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 A B S T R A C T

Front-of-the-eye (FOTE) droplet-based drug delivery presents a challenging fluid dynamics phenomenon, where 
many patients either miss their target or blink prematurely, leading to significant drug wastage and poor 
bioavailability. In this study, we investigate the influence of fluid properties and impact speed on the impact-
spreading process on eyeball replica substrates in the context of both drops and jets to identify optimal 
parameters for maximum spreading, which has implications for bioavailability. Additionally, we investigate 
the role of the micro-scale protective tear film by coating the substrates with artificial tears. Our findings 
reveal that the presence of a tear film enhances the spreading of eye drops, and the spreading dynamics of 
various Newtonian and non-Newtonian fluids on both dry and wet substrates can be described by a universal 
scaling law.
1. Introduction

The treatment of common eye disorders such as ocular hyperten-
sion, bulging eyes, diabetic macular edema, and glaucoma can involve 
medication delivery using various methods (Rupenthal and Audghtery, 
2019; Winfield et al., 1990; Sultana et al., 2007; Noymer et al., 2019; 
Yellepeddi and Palakurthi, 2016) such as front-of-the-eye (FOTE), back-
of-the-eye (BOTE), and intraocular. Of these, FOTE delivery is the most 
common with analyses indicating that it accounts for nearly 90% of the 
market where 62% of medications are delivered from standard dropper 
bottles (Zielinski and Sullivan, 2007; Patel et al., 2013).

However, FOTE delivery, typically administered via eye drops, 
presents several challenges such as the blink reflex (≤100 ms), spilling, 
drainage to the tear ducts, and improper administration technique, 
resulting in nearly 80% of every single droplet being wasted (Jumelle 
et al., 2020; St. Peter et al., 2023).

The standard process entails the release of a discrete droplet (20-60 μl) 
of medicated solution using a dropper bottle with the aim of impacting 
the cornea and remaining there long enough for the drug to interact. 
To this end, polymers are frequently added as viscosity modifiers to 
improve adhesion, yielding both viscous and non-Newtonian solutions, 
yet the role of rheological properties has not been extensively studied 
in FOTE delivery. Understanding the underlying mechanisms for liquid 
spreading on eyeballs can help guide designs of new devices for FOTE 
delivery to address ineffective administration and drug wastage. Of 
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particular note are two novel approaches that involve the use of small-
volume droplets (Sullivan and Nelson, 2010) or jets (Quiroz-Mercado 
et al., 2020) fired onto the cornea.

In light of these factors, we herein study the impact and spreading 
dynamics of droplets and jets, with an emphasis on elucidating the role 
of fluid properties, impact speed, and the presence of an existing tear 
film.

2. Theory of spreading dyanmics

Drop impact dynamics have been extensively studied and in this 
section we present only a brief overview of the salient modeling ef-
forts, whilst for comprehensive reviews we refer the reader to Yarin 
(2006), Josserand and Thoroddsen (2016), Cheng et al. (2022). The 
typical outcomes of drop impact are: spreading, receding, splashing, 
and bouncing, which are governed by several parameters, including 
droplet diameter (𝐷0), impact velocity (𝑈0), fluid properties (e.g., 
viscosity 𝜇, surface tension 𝜎, and density 𝜌), and substrate topography 
and chemistry. The majority of prior studies have been performed with 
flat substrates (Bakshi et al., 2007; Rioboo et al., 2002), but several 
studies for curved substrates have also been reported (Long et al., 2022; 
Liang et al., 2013, 2014; Chen and Bertola, 2017).

In the initial stages, the impacting droplet morphs into the shape 
of a truncated sphere, followed by the formation of a rim called the 
lamella, as the leading edge spreads radially outward from the axis of 
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Fig. 1. Maximum spread on flat (𝐷𝑚𝑎𝑥) and curved (𝐿𝑚𝑎𝑥) substrates.

symmetry. The early-time dynamics of the droplet are dictated by com-
petition between the kinetic and surface energy of the fluid, whilst the 
maximum spreading length (𝐷𝑚𝑎𝑥 or 𝐿𝑚𝑎𝑥, see Fig.  1) of the fluid over 
the substrate is typically described by energy conservation models that 
also consider viscous dissipation. After the maximum spread has been 
reached, the droplet may retract under surface tension and undergo 
rebound or oscillations until a final spread (𝐿𝑓 ) has been reached. 
In the context of FOTE droplet delivery, the final spread length (𝐿𝑓 ) 
dictates the thickness of the film and area of the eyeball covered with 
drug, thus influencing the bioavailability of the drug.

