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The dynamics of nanoparticle-laden droplets, from dripping to impact, have remained a subject of intense debate 
due to conflicting reports in the literature. Here, we address this controversy by systematically investigating the 
breakup, impact, spreading, and splashing behavior of fully characterized additive-free silica nanosuspensions 
synthesized via the Stöber process. In the absence of additives, we find that nanoparticles exert negligible 
influence on the fluid viscosity and dynamic behavior of droplets during break up, spreading, and splashing 
— even in suspensions with a high loading concentration (15 wt.%). This work highlights the pivotal role of 
additives, dispersants, and interparticle interactions in governing droplet behavior. Our findings offer crucial 
insights for a wide range of fields, including inkjet printing and spray coating.

1. Introduction

The journey of a liquid droplet, from formation to impact on a sur
face, encapsulates a complex interplay between interfacial forces and 
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inner dynamics [1--3]. This odyssey begins with the droplet dripping 
off a tap or nozzle, and continues as the droplet grows under a deli
cate balance between surface tension, inertial, gravitational, and viscous 
forces, then breaking up and falling toward a substrate [4,5]. Upon im
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pact, where the interplay between capillary forces, wetting properties, 
gas viscosity, and kinetics (among other possible factors) determines the 
outcome: smooth spreading or dramatic fragmentation into a myriad of 
secondary droplets, a phenomenon known as splashing [6,7].

Extensive research on simple (Newtonian) fluids has identified how 
fluid properties, such as density, viscosity, surface tension, as well as 
gas viscosity, substrate wetting properties, and morphology, influence 
droplet breakup and splashing [6]. However, most real-world and in
dustrial fluids contain micro- and nanoscale particles, and other ad
ditives, that may alter the fluid behavior [8,9]. There is a strong in
dustrial impetus to develop nanosuspension droplets with high particle 
weight fractions. For instance, in coating applications, a high particle 
loading suspension requires fewer passes to achieve the desired film 
thickness [10,11]. In printing, dilute suspensions can lead to excessive 
substrate wetting, prolonged drying times, and increased energy con
sumption [12]. Understanding how particle loading affects the dynamics 
of breakup, impact, spreading, and splashing is critical for applications 
ranging from inkjet printing [13] and spray cooling [14,15] to drug 
delivery [16] and agriculture [17]. However, conflicting evidence in 
experiments, and theoretical and numerical models, have clouded our 
understanding of the nanoparticle (NP) influence on droplet dynamics.

The study of liquid thinning and breakup presents theoretical chal
lenges marked by the presence of finite-time singularities and discrepan
cies between length and time scales within the Navier-Stokes equation 
[18,19]. Experiments are equally demanding, necessitating the observa
tion of features across various sizes and temporal scales [19,20]. Never
theless, past works have shown that the thinning neck during the pinch 
off of inviscid fluids scales as 𝑟∕𝑅 ∼ 𝜏2∕3, with the shape of the breakup 
region exhibiting a self-similarity angle of 18.1 degrees [21,22]; here 
the time 𝜏 is made dimensionless by the capillary time 𝑡𝑐 =

√
𝜌𝑅3∕𝜎, 

with 𝜎 and 𝜌 being the liquid surface tension and density respectively, 𝑟
is the necking radius, and 𝑅 is a characteristic size, typically the nozzle 
radius. For near-inviscid liquids, e.g. water or ethanol, viscosity effects 
only begin to influence the pinch-off dynamics at neck diameters around 
𝑟 ≈ 6 nm, or when the neck size approaches 𝑟∕𝑅 ∝𝑂ℎ2, here 𝑂ℎ is the 
Ohnesorge number 𝑂ℎ = 𝜂√

2𝜌𝑅𝜎
, where 𝜂 is the viscosity [19]. These 

scales cannot be observed by conventional means so viscosity effects 
are considered negligible in these liquids. Other works have found that 
the addition of micro- or nanoparticles influences droplet stretching and 
breakup, transitioning from a bulk-dominated flow to a local particle
concentration-dominated regime near the pinch-off [23--26]. The par
ticle concentration affects the dynamics, with Newtonian-like behavior 
seen at low concentrations, while denser colloids and certain nanopar
ticles exhibit thinning, thickening, or strain hardening [27--29]. Addi
tionally, nanoparticle stiffness and non-spherical nanomaterials further 
influence the extensional behavior [30--32]. Regardless of their indus
trial importance, nanosuspensions are inherently unstable due to the 
nanoparticles’ natural high surface energy, which drives them to aggre
gate and settle out of suspension [33]. Surfactants [34], salts [35], pH 
modifiers [36], and polymers [37] are often incorporated to counteract 
aggregation and stabilize the suspension; additives create inter-particle 
repulsive forces, or steric barriers, preventing aggregation and ensuring 
long-term stability. Unfortunately, additives bring undesired, and often 
unknown, effects such as increased viscosity and changes in the flow 
properties [38].

In contrast to conventional suspensions, the Stöber process produces 
monodisperse silica nanoparticles with a hydrophilic surface rich in 
silanol groups [39]. These groups form strong hydrogen bonds with 
water, creating a robust hydration layer that effectively prevents par
ticle aggregation. Resulting Stöber nanosuspensions exhibit remarkable 
stability without the need for stabilizers or additives, simplifying their 
formulation and reducing potential undesired rheological effects. Thus 
the main advantage of this process is the production of clean, monodis
perse, and spherical particles with controllable size [40]. Regrettably, 
the additive-free Stöber process remains limited to small-scale labora
tory production, and thus the vast majority of commercially available 

nanosuspensions contain stabilizing additives. Nevertheless, the process 
remains as one of the most widely used wet chemistry synthetic ap
proaches to silica nanoparticles. Possible disadvantages of the Stöber 
process are that its main solvent is alcohol, and thus requires special 
handling limiting scalability. In addition, Stöber nanoparticles need to 
be washed multiple times to replace the base liquid, the particle size is 
strongly dependent on the concentrations of reagents and temperature, 
and the cost of precursors, such as tetraethoxysilane, is high [41].

As observed by widely used techniques such as CaBER [42] and 
TriMaster [43], the stretching behavior of additive-loaded suspensions 
change depending on factors such as the particle type, size, shape, 
roundness, roughness, and particle concentration. Past works on fila
ment stretching have found that particles in a solution lead to uneven 
bridge shape and faster breakup [23]. Interestingly, it has also been dis
covered that for fast stretching, particles move away from the narrowing 
area producing a low-viscosity localized region that evolves as if no par
ticles were present. This faster breakup has been successfully modeled in 
terms of particle size and concentration using one-dimensional models 
[25]. Other works present a mixed picture, with some studies suggesting 
that, at very low concentrations, suspensions of spherical nanoparticles 
behave similarly to Newtonian fluids during stretching [27]. However, 
denser suspensions of relatively large nanoparticles (100-700 nm) ex
hibit Newtonian behavior at low stretching speeds but show thickening 
and ultimately a solid-like fracture at higher speeds [28]. The influence 
of nanoparticles on fluid stretching is further complicated by obser
vations of strain-hardening behavior in polymer solutions suggesting 
that other factors, beyond simple particle size and concentration, are 
at play [29]. One possibility is that particle clustering leads to the for
mation of aggregates, with the resulting structures having a complex 
shape and a larger size, similar to microsuspensions. Intriguingly, stud
ies on ferrofluids reveal that the application of a magnetic field can 
enhance extensional viscosity and increase breakup time, especially at 
higher magnetic nanoparticle concentrations [27,44]. For larger micron
sized magnetic particles this effect has also been observed highlight
ing the role of particle-particle interactions on the fluid’s rheological 
properties [45]. Particle-particle interaction are mainly affected by the 
electrostatic stabilizing, and the hydration layers. For the case of silica 
nanoparticles, a strong electrical double layer is known to exist, up to 
a volume fraction of 0.3, leading to strong electrostatic repulsion and 
higher stability. This behavior is also seen at higher shear rates [14,46]. 
On the other hand, the increase of the effective viscosity of the mag
netorheological liquids has been associated with chain formation along 
the magnetic flux, driven by induction. This further proves that particle 
interactions and networks are factors that modify the thinning behav
ior. Studies with rod-like soft nanoparticles have shown that increased 
flexibility leads to higher extensional viscosity due to the formation of 
hairpin-like structures within the flow [30], concluding that stiffness 
also plays a crucial role on the extensional behavior, and thus in the 
breakup.

Other studies have found that nanoparticles in unstable solutions, 
e.g. carbon nanotubes (CNTs) and graphene oxide, can arrange them
selves into long deformable structures bringing changes to the exten
sional behavior [47]. Suspensions with pretreated CNTs are known to 
exhibit enhanced extensional viscosity due to structural alignment in the 
flow direction, while untreated CNTs cause irregularities in the liquid 
bridge and an abrupt breakup [31]. On the other hand, the stretching 
of graphene oxide suspensions displays a strong dependence on initial 
conditions, with graphene oxide flakes migrating away from the neck
ing region during stretching [32]. While these findings highlight the 
impact of complex nanoparticles on the extensional properties, the ef
fects of stable, smooth, round, and well-dispersed nanoparticles in the 
dynamics of additive-free systems were yet to be studied.

Having covered some of the factors governing extensional properties 
and droplet formation of nanosuspensions, we now turn our attention 
to the dynamics of droplet impact, spreading, and splashing. Liquid 
droplets impacting solid surfaces underpin a vast array of both natu
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ral and industrial phenomena. The outcomes of droplet impact, namely 
spreading (smooth deposition) and splashing [1], have been pivotal in 
driving innovations in fields ranging from agriculture to inkjet printing 
and forensic science. Extensive studies with pure liquids have focused 
on the role of surface roughness [48], substrate stiffness [49], wettabil
ity [50], surfactants [51], and polymer additives [52], on the impact 
dynamics [53,54], but the study of nanoparticle suspensions remains 
limited with conflicting results.

Recent studies have revealed that nanoparticle characteristics -- such 
as size, concentration, and wettability -- strongly influence the spreading 
behavior on smooth solid surfaces [55--64]. In fact, a minimal addition 
of nanoparticles can significantly alter wetting properties, with smaller 
nanoparticles producing more pronounced contact angle changes as con
centration increases [55]. In contrast, studies on large nanoparticles 
show that the contact angle increases with particle size [56]. Inves
tigations into various water-based nanofluids of Al2O3, TiO2, and Cu 
nanoparticles have revealed that irrespective of particle type, or con
centration, nanoparticles consistently increase contact angles compared 
to pure water [57]. For hydrophilic nanoparticles, the effects on spread
ing are negligible, while hydrophobic particles promote contact line 
pinning, often due to nanoparticle positioning at the three-phase con
tact line [58]. A contrasting study suggests that hydrophilic nanopar
ticles inhibit dynamic wetting, and is likely due to increased viscosity 
[59]. Widening the scope of nanofluid research, a study on vibration
triggered spreading revealed that low concentrations (0.001 volume 
fraction) of 150 nm SiO2 nanoparticles induce a distinctly different 
spreading regime compared to water, with nanofluid droplets flattening 
and spreading rapidly under vibration while water droplets maintain a 
stable shape [60].

