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Enhancing agrochemical spray retention on plant surfaces would have tremendous benefits to global
health and the environment. The bouncing of sprayed pesticide droplets from hydrophobic leaves is a
major source of water and soil pollution, and the resultant overuse of pesