. (c) Distribution of 6 for ¢ € [0.1,5] % of A = 12 fibers at We = 135 (d) Distribution of O for A = 4, ¢ = 2% (star),
A=12,¢ = 0.5% (circle), A =20, ¢ = 0.4% (diamond) at We = 135. The dotted lines in figures (b)-(d) are only guides for the eye.
(e) Heat map describing the radial spread of g for A =12, ¢ = 0.1% at We = 135,190, and 240, corresponding to green, blue, and
purple background, respectively. (f) Isotropy factor K for different values of ¢ for A = 12 fibers.

(d), we introduce an isotropy factor K. At a particular ¢, We,
and A, we define it as K = 1 — o, where o is the standard de-
viation of the distribution of fg. Hence, K = 1 here represents
an isotropic distribution. We quantify the isotropy K as a func-
tion of ¢ in figure f). The fibers considered are A = 12 with
¢ €[0.1,5] % at We = 135, 190, and 240. As ¢ increases, K con-
verges to 1. Hence, despite the narrow range K, we observe that
as the volume fraction increases, the randomness in the distri-
bution converges to 1. Similarly, we report the influence of fiber
geometry A on the measured isotropy in figure S11 in the supple-
mentary material. In summary, the quantification of K confirms
that for the range of ¢, We, and A considered in this study, the
deposited fibers in the suspension exhibit weak to no preferential
orientation. We mention here that during the dynamic spread-
ing of the droplet, there is some preferential alignment for the
droplet, initially in the radial direction, and perpendicular to the
radius when the liquid forms a crest at the edge of the droplet
(see Movie 1 and Movie 2). However, this orientation is sim-
ply the alignment of the fibers during the spreading, and as the
spreading approaches steady-state, the Or distribution becomes
isotropic.

4 CONCLUSION

The present study investigated the impact of a drop of fiber sus-
pension on a hydrophilic substrate. The parameters explored
include fibers of different volume fractions ¢ spanning the dilute,
semi-dilute, and dense regimes. The droplets were released from
various heights, resulting in different We and Re. While most of
the experiments used fibers with an aspect ratio A = 12, a few
additional experiments were conducted with A = 4 and A = 20
fibers to extend the broad parameter space.

We quantified several key features typically considered in stud-
ies on droplet impact: the spreading dynamics and maximum ra-
dius of the droplet, the steady-state thickness of the drop,
the resulting coating of the ﬁbers7 and the steady-state radial
orientation®2% 4™ For our investigations on spreading dynam-
ics and final droplet size, we hypothesized that as the volume
fraction increases, the resulting size of the drop decreases due
to the increase in apparent viscosity. This is indeed seen in our
results for the fibers in semi-dilute and dense regimes. Further,
the decrease in droplet radius implies that the droplet thickness
hmax should increase with ¢. We verified this by implementing
an image spectroscopy technique for measuring the thickness of
fiber suspensions.

Interfacial effects play a crucial role in determining the sur-
face area coated by particles during droplet deposition, for in-
stance, by controlling the release of particles during extrusion or
spreading of gels used in self-healing materials®**¢ or by driving
the flow of particles toward the contact line through capillary
flow during the evaporation of colloidal suspensions. This phe-
nomenon, influenced by particle size, surface tension, and drying
dynamics, is critical in applications like printing, coatings, and
biomedical devices™1 To analyze the fiber coating, we define
Garea as the surface area coated by the fibers. The analysis re-
vealed that at low ¢, the resulting coating seems uniform at first
order, while at higher ¢, it becomes inhomogeneous. Predict-
ing the surface coating without experiments is challenging due to
the anisotropic nature of the particles. A key difference between
spherical particles and fibers is that fibers can overlap, especially
at larger A. This introduces non-linear secondary effects that
depend on multiple parameters such as the aspect ratio A, the
volume fraction ¢, and the annular region Ar considered. A de-
scription the coated area is essential to improve predictive capa-



bilities for additive manufacturing or spray coating applications
involving capillary deposition®**#% since the surface area coated
is critical to the strength of the material. We propose a model to
capture the evolution of the coated area, @area(r), which includes
a fitting parameter, Uy, to describe the second-order effects in-
troduced by the fibers.

Capillary interfaces influence fiber orientation due to flow dy-
namics generated by the balance of surface tension, inertia, and
viscous dissipation, resulting in fiber alignment during wetting,
drying, and deposition processes?™8%  The resulting fiber ori-
entation critically influences the mechanical, thermal, and func-
tional properties of materials, enhancing strength, conductivity,
and porous media flows in industries like aerospace, automotive,
and biomedical engineering=*0T0872  Applications range from
improving structural properties in 3D-printed composites, filtra-
tion systems, energy efficiency, and tissue scaffolds through pre-
cise alignment strategies See Refs.*%™ ™ Our measurements of
the radial orientation, fr, reveal that despite the different ¢, We,
and A explored, the resulting 6g is isotropic. Hence, for the range
of parameters considered here, the droplet impact process does
not introduce any preferential orientation. Such an observation
is useful in designing processes where uniform spreading of the
fibers is necessary. The image analysis routine we developed to
measure the orientations improves upon previous approaches by
being able to distinguish between overlapping fibers with reason-
able accuracy®® ., While the presented routine has its limita-
tions arising from the accuracy of the segmentation routine used,
introducing such an approach is crucial to measure 0r at higher
volume fractions.

Characterizing the capillary dynamics of suspension flow is
complex but important for practical coating and industrial ap-
plications. The fiber suspensions considered here introduce addi-
tional complexity compared to spherical particles. Further stud-
ies are required to control the orientation of the fibers on the sub-
strate, for instance, by laterally impacting suspension droplets.
Nevertheless, we revealed key insights into the peculiar capillary
dynamics of fiber suspensions that could aid in predictions for in-
dustrial processes. While the present study aims to discuss some
first results on the drop impact of fiber suspensions, many future
directions remain to be explored as capillary flows of fiber sus-
pensions have not yet been as studied as well as capillary flows
of spherical particle suspensions. In this work, investigations on
the role of the aspect ratio A were limited. For studying the
final size of the droplet, further experiments with different as-
pect ratios would refine the model for the fitting parameter o
as a function of A. Similar studies could explore the role of A
on droplet thickness h using the image spectroscopy technique
we presented. Additionally, the technique can resolve dynamic
droplet thickness and quantify the role of fibers in modifying
capillary waves, such as during droplet spreading. Further inves-
tigations are also needed to probe the role of substrate wettability
and orientation, which may be critical for designing 3D scaffolds
or targeted drug delivery using droplet extrusion. Another im-
portant direction is to investigate if one could introduce a pref-
erential orientation for such fibers deposited by drop impact, for
instance, by controlling the orientation of the substrate or the
nozzle or by freezing the droplet during the spreading stage to
arrest the dynamic orientation of the fibers in motion.
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