For inviscid conditions, complete conversion of kinetic energy to 
surface energy yields scalings in terms of the impact Weber number, 
𝛽𝑚𝑎𝑥 ∼ 𝑊 𝑒𝛼1 , where 𝛽𝑚𝑎𝑥 = 𝐿𝑚𝑎𝑥∕𝐷0, 𝑊 𝑒 = 𝜌𝑈2

0𝐷0∕𝜎, and 𝛼1 = 1∕4, 1∕2
based on either energy or momentum conservation and the effective 
deceleration (Bennett and Poulikakos, 1993; Clanet et al., 2004). On the 
other hand, the assumption of complete dissipation of kinetic energy 
of the droplet at the maximum spread yields scalings in the viscous 
regime, 𝛽𝑚𝑎𝑥 ∼ 𝑅𝑒𝛼2 , where 𝑅𝑒 = 𝜌𝐷0𝑈0∕𝜇, and 𝛼2 = 1∕5, 1∕4 from 
theory and experimental studies, respectively (Chandra and Avedisian, 
1991; Clanet et al., 2004). To account for both viscosity and capillarity, 
interpolations between the inviscid and viscous regimes have led to 
models of the form 𝛽𝑚𝑎𝑥 ∝ 𝑅𝑒1∕5𝑓𝐸𝐶 (𝑊 𝑒.𝑅𝑒−2∕5) (for energy conser-
vation) (Eggers et al., 2010), and 𝛽𝑚𝑎𝑥 ∝ 𝑅𝑒1∕5𝑓𝑀𝐶 (𝑊 𝑒.𝑅𝑒−4∕5) (from 
momentum conservation) (Clanet et al., 2004); here, 𝑓𝐸𝐶 and 𝑓𝑀𝐶 are 
the functions for the energy-conservation and momentum conservation 
models, respectively, which are to be determined empirically. One 
approach that seeks to provide the best functional description across 
a broad range of 𝑊 𝑒 and 𝑅𝑒 numbers is found in Laan et al. (2014), 
2 
Fig. 2. Experimental setup and example impact sequence of a 3.9 mm water droplet.

where they used a Padé approximant 𝛽𝑚𝑎𝑥𝑅𝑒−1∕5 = 𝑃 1∕2
1 ∕(𝐴+𝑃 1∕2

1 ) with 
𝑃1 = 𝑊 𝑒𝑅𝑒−2∕5.

Although several scaling correlations have been proposed for maxi-
mal spreading over curved substrates (Yoon and Shin, 2021; Liu et al., 
2019; Khurana et al., 2019), both curvatures of the eye (cornea, 𝑅 ∼
6 mm, and sclera, 𝑅 ∼ 12 mm) are 3–8 times larger than the droplet size, 
suggesting the scalings for flat surfaces may be applicable. In addition, 
the impact-spreading process for pre-wetted curved substrates, as is the 
case for eyeballs due to the tear film, has not been studied as exten-
sively, with the exceptions of Liang et al. (2013, 2014). Moreover, to 
our knowledge, none of the published reports investigate the volumes, 
curvatures, and fluid properties that specifically match those that are 
relevant for FOTE application.

As such, we herein investigate the role of fluid rheology, impact 
speed, and the presence of liquid film on the outcome of spreading 
dynamics over substrates mimicking the human eye, using the estab-
lished scaling approaches to provide the best functional descriptions of 
our data. Furthermore, in light of recent device development (Quiroz-
Mercado et al., 2020), we also explore the dynamics of jet-based 
delivery.

3. Methods

Experimental Setup: The schematic representation of the experimen-
tal setup is shown in Fig.  2. The droplets were generated using a low 
flow syringe pump, a 5 ml syringe, and flexible tubing attached to a 
glass capillary with a tapered hydrophobized orifice. This arrangement 
yielded a reproducible drop release and diameter, 𝐷0 ≈ 3 − 4 mm (Vol 
≈ 14 − 34 μL). The height, ℎ, of the glass capillary above the target 
was varied to increase the impact speed, 𝑈0 ≈

√

2𝑔ℎ ≈ 0.5 − 2 m∕s. 
Discrete jets were generated via spark-induced jetting from a transpar-
ent polycarbonate tube (inner dia = 3.2 mm and outer dia = 6.3 mm). 
The spacing between the fluid meniscus in the glass capillary and the 
eyeball replica was kept at 6 mm. The methodology and details of the 
device used to generate discrete liquid jets are described in Rohilla and 
Marston (2023).
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Fig. 3. Example impact sequences to highlight the difference between dry (top row) and pre-wet (bottom row) targets. In both cases, the drop is water, with 𝑈0 = 1.25 m∕s, 
yielding 𝑅𝑒 = 3743 and 𝑊 𝑒 = 64.
Table 1
Physical properties of the fluids used. 𝜇 for non-Newtonian fluids corresponds to 
apparent viscosity for �̇� ∼ 125 − 667 s−1. Aqueous solution concentrations are in %𝑤∕𝑤.

 Fluid 𝜇 (mPa s) 𝜌 (kg/m3) 𝜎 (mN/m) 
 DI water 1 998 72.8  
 50% glycerola 7 1130 70  
 60% glycerol 13.7 1156 66.68  
 80% glycerol 84 1209 64.66  
 0.125% CMC 55–71 1004 68  
 0.25% CMC 64–89 1006 68  
 C.E.L. 26–28 1003 53.56  
a 50% glycerol solution was only used for viscous jetting.

The target substrates used herein were either spheres or acrylic 
eyeball replicas, where the spheres were used as a control to under-
stand the effect of the double curvature of the eyeballs. Furthermore, 
to understand the role of the tear film, the targets were pre-wetted 
with a commercial artificial tears eye lubricant (C.E.L.) solution (CVS 
Health). After applying several droplets of solution to the target, the 
residual film was estimated to be approximately 5-10 μm thick using 
high-resolution imaging and background subtraction.
Imaging: High-speed cameras (e.g. Phantom V711, Vision Research Inc.) 
were used to record the impact with a typical frame rate of 10,000 
fps and exposure times of 50 μs. Using Nikon micro-Nikkor lenses, 
we achieved an effective pixel size of ∼ 41 μm/px. The videos were 
processed using a custom MATLAB script that employed binarization, 
background subtraction, and tracked the edges of the spreading droplet, 
yielding time-resolved spreading information from which we could 
identify the impact speed, and the maximum and final spread di-
ameters. To ensure precise droplet impact at the apex of the target 
substrate, we carefully analyzed the high-speed videos recorded from 
orthogonally positioned cameras.
Fluid Properties: Fluid viscosity was varied by using DI water, water-
glycerol mixtures (60%𝑤∕𝑤 and 80%𝑤∕𝑤), and weak polymeric solutions 
of carboxymethyl cellulose (CMC with concentrations of 0.0625%𝑤∕𝑤, 
0.125%𝑤∕𝑤 and 0.25%𝑤∕𝑤 in water). The effective viscosity of the CMC 
solutions was estimated from the rheological profiles (measured with 
DHR 2.0 rheometer, TA Instruments) and characteristic shear rates 
from the impact event (�̇� ∼ 𝑈0∕𝐷0 ≈ 125 − 667 s−1, see fig. S2). 
The surface tension of the fluids was measured using the pendant drop 
3 
technique using the ImageJ plugin for pendant drop (Daerr and Mogne, 
2016). The physical properties of the fluids used in this study are 
presented in Table  1.

4. Results

4.1. Droplet delivery to the FOTE

Overview of dynamics. Fig.  3 shows impact sequences for both dry 
and pre-wet eyeball targets with water droplets, with frames taken 
directly from the high-speed video. The droplet diameter here is 𝐷0 ≈
3 mm, yielding a delivery volume of ≈ 14 μL. The early dynamics are 
represented by the first 3 images up to 𝑡 = 3 ms, whilst the final image 
represents the approximate onset of the blink reflex at 𝑡 = 100 ms. The 
principal differences between the dry and wet impacts are manifested 
by (i) the increased thickness of the rim (lamella) for the dry target, 
and (ii) the reduced spread for the dry target compared to the pre-wet 
case. As noted by the arrows in the final image marking the location of 
the edge of the spread, we observe that the drop spreads significantly 
farther on the pre-wet target, reaching past the cornea and on to the 
sclera; whereas the droplet on the dry target is arrested on the cornea.