The effect of nanoparticles has also been studied at the transition 
from spreading to splashing. Recent work has found that tetradecane 
droplets with 10 nm silver nanoparticles spread, without splashing, at 
low-impact velocities, similar to Newtonian fluids. Intriguingly, as ve
locities increase, and pass the splashing threshold, a second velocity 
threshold is found beyond the point in which splashing is suppressed. 
This phenomenon contradicts Newtonian behavior, where splash sup
pression has been attributed to nanoscopic interactions and unobserved 
non-Newtonian behavior, such as shear-thickening at very high shear 
rates, which are not detectable by conventional rheological measure
ments [61]. A contrasting study examined the influence of nanoparticles 
on splashing using commercial Al2O3-water nanofluids on smooth sur
faces. Remarkably, it was observed that nanoparticles, as small as 45 nm 
in diameter and at concentrations as low as 0.01 wt.%, could promote 
splashing at lower velocities than those required for the base liquids 
alone. This earlier splashing is attributed to the faster expansion of the 
lamella and an increase of the stresses in the thin gas layer beneath 
[62,63]. In contradiction to this work, other studies have found that 
low concentrations of 15 nm silver nanoparticles significantly reduce 
both the spreading and receding velocities of droplets [64]. The con
flicting results across all these studies may stem from a lack of a detailed 
suspension characterization at the appropriate time scales [61], i.e. the 
existence of undesirable high-speed rheological and dynamic wetting 
effects, brought by the use of off-the-shelf commercial nanoparticles, 
surfactants, additives, stabilizers, and pH buffers [55,57--59,61--65].

Indeed, particle-laden fluids exhibit distinct flow regimes based on 
the shear rate. At low shear rates, particle motion is governed by Brow
nian diffusion, producing a Newtonian flow. As shear rates rise, par
ticles align with the flow streamlines in a hydrodynamic regime. The 
transition from a diffusion-dominated regime to a flow-dominated hy
drodynamic regime is quantified by the Péclet condition, i.e. 𝑃𝑒 ≥ 1, 
which compares the effects of fluid flow to random particle motion, 

here 𝑃𝑒 =
6𝜋𝜂𝛾̇(

𝐷𝑝

2 )3
𝑘𝐵𝑇 , 𝛾̇ is the shear rate, 𝐷𝑝 the particle diameter, 𝑘𝐵

is the Boltzmann constant, and 𝑇 the temperature. For most nanoflu
ids, this diffusion to hydrodynamic transition occurs at impact velocities 

𝑈0 = 𝛾̇𝐷0 =(1 − 103) m∕s, where 𝐷0 is the initial drop diameter. See 
Supplementary Material Notes 1 and 2 for further details.

Once in the hydrodynamic regime (𝑃𝑒 ≫ 1), the ability of parti
cles to follow the fluid streamlines is quantified by the Stokes number 

𝑆𝑡 =
𝜌𝑝𝐷

2
𝑝

18𝜂 𝛾̇ , where 𝜌𝑝 is the density of the particle [62]. In systems 
where 𝑆𝑡 ≫ 1, at very high shear rates, particles detach from the flow, 
leading to a non-linear relationship between shear stress and shear rate, 
which is characteristic of non-Newtonian fluids. In most nanofluids, this 
transition occurs at very high impact velocities, 𝑈0 =(106 − 108) m∕s. 
Hence, for the range of conditions covered by most past experiments, 
nanoparticles are either in diffusion-dominated transport or near-perfect 
advective transport, which lead to Newtonian behavior. A lack of New
tonian behavior in nanosuspension should thus be the result of other 
effects, such as to the presence of additives, strong interparticle interac
tions, strong surface activity, particle-substrate interactions, or the lack 
of suspension stability which leads to aggregation and effective particle 
sizes beyond the nanoscale.

Previous studies have claimed that nanoparticles themselves signifi
cantly alter droplet dynamics, i.e. liquid break-up [23,25,27--32,44,45, 
47], wetting [55--60], spreading [55--64], and splashing [61--63]. These 
studies represent essential steps in understanding nanosuspension be
havior, but many of them use commercial suspensions, which typically 
include additives such as surfactants, pH and salinity modifiers, and/or 
polymer stabilizers. The independent effects of each of these additives, 
as well as the particles, on droplet dynamics have yet to be demon
strated. In other words, it is unknown whether additives have undesired 
effects on the dynamics of colloidal liquids.

Colloidal characterization is also complicated. The stability of dis
persions is usually assessed by the Zeta potential, but highly loaded 
suspensions are often characterized by extrapolating the Zeta poten
tial of dilute solutions to higher concentrations, this without a rigorous 
validation. In addition, particle sphericity and surface smoothness are 
also not often meticulously tested or reported. Other issues affecting 
experiments include the scarcity of information on surface cleaning and 
experimental repeatability. Furthermore, nozzle and needle tip cleaning 
and replacement in drop generation is essential, as particle adsorption 
at the interface (after repeated) use can lead to clogging, which can ar
tificially modify particle concentration.

In this study, we employ additive-free particles synthesized in-house. 
We have followed a strict protocol that ensures that both the substrate 
and the needle tip are replaced after each breakup and impact event. 
Our data is the result of at least 3 separate events. In terms of experi
mental control, we minimized the exposure of imaging light (heat) to 
less than 20 seconds per experiment to mitigate potential heating ef
fects. In addition, we have validated stability across both low and high 
concentrations and confirmed particle sphericity and surface smooth
ness through electron and atomic force microscopy. Our experimental 
results demonstrate that nanoparticles do not influence droplet behav
ior throughout its journey from break up to impact. Our results highlight 
the often overlooked role of additives, surfactants, and inter-particle in
teractions on droplet dynamics.

2. Experimental details

2.1. Overview of the experiments

In our experiments, droplets were created by slowly pumping fluid, 
using a syringe pump, through a vertically oriented long blunt nozzle. 
The experimental setup is shown in Fig. 1a. In brief, our experiments 
consisted of recording the dynamics of droplets at two points: at the 
nozzle during dripping to capture the thinning, necking, and breakup, 
and at the impact point on a smooth glass solid surface to visualize 
spreading and splashing. The impacting speed was adjusted by vary
ing the distance from the nozzle to the impact surface. Ultra high-speed 
imaging and image analysis were used to extract thinning diameters, 
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Fig. 1. (a) Experimental setup used to capture the necking during dripping and the impact of the drop on the glass substrate. (b) Viscosity measured by a PAV 
rheometer as a function of frequency, revealing a negligible impact of nanoparticles on fluid behavior across a range of frequencies. (c) SEM image confirming the 
spherical morphology and uniform size distribution of silica nanoparticles used in this study.

Table 1
Physical properties of liquid samples, including viscosity (𝜂), density (𝜌), and surface ten
sion (𝜎) at temperature T = 20 ± 1.0 Celsius.

Sample Name W:E Water Ethanol NP 𝜂 𝜌 𝜎

±0.2 ±0.2 ±0.5
wt.% wt.% wt.% mPa s kg/m3 mN/m 

Water 1:0 100 0 0 0.9 997.0 72.4 
5% NP in Water 1:0 95 0 5 1.0 1024.5 72.3 
10% NP in Water 1:0 90 0 10 1.0 1053.5 72.2 
15% NP in Water 1:0 85 0 15 1.0 1084.2 72.0 
Ethanol 0:1 0 100 0 1.2 789.3 22.4 
5% NP in Ethanol 0:1 0 95 5 1.2 814.8 22.4 
10% NP in Ethanol 0:1 0 90 10 1.2 842.3 22.5 
15% NP in Ethanol 0:1 0 85 15 1.3 871.8 22.4 
75% Ethanol 1:3 25 75 0 2.1 832.9 24.9 
10% NP in 75% Ethanol 1:3 23 67 10 2.2 887.7 25.1 
50% Ethanol 1:1 50 50 0 2.8 882.1 28.5 
10% NP in 50% Ethanol 1:1 45 45 10 2.8 937.5 28.5 
25% Ethanol 3:1 75 25 0 2.4 937.3 36.0 
10% NP in 25% Ethanol 3:1 68 22 10 2.4 993.4 36.0 

impact, and contact line speeds, spreading diameters, and the dynamic 
contact angle. Our results contrast the behavior between the base liq
uids and the nanosuspension. Water and ethanol solutions were used 
as base fluids in this work. The nanoparticle suspensions were charac
terized by high-frequency Piezo Axial Vibrator (PAV) rheometry, with 
results demonstrating a minimal effect of the particles on the result
ing liquid’s viscosity, with a value of 𝜂∗ ≈ 1.0 ± 0.2 mPa s, as seen in 
Fig. 1b. The PAV complex viscosity is used to calculate the shear viscos
ity assuming the validity of the Cox-Mertz rule for our non-structuring 
suspensions. These values align with Einstein’s classic equation, which 
predicts the viscosity of dilute suspensions of non-interacting solid 
spheres, 𝜂𝑠 = 𝜂0(1 + 5

2𝜙), where 𝜂𝑠 is the overall viscosity of the sus
pension, 𝜂0 is the viscosity of the liquid without nanoparticles, and 𝜙 is 
the volume fraction of nanoparticles in the liquid. Even at the highest 
concentration of nanoparticles, (15 wt.%, corresponding to a volume 
fraction of 0.06 in ethanol and 0.076 in water), the measured viscos
ity closely matches the values predicted by Einstein’s equation: 1.33 
mPa s in ethanol and 1.19 mPa s in water. While nanoparticles typically 
have complex interactions leading to high viscosities, the agreement of 
our measurements with Einstein’s equation implies that our nanoparti
cles behave like well-dispersed non-interacting solid spheres. Particle 
size and shape are shown in Fig. 1c as part of an SEM image. The 
Stöber particle hydrophilicity guarantees a minimal effect on surface 
tension, with the measured suspension surface tension staying within 
the error (less than ± 0.3 mN/m) of that of the base liquid. Both the 
dynamics light scattering (DLS) and atomic force microscopy (AFM) 
confirm a particle size of 152.5 ± 11.8 nm with a polydispersity in
dex of 0.11. Zeta potentials, quantifying both the electrostatic potential 
at the particle shear plane and the suspension stability, were measured 

to be -45.13 ± 1.48 mV for water suspensions and -33.40 ± 0.65 mV for 
ethanol, confirming their inherent stability. Water and ethanol nanosus
pensions of up to a concentration of 15 wt.% (weight) were used; with 
the particle concentration limit only reached by the clustering of the 
suspension. For our ethanol-based nanosuspensions, the transition to a 
flow-dominated hydrodynamic regime occurs at 𝑈0 ≥ 1.1 m/s while 
hydrodynamic particle detachment happens at an impact velocity of 
𝑈0 = 𝛾̇𝐷0 ≥ 1.1 × 106 m/s. Therefore, our conditions correspond to a 
near-perfect advective transport. Our experiments were carried out in 
the domain: 0.005 < 𝑂ℎ < 0.009. A list of the samples along with the 
relevant physical properties is presented in Table 1.

2.2. Nanoparticle synthesis

In this work, the Stöber process was used to produce spherical, 
smooth, and well-dispersed silica nanoparticles with clean surfaces. Dur
ing formulation, a 4.54 ml ammonium hydroxide solution (28-30%, 
Sigma-Aldrich), 87.39 ml of anhydrous ethanol (99.8%, Fischer Chem
ical), and 3.6 ml of ultrapure water (Arium 611DI, Sartorius Stedim 
Biotech) were first mixed in a 250 ml round bottom flask with a PTFE stir 
bar for 10 min. Subsequently, 4.47 ml of tetraethyl orthosilicate (TEOS, 
98%, Acros Organics) were gradually added using a syringe pump (PHD 
4400 Hpsi, Harvard Apparatus) at a flow rate of 500 μl/h. The reaction 
mixture was left overnight to ensure a complete reaction. The result
ing turbid suspensions were centrifuged at 16 Celsius using an Avanti 
J-30I Centrifuge (Beckman) at 9000 rpm for 30 min. The supernatant 
was discarded, and the nanoparticles were redispersed in anhydrous 
ethanol using an ultrasound bath for 30 minutes. The suspensions were 
centrifuged again, and the supernatant was removed, completing the 
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first washing step. This washing process was repeated three times to en
sure pristine silica surfaces. Finally, the nanoparticles were dispersed in 
anhydrous ethanol, according to the desired volume fraction. For water
based suspensions, the anhydrous ethanol from the last two washing 
cycles was replaced with ultrapure water. The final samples were then 
diluted with the base liquid, water, or/and ethanol, to form suspensions 
at the desired concentrations.

2.3. Nanoparticle and nanosuspension characterization

The equilibrium surface tension of the suspensions was measured us
ing a pendant-drop tensiometer (Attension, Biolin Scientific) at room 
temperature (20.0 ± 1.0 Celsius) with a frame rate of 14 FPS over 
30 s duration. The observed value for each sample remained constant 
throughout the experiment, independent of the droplet sizes. The error 
on the surface tension was less than ± 0.2 mN/m.

The nanoparticle suspensions were characterized using a commer
cial 3D Dynamic Light Scattering device - 3D DLS (from LS Instruments); 
the average particle size obtained was of 152.0 ± 11.9 nm. The temper
ature was constant throughout the experiments, at 20.0 ± 1.0 Celsius. 
The results were averaged using three different tests on three identical 
samples.

A TriPAV (Trijet Limited, Cambridge, UK) Piezo Axial Vibrator - PAV 
rheometer was used to characterize the high-frequency rheology of the 
suspensions under squeeze flow conditions. The frequency sweep was 
performed up to 5,000 Hz as recommended by the manufacturer. The 
lower plate excitation is driven by an external Lock-in amplifier with 
an exciting voltage of 5 V which results in a maximum displacement 
of around 50 nm, ensuring a strain below 0.2% for a liquid gap height 
of 17.67 μm. The PAV measurements were performed at a temperature 
of 20 ± 1.0 Celsius; the final result is the average of three repeating 
sweeps on three identical samples. The experimental error associated to 
the PAV viscosity measurement is less than ± 0.2 mPa s.

2.4. Droplet generation and imaging

Droplets were generated using an AL 300 Aladdin InfusionONE Sy
ringe Pump (World Precision Instruments GmbH, Germany) operating 
under the constant flow rate mode to ensure precise control over the 
liquid flow. A stainless steel blunt-end dispensing tip (gauge 18 with 
an inner diameter of 0.83 mm) was securely attached to the syringe 
by nylon tubing, and vertically aligned using a calibrated level. This 
configuration facilitated pendant droplet formation and subsequent de
tachment under gravity. The pump speed was carefully maintained at 
10 μl/min to minimize the risk of nanoparticle agglomeration within 
the dispensing tip. This pumping rate ensured that each droplet formed 
consistently over approximately 10 seconds, thereby promoting stable 
droplet formation and uniform nanoparticle distribution within each 
droplet. Under these conditions, droplets were produced in the range 
from 𝐷0 = 2.45 mm (for the 15 wt.% NP in ethanol) to 2.67 mm (for the 
25 wt.% ethanol). The dispensing tip was affixed to a precision mechan
ical vertical stage to adjust the height, enabling precise control over the 
droplet’s impact velocity which was varied in the range from 𝑈0 = 1.00 
m/s for smooth spreading to 2.37 m/s for splashing events. Each exper
iment was repeated at least 3 times. After each experiment, a clean new 
solid flat glass substrate (microscope slides) was used to ensure repro
ducibility and minimize surface contamination. This practice prevented 
the accumulation of nanoparticles on the glass substrate. We performed 
AFM imaging, as seen in Supplementary Material Fig. S1b, to confirm 
that even rigorous cleaning could leave residual nanoparticles on the 
substrate.

The droplet formation and breakup imaging was performed using a 
Phantom TMX5010 ultra high-speed camera equipped with a 12× Nav
itar microscope lens. The camera was positioned to capture a side view, 
under a shadowgraph mode, at a spatial resolution of 133 pixels/mm 
at a field of view of 1280 x 256 pixels. The frame rate was adjusted 

to 150,000 frames per second to ensure adequate temporal resolution. 
Droplet impact was recorded using a Phantom V710 high-speed camera 
with the Navitar 12× lens. For spreading events, recording was done at 
37,000 fps and at 26,000 fps for splashing. Under shadowgraph mode, 
image resolutions were in the range of 82 to 132 pixels/mm at an ex
posure time of 3-4 μs. Our shadowgraph setups were backlit, through a 
Thorlabs-engineered diffuser, by a Photofluor II lamp.