For a more comprehensive overview of the effects of pre-wetting 
and the double curvature, Fig.  4(a) shows comparisons between both 
spheres and eyeball replicas at different impact speeds. Focusing first 
on the dry targets, we observe that the maximum spread is attained at 
approximately the same time on both the spherical and eyeball targets, 
but that the increased curvature of the cornea results in a slight increase 
in spread for the eyeball replicas, as seen in Fig.  4(b) (and the SI Video). 
As the impact speed is increased from 0.5 to 2 m/s, the spread increases 
significantly from 𝛽𝑚𝑎𝑥 ≈ 1.70 → 4.2, which can be seen in both the 
spherical and eyeball targets. In all cases for the dry substrates, the 
drops then retract from the maximum spread to reach their equilibrium 
(final spread, 𝐷𝑓 ) within approximately 50 ms (see Fig.  4(b)), ahead of 
𝑡𝐵𝑅 = 100 ms. Note that for 𝑈0 = 2 m∕s, the maximum spread coincides 
with the formation of a notably thicker rim at the leading edge, due to 
a confluence of fluid momentum ‘draining’ fluid away from the apex to 
the leading edge and surface tension forces acting to restore the drop 
toward an equilibrium.

The cases where the targets are pre-wet with the artificial tears 
present a qualitative shift in dynamics; First, even for the low impact 
speeds at the intermediate times of 11.83 and 12.33 ms, respectively, 
we observe a considerable increase in spread, without a pronounced 
local maxima — here the fluid from the droplet simply continues 
to merge with existing film until 𝑡 . For the higher impact speeds, 
𝐵𝑅
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Fig. 4. (a) Snapshots of processed images for water droplets impacting onto dry and pre-wetted spheres and eyeball replicas. Gray represents the solid substrate, cyan the artificial 
tears film, and red is the droplet. The red arrows indicate the extent of spreading, and the circles below the images mark the maximum spread; (b) Time-resolved dimensionless 
spread 𝛽 = 𝐿(𝑡)∕𝐷0, with circles marking 𝛽𝑚𝑎𝑥; (c) Maximum spread for the different conditions in (b), with the black dots marking the point when 𝑡𝐵𝑅 occurs.
the maximum spread is attained at around 10 ms, but there is no 
pronounced retraction, and no thickened rim at the leading edge, as 
the fluid from the droplet becomes incorporated into the existing film. 
Although the fluid from the droplets would continue to merge and 
drain under gravity, we only consider dynamics up to the blink reflex, 
𝑡𝐵𝑅 ≈ 100 ms (as in Fig.  4(b)). Lastly, in Fig.  4(c), we indicate which 
of these cases would completely coat the cornea and reach the sclera, 
which is indicated by trial surpassing the solid gray line at 𝛽𝑚𝑎𝑥 ≈ 4.2
(or ≈ 16.8 mm for water). We find that all the pre-wet cases reach the 
sclera at 𝑡𝐵𝑅, whilst none of the dry surface cases do.

In summary, we observe that both increasing impact speed and the 
presence of a pre-existing coating significantly enhance the maximum 
spread. However, the final spread that is attained at the time of the 
blink, i.e. 𝛽(𝑡 = 𝑡𝐵𝑅), is less dependent on impact speed, and shape 
of the target, and is dictated by the presence of the artificial tears 
coating. We can estimate the final thickness of the fluid film from 
volume conservation between the impacting droplet of diameter, 𝐷0, 
and the final spread at the blink reflex, 𝐷 , as ℎ ≈ (2𝐷 )∕(3𝛽2 ). For 
𝐵𝑅 0 𝐵𝑅

4 
example, a 4-mm water droplet on a dry eyeball has 𝛽𝐵𝑅 ≈ 1.5 − 2, 
which yields ℎ = 0.67 − 1.18 mm, whereas the pre-wetted eyeball has 
𝛽𝐵𝑅 ≈ 4.5−5.2, yielding ℎ ≈ 98−107 μm. As such, the experiments onto 
pre-wetted eyeball replicas indicate that a thin film of fluid would be 
achieved within the blink reflex time, and that the coverage extends 
past the cornea.