2.5. Image analysis

For the dripping experiments, a custom MATLAB script was em
ployed to obtain the minimum filament (neck) diameter. The script 
first converts all the images to grayscale and then binarizes them to 
enhance feature detection. It then employs a boundary detection algo
rithm, resulting in two edge profiles. The minimum filament diameter 
is calculated as the minimum distance between these two profiles.

For the impact experiments, a custom MATLAB script was used to 
measure the diameter and velocity of the droplets. Similar to the drip
ping analysis, the script converts all images to grayscale and then bi
narizes them for feature detection. The code then employs boundary 
detection and circlefitting algorithms to measure droplet diameters. Ve
locity calculations are performed by tracking the displacement between 
consecutive images; a linear regression on the displacements calculates 
the average velocities. For contact angle analysis, the script detects the 
droplet boundary and the pinning points on both sides of the droplet. 
The distance between these two points provides the spreading diame
ter, which is then made dimensionless by the diameter of the droplets in 
flight, 𝐷0. At each contact point, a quadratic polynomial is fitted around 
the droplet’s edge using a constrained least-squares method. This allows 
precise derivation of the contact angles from the tangent’s angle relative 
to the horizontal plane. Concurrently, the contact line velocity, 𝑈CL, is 
calculated from the change in the spreading diameter over time.

3. Result and discussions

3.1. Pinch-off

Our experimental results include snapshots of the thinning and 
breakup process, and report the minimum neck diameter as the droplet 
surface thins on its way to break up, these are for both pure liquids 
and nanosuspensions. The findings, shown in Fig. 2, demonstrate that 
the addition of stable silica nanoparticles does not alter the dynamics of 
breakup.

Fig. 2a shows the indistinguishable thinning and route to the breakup 
between the nanosuspensions and their base liquids, from the early 
stages of thinning to the pinch-off. Quantitatively, Fig. 2b shows the 
variation of the minimum neck radius as a function of the dimension
less time to the breakup, with both behaviors in agreement with the 
well-known inviscid dynamics [22]. Inviscid thinning is known to scale 
with 𝑟 ∼ 𝜏2∕3, with the potential law arising from the balance of in
ertial and surface tension forces [4,22]. Other thinning regimes exist, 
with the flow transitioning between these based on the competition of 
viscous, inertial, and surface tension effects and the internal dynamics 
within the neck [5]. It is thus important to point out that the particles 
within the nanosuspension do not cause changes to either the viscosity 
or the internal dynamics. As seen in the results, the pinch-off shapes of 
the loaded and unloaded fluids, Fig. 2c, overlap at all scales, including 
at the pinch-off point. The shape of an inviscid breakup is self-similar, 
with a front pinching angle of 18.1 degrees and an overturning surface 
resembling the region near the stalk of an apple [21]. Both, the pinch
ing angle and the overturning are readily observed in our data, for both 
unloaded and loaded suspensions, Fig. 2b and c. Consequently, we con
clude that the characteristic self-similar behavior of inviscid thinning is 
seen on both the loaded and unloaded suspensions; this indicates that 
the presence of stable nanoparticles has a negligible effect on the pinch
off. Example videos of the breakup of the unloaded and loaded solutions 
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Fig. 2. Breakup experiments results for ethanol, 15 wt.% particle loaded ethanol, water, and 15 wt.% particle loaded water. (a) Snapshots of the thinning section 
during dripping from early stages of thinning till pinch-off. (b) Evolution of the minimum neck radius until breakup. Time is made dimensionless by dividing it by 
the capillary time as 𝜏 = 𝑡∕𝑡𝑐 = 𝑡∕

√
𝜌𝑅3∕𝜎. (c) Overlay of the base and nanoparticle-loaded liquids contour profiles at the moment of pinch-off.

are in the Supplementary Material. Supplementary Movie 1 (Unloaded
Breakup.mov) shows the typical dripping breakup behavior observed for 
a pendant droplet of pure ethanol, while Supplementary Movie 2 (Load
edBreakup.mov) shows the dripping breakup of an ethanol suspension 
containing 15 wt.% nanoparticles.

3.2. Spreading

We now examine the spreading and dynamic wetting upon impact 
of a droplet onto a glass substrate at an impact speed of 𝑈0 = 1.00 ±
0.02 m/s. It is known that spreading and splashing behavior depends on 
the liquid properties and that ethanol will splash at slower impacting 
speeds than water. Our studies focus on ethanol droplets with various 
silica nanoparticle concentrations. The spreading dimensionless diam
eter (𝑑∕𝐷0, where 𝐷0 is the initial drop diameter before impact) in 
terms of the time from impact is seen in Fig. 3a. Our experiments in
clude unloaded and loaded solutions, with particle concentrations up 
to 15 wt.%. Our results show that the maximum spreading diameter, 
across all the nanosuspension concentrations, is consistent with that of 
pure ethanol, i.e. 𝑑∕𝐷0 = 3.72 ± 0.05. The rate of change remains in 
agreement with pure ethanol, with the maximum spreading diameter 
consistently achieved approximately 10 ms after impact. The absence of 
receding, characteristic of wettable systems, across all concentrations 
suggests that the nanoparticles do not affect the suspension’s surface 
tension or the dynamics of the contact line. Under these smooth spread
ing conditions, we also extracted the advancing dynamic contact angle 
(𝜃𝐷) as a function of the contact line velocity (𝑈CL), and this is seen in 
Fig. 3b. It has been well established that pure ethanol reaches an advanc
ing asymptotic contact angle 𝜃𝐷 = 98 ± 3 degrees [48], at a contact line 
velocity of 2.00 ± 0.02 m/s. This asymptotic value remains consistent 
across all the nanosuspension concentrations. At low contact line speeds 
(𝑈CL < 0.5 m/s), measurement uncertainties arise due to the dramatic 
change in dynamic contact angle as the rim curvature decreases rapidly. 

In addition, as the dynamics slow down, the contact line moves only a 
few pixels between frames which causes inaccuracies in calculating the 
spreading velocity. In Fig. 3b, we have included example error bars to il
lustrate these effects. As seen, variations across all nanoparticle concen
trations remain within the experimental error, confirming that nanopar
ticles do not systematically alter the transient contact angle dynamics. 
Fig. 3c presents snapshots contrasting the spreading behavior of pure 
ethanol with the suspension at the highest nanoparticle concentration, 
i.e. 15 wt.% at the times from impact. Both cases achieve the same max
imum spreading dimensionless diameter, with no evidence of lamella 
lifting or rim instabilities, indicative of smooth spreading behavior. For 
the spreading of water-based nanosuspensions at a 15 wt.% nanoparti
cle concentration and an impact velocity of 𝑈0 = 1.0 ± 0.02 m/s, our 
experiments demonstrate that both the dynamic contact angle and the 
spreading diameter are in agreement with that of pure water (𝜃𝑚𝑎𝑥 = 
98 ± 2 degrees and 𝑑∕𝐷0 = 2.92 ± 0.03); these results are shown in the 
Supplementary Material Fig. S3. These findings indicate that nanoparti
cles do not change the spreading dynamics of additive-free suspensions. 
Example videos of the spreading of the unloaded and loaded solutions 
are in the Supplementary Material. Supplementary Movie 3 (Unloaded
Spreading.mov) shows the spreading behavior of a pure ethanol droplet 
following impact onto a solid substrate at 1 m/s while Supplementary 
Movie 4 (LoadedSpreading.mov) shows the spreading of an ethanol sus
pension containing 15 wt.% nanoparticles following impact at 1 m/s.

3.3. Splashing

At higher impact velocities, 𝑈0 > 2.37 m/s, we observe the impact 
of ethanol droplets transitioning from spreading to splashing, which is 
characterized by the disintegration of the lamella into smaller droplets. 
The onset of splashing is governed by multiple factors, including the im
pact characteristics and the fluid properties, with recent models adding 
the influence of the surrounding gas viscosity [67], 𝜂𝑔 and the wedge 
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Fig. 3. Spreading dynamics for ethanol droplets with varying nanoparticle (NP) concentrations impacting on smooth glass at an impact velocity 𝑈0 = 1.00 ± 0.02 m/s. 
(a) Spreading dimensionless diameter (𝑑∕𝐷0) in terms of the time from impact; all NP concentrations exhibit similar spreading diameters at all times. (b) Dynamic 
contact angle in terms of the contact line velocity (𝑈CL); as seen, all NP concentrations converge to the same asymptotic value. At all conditions, variations are within 
experimental error, as indicated by the example error bars (at 2.0, 1.0, 0.5, and 0.2 m/s). (c) Time-sequence images comparing the spreading of ethanol droplets 
with (bottom, 𝐷0 = 2.45 mm) and without (top, 𝐷0 = 2.52 mm) 15 wt.% nanoparticles.

Fig. 4. Splashing dynamics on smooth glass. Open symbols represent splashing, while solid ones represent deposition (spreading). (a) Splashing behavior, in terms 
of the splashing ratio, of ethanol droplets with varying nanoparticle (NP) concentrations; the middle solid line shows the predicted value as calculated from past 
works [50,66] with the two dashed parallel lines representing the associated error due to the experimental uncertainty of the variables. (b) The splashing ratio in 
terms of the maximum spreading contact angle for ethanol-water mixtures, each with a 10 wt%. nanoparticle concentration. The dashed line represents the trend for 
mixtures with no nanoparticles. (c) Time-sequence images comparing the splashing of 50 wt%. ethanol-water droplets with (bottom, 𝐷0 = 2.56 mm) and without 
(top, 𝐷0 = 2.59 mm) 10 wt.% nanoparticles at 𝛽 = 0.116.

angle, 𝛼, formed by the lamella at the moment of splashing. The splash
ing ratio, 𝛽, incorporates aerodynamic lubrication theory and capillary 
retraction forces, to predict the critical conditions for the onset of splash
ing [7]. For low Ohnesorge numbers (Oh ≪ 1) [66], the splashing 
condition is defined as:

𝛽 = 2.22 
tan𝛼

⋅
𝜂

1
2
𝑔

(
𝜌𝐷0𝑈

5
0
) 1
6

𝜎
2
3

. (1)

Recent work has demonstrated that this ratio, coupled with the max
imum advancing contact angle, parameterizes the splashing behavior 
in terms of wettability and surface roughness [50,51]. Our analysis of 
the splashing dynamics begins with Fig. 4a showing the splashing ra
tio in terms of the nanosuspension concentration. The pure unloaded 
ethanol is seen in green circles, with the onset of splashing, i.e. the di
vide between spreading (solid symbols) and splashing (open symbols), 
occurring at 𝛽 ≈ 0.1300 ± 0.0014 for glass, which is in agreement 
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with past studies [50,66]. Further to this, all the loaded suspensions 
splash at the same critical ratio, indicating that nanoparticles do not 
alter the splashing behavior. In particular, at a 15 wt.% nanoparticle 
concentration, the onset of splashing occurs at 𝑈0 = 1.81 ± 0.02 m/s, in 
agreement with the predicted value of 𝑈𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