A more granular analysis of the effect of impact speed and pre-
wetting is presented in Fig.  5, showing a range of impact speeds from 
𝑈0 = 0.5 − 2 m∕s for both dry and wet eyeballs. The increased inertia 
always leads to increased maximum spread (typically occurring around 
𝑡 ≈ 5 − 10 ms), but the final spread is virtually independent of impact 
speed, and all the curves for dry targets converge to a constant spread of 
6–7 mm. The same phenomena (i.e., independence of impact speed) is 
noted for pre-wet targets, albeit the spread length is significantly higher 
at around 24 mm and continuing to increase (note that all curves are 
still sloping upward even for 𝑡 > 𝑡𝐵𝑅).
Viscous drops and universal scaling. Increasing the fluid viscosity, 
decreased the spread on both dry and pre-wetted eyeballs, as observed 
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Fig. 5. Spreading dynamics for water droplets on dry (solid lines) and pre-wet (dashed 
lines) eyeball replicas. The impact speeds range from 0.5–2 m/s (𝑅𝑒 = 2000 − 8000, 
𝑊 𝑒 = 13 − 213). The vertical dashed line indicates the blink reflex time.

in Fig.  6. Here, the aggregate data across all viscosities and impact 
speeds shows that the largest spread occurs for the lowest viscosi-
ties and highest impact speeds, corresponding to the largest Reynolds 
number, as expected from prior literature relations such as 𝛽𝑚𝑎𝑥 ∼
𝑅𝑒𝛼2  (Clanet et al., 2004; Chandra and Avedisian, 1991). The strictly 
Newtonian fluids – namely – water, 60% and 80% glycerol follow 
expected trends with decreased spread as the viscosity increases at 
any given impact speed. Intuitively, we expect non-Newtonian fluids 
(C.E.L, and CMC solutions) to be nuanced by the change in apparent 
viscosity, 𝜇𝑎, which depends on the shear rate. Here, we use the 
estimate �̇� ∼ 𝑈0∕𝐷0 as the characteristic shear rate for the impact, 
although the value is highly variable through the droplet at different 
stages of impact. Nonetheless, the initial impact shear rate would 
imply that higher impact speeds lead to higher shear rates, and thus 
lower apparent viscosities and higher spreading. However, this does 
not manifest in the data, and we observe that the trends for the non-
Newtonian solutions generally follow those for the Newtonian fluids. As 
such, we can characterize the full range of fluids with their Newtonian 
or apparent viscosities, which enables us to seek a universal scaling 
relations for our data.

Following the preceding literature, we tested simple scaling ap-
proaches using 𝑊 𝑒𝛼1  and 𝑅𝑒𝛼2 ; however, both failed to collapse the 
data (see fig. S3 and S4). The energy conservation approach, i.e., 
𝛽𝑚𝑎𝑥𝑅𝑒−1∕5 = 𝑃 1∕2

1 ∕(𝐴 + 𝑃 1∕2
1 ), with the impact parameter

𝑃1 = 𝑊 𝑒𝑅𝑒−2∕5, resulted in the best data collapse compared to the 
momentum conservation approach with the impact parameter 𝑃2 =
𝑊 𝑒𝑅𝑒−4∕5 (see fig. S5). This fitting is shown in Fig.  7 for (a) dry and (b) 
pre-wet, with corresponding coefficients of determination of 𝑅2 = 0.68
and 0.56, respectively. The lower 𝑅2 value for the impact onto the 
pre-wetted targets indicates that more variation in the data must be 
attributed to other sources which, for this experiment, are likely to 
be the effects of the film and the double curvature. Nonetheless, this 
scaling approach provides a reasonable collapse of data across a range 
of viscosities and impact speeds that may be encountered in real-life 
eye drop applications.

4.2. Jet delivery to the FOTE

Delivering medication in the form of a fluid stream to the front 
of the eye has been observed to be an effective alternative to the 
5 
Fig. 6. Maximum spreading length of droplets of different fluids impacting eyeball 
replica at different impact speeds. Data points represent the mean values, with error 
bars indicating the standard deviation (n=4).