0 = 1.85 ± 0.02 m/s. We 
note that our nanosuspensions are in the inviscid splashing regime, as 
𝑅𝑒−2𝑂ℎ−2 − 1.21𝑡3∕2𝑒 ≫

√
3
2 𝑅𝑒−1𝑡

−1∕2
𝑒 , where 𝑅𝑒 = 𝜌𝐷0𝑈0

𝜂
and 𝑡𝑒 is the 

time in which the ejecta is formed, i.e. 𝑡𝑒 ≈ 100 μs.
We also employed nanosuspensions of ethanol and water mixtures 

(75 wt.%, 50 wt.%, and 25 wt.% ethanol) to investigate further the ef
fects of particle concentration on wettability and splashing. Given the 
practical constraints of our experimental setup, which limited our ability 
to achieve the high impact velocities required for water splashing (≳ 5 
m/s), we selected ethanol and ethanol-water solutions for the splashing 
experiments due to their significantly lower splashing threshold. Results 
are shown in Fig. 4b, where all suspensions are at a 10 wt.% nanoparticle 
concentration. As expected, these aqueous suspensions possess different 
values for the surface tension, leading to having different maximum dy
namic contact angles, i.e. from 𝜃𝑚𝑎𝑥 = 98 degrees for the pure ethanol 
suspension to 112 degrees for the 25 wt.% ethanol suspension, as shown 
in Supplementary Material Fig. S4a. Previous studies [50], for unloaded 
fluids, reported that an increase in 𝜃𝑚𝑎𝑥 decreases the splashing ratio, 
and this behavior is in agreement with our results (Fig. 4b). The dashed 
line in Fig. 4b represents the predicted splashing threshold for unloaded 
ethanol-water mixtures, with nanosuspensions fully in agreement. This 
further confirms that additive-free nanoparticle suspensions, even at a 
10 wt.% concentration, do not influence the splashing dynamics, or the 
dynamic wettability.

We note that our impacting experiments, spanning 1,384 < 𝑅𝑒 <

4,336, were carefully conducted above and below the critical thresh
old to assess any significant effect of the nanoparticles on the onset of 
splashing. Although previous studies have suggested that splash sup
pression is linked to potential shear-thickening effects (undetectable by 
standard rheology) [61], our results indicate that, as we moved above 
the threshold, splashing became increasingly violent, with no signs of 
suppression across all concentrations and ethanol-aqueous nanosuspen
sions. Finally, Fig. 4c presents snapshots of the splashing dynamics for 
the 50 wt.% ethanol suspension with and without 10 wt.% nanoparti
cles at 𝛽 = 0.116. Surface instabilities are already visible in both cases at 
0.43 ms, and by 0.79 ms, secondary droplet formation confirms splash
ing. At all times, the contact line diameter remains consistent between 
the two cases. These findings reinforce that nanoparticles do not affect 
the splashing behavior. Example videos of the splashing of the unloaded 
and loaded solutions are in the Supplementary Material. Supplemen
tary Movie 5 (UnloadedSplashing.mov) shows the splashing behavior of 
a 50% ethanol aqueous solution droplet following impact at 1.93 m/s, 
while Supplementary Movie 6 (LoadedSplashing.mov) shows the splash
ing behavior of a 50% ethanol aqueous suspension droplet containing 
10 wt.% nanoparticles following impact at 1.94 m/s.

4. Conclusions

In this study, we have analyzed the dynamics of water, ethanol, and 
aqueous ethanol suspensions loaded, at various concentrations, with 
nanoparticles. Our results demonstrate that the dynamics of additive
free stable silica nanosuspensions follow the thinning, breakup, and 
impact dynamics of their unloaded base liquids, even at high parti
cle concentrations (up to 15 wt.%). Previous studies have claimed that 
nanoparticles themselves significantly alter droplet dynamics, such as 
the liquid breakup [23,25,27--32,44,45,47], wetting [55--60], spreading 
[55--64], or the splashing [61--63]. These findings, while being essential 
steps in understanding nanosuspensions behavior, seem to provide con
tradictory conclusions. Consequently, this study resolves a key debate 
in particle-loaded droplet dynamics: additive-free nanoparticles do not 
change droplet breakup, spreading, or splashing. Our results highlight 

the often overlooked role of additives, surfactants, and inter-particle 
interactions on the droplet dynamics. Past works have found that sur
factants alone modify the thinning [68] and splashing behavior [51] of 
droplets, so it is not surprising that these, and other additives, are re
sponsible for the differences observed in suspensions in past works.

Our findings open up new possibilities across diverse fields. For ex
ample, in inkjet printing and spray coating, our findings imply that by 
using well-disperse additive-free particles, the jetting of highly loaded 
ink can be achieved without altering the liquid properties and the jetting 
parameters. Other fields such as drug delivery, microfluidics, and addi
tive manufacturing, where Newtonian-like flows are well understood, 
can benefit from our findings by facilitating the effective transport of 
dense nanosuspensions.

Future work can build on our results and test alternative methods to 
produce additive-free stable nanosuspensions, as well as focus on other 
particle sizes, shapes, and surface properties. In particular, industrially 
scalable methods would be of great interest for inkjet and spray tech
nologies.
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