traditional dropper method, while offering improved drug exposure 
and better comfort during administration (Noymer et al., 2019; Quiroz-
Mercado et al., 2020). Guided by these reports, we studied the delivery 
of discrete viscous jets to the eyeball replicas. In this study, we used a 
custom-built electric discharge device to generate spark-induced dis-
crete liquid jets with varying viscosities. Fig.  8a shows the RC circuit 
used in the jetting device (Rohilla and Marston, 2023). The jetting 
mechanism involves creation of a cavitation bubble due to instant 
vaporization of fluid caused by an electrical discharge at a specific 
point within the fluid-filled capillary tube (see Fig.  8b). The resulting 
cavitation bubble expands rapidly, expelling the fluid as a discrete, 
focused jet. Liquid jets of varying viscosity were directed to impinge at 
the front of the eyeball replica. The comparative spreading dynamics 
of discrete liquid jets of 50% and 60% glycerol solutions on an eyeball 
replica is presented in Fig.  8c–f.
Jet characterization. A discharge voltage of 30 V generated viscous 
jets of 50%, 60% and 80% glycerol solutions with comparable max-
imum jet tip speeds (𝑈 ) of ∼ 20 ± 4.5 m∕s, ∼ 20 ± 4.3 m∕s, and 
𝑗
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Fig. 7. Scaled spreading lengths of droplets of all viscosities and impact speeds plotted 
in terms of the impact parameter, 𝑃1 = 𝑊 𝑒𝑅𝑒−2∕5, based on energy conservation; (a) 
dry eyeball replica, and (b) pre-wetted eyeball replica. Error bars represent standard 
deviation (n=4).

∼ 21.4 m∕s, respectively. For these viscous jets, high Weber numbers 
(𝑊 𝑒𝑗 = 𝜌𝑈2

𝑗 𝑑𝑗∕𝜎 ≳ 3000) indicated that the inertial forces dominated 
the surface tension forces.

A higher discharge voltage of 45 V produced faster and turbulent 
jets. The jet speeds of 50%, 60%, and 80% glycerol for a discharge 
voltage of 45 V were 35.15 ± 6.4 m∕s, 36.4 ± 1.3 ms, and 41 ± 3.8 ms
respectively. Weber numbers for these fluids were ∼ 𝑂(104), leading to 
higher propensity for splashing.
Spreading behavior. The spreading behavior of the 60% glycerol jet 
streams impacting the dry eyeball replica were qualitatively similar 
to impinging droplets, characterized by a distinct rim at the leading 
edge, maximum spread, and a final shape resembling a spherical cap 
(see Fig.  8c). Similar to droplets impacting pre-wetted substrates, jets 
of 60% glycerol (30 V) exhibited larger spreading on eyeball replicas 
coated with artificial tear film compared to dry substrates. Additionally, 
60% glycerol jet (30 V) impacting pre-wetted eyeball replica produced 
a distinctive splash-crown (t = 0.33 ms, Fig.  8d, also see the SI video). 
6 
Jets of 50% glycerol (30 V) spread farther on dry substrates than 60% 
glycerol jets (Fig.  8e). However, these lower-viscosity jets also resulted 
in splash back from the eyeball replica surface (Fig.  8f), rendering 
them undesirable for FOTE delivery applications. Such splashing in jets 
could be attributed to their higher inertial forces (𝑊 𝑒𝑗 ≫ 𝑊 𝑒𝑑𝑟𝑜𝑝) 
overcoming the opposing forces such as capillary pressure and viscous 
stress.

We quantified the spreading dynamics of viscous jets on prewet-
ted eyeball replicas (Fig.  9a–b) as follows; As the stand-off distance 
between the meniscus and the substrate, 𝐻M-S, increased from 6 to 
15 mm, the maximal spreading length for 50% glycerol jets grew from 
approximately 5 mm to 9.2 mm, while for 60% glycerol, it increased 
non-linearly from around 5 mm to 9.9 mm. 80% glycerol jets exhibited 
lower spreading lengths of 4.15 mm and 8.27 mm at 𝐻M-S = 6 mm and 
15 mm, respectively, with a slightly higher value (8.5 mm) observed 
at 𝐻M-S = 12 mm. The large variations in spreading length were likely 
due to splashing and misalignment between the jet tip and the target 
center, or from asymmetrical collapse of the cavitation bubble, pulling 
the jet to one side, which would be exaggerated at increased heights.

Discharge voltages below 30 V did not generate liquid jets (Rohilla 
and Marston, 2023), therefore only a specific range of voltages can 
be used for spark-induced jetting to be a viable delivery technique. 
This caveat notwithstanding, the deposited volumes with this technique 
are in the range of ∼ 3 − 15 μL, which means it could be fine-tuned 
for FOTE delivery. It is important to note that spark-induced jets may 
degrade the drug or introduce brass particles from the electrodes into 
the drug, which is undesirable. To address this, further exploration 
of designs incorporating separate chambers for the spark and drug 
storage, separated by a flexible membrane (Han and Yoh, 2010), could 
help preserve drug integrity during the jetting process. Furthermore, 
alternative techniques for generating discrete jets, such as piezoelectric 
mechanisms (Stachowiak et al., 2007) or laser-induced thermocavi-
tation (Tagawa et al., 2012), could also be used for applications in 
FOTE, which could potentially mitigate the issue of brass electrode 
degradation.

5. Conclusions

Self-administration of eyedrops by patients often leads to varying 
results due to misalignment of the dropper bottle, and various heights 
above the eye. Furthermore, significant wastage can occur due to excess 
droplet volume and drainage from low-viscosity products. To address 
these issues, novel devices seek to deliver products with viscosity 
modifiers and small volumes by impacting a single droplet (or discrete 
jet) onto the eyeball.

To study these processes we conducted an experimental investi-
gation of impact on eyeball replicas with and without a coating of 
artificial tears to simulate events for FOTE fluid delivery. Our range of 
fluids was representative of commercially available eye drop solutions 
(∼1 − 70 mPa s) (Doshi and Xu, 2009).

There are significant differences between impact events for dry and 
pre-wet eyeball targets, whereby droplets on pre-wet targets experience 
a much enhanced spreading. In addition, a comparison between a sim-
ple sphere and the eyeball replicas showed that the double curvature 
of the eyeball assists the spreading, but to a lesser extent than the tear 
film.

Our study suggests that for eye drops with water-like viscosity, a 
low impact speed of 0.5 m/s is sufficient to achieve complete coverage 
across the cornea and onto the sclera, whilst for dry surfaces (e.g., dry 
eye syndrome), higher impact speeds of ∼ 1.75 m∕s are needed for the 
same coverage. For fluids with viscosity above ∼ 10 mPa.s onto dry 
targets, even the highest speeds of 2 m/s were insufficient to cover 
the cornea; however, for the pre-wet targets, speeds above 1.5 m/s 
were generally sufficient to achieve complete coverage. Even for fluids 
with viscosity up to 80 cP, once the impact speed exceeds 1.5 m/s, 
the spreading extends to the sclera within the blink reflex timescale. 
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Fig. 8. Delivering viscous jets to eyeball replica. (a) an RC circuit used in the spark-induced jetting device. (b) Illustration showing the sequence of jetting mechanism induced 
by spark-induced cavitation. Snapshot sequences of 60% liquid jets impinging and spreading onto (c) dry and (d) pre-wetted eyeball replicas (discharge voltage = 30 V). Panels 
(e) and (f) show snapshots of 50% glycerol jets generated at discharge voltages of 30 V and 45 V, respectively, as they impinge and spread on prewetted substrates. In all cases 
(c–f), 𝐻M-S was maintained at 6 mm.
Spreading beyond the cornea renders a thin coating (∼100 μm) which 
is less prone to being squeezed out by the eyelids during the blink.

Viscous jets exhibited lower spreading lengths than droplets pri-
marily due to differences in delivery volume. While their spreading 
dynamics on dry substrates were qualitatively similar, viscous jets 
showed significant variations in spreading length at higher 𝐻M-S due 
to splashing caused by increased impact speeds. Since splashing is 
undesirable for FOTE drug delivery, these findings highlight the need 
for enhanced control and precision in this technique.

Some limitations of the present study are: (1) the pre-existing film 
implemented by adding a few drops of artificial tears was not of uni-
form thickness due to drainage under gravity, nor was it the same fluid 
as the drops (except for the CEL drops); (2) the drop diameters varied 
slightly from fluid to fluid due to the effect of physical properties; (3) 
we did not account for dynamic shear-thinning effects, only an effective 
viscosity based on a characteristic shear rate. Despite these limitations, 
our data was reasonably well described by previously reported non-
dimensional relations in terms of the impact Weber and Reynolds 
numbers, providing an initial framework for manufacturers seeking to 
develop devices for FOTE drug delivery of viscous products.
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Fig. 9. Spreading dynamics of viscous jets on a prewetted eyeball replica at a discharge 
voltage of 30 V. (a) Temporal evolution of spreading length for viscous jets on the 
eyeball replica. Solid lines indicate the mean spreading length over time, with shaded 
regions representing the standard deviation (𝐻M-S = 6 mm, n = 3). (b) Maximum 
spreading length achieved by viscous jets as a function of 𝐻M-S and fluid viscosity 
(n = 3).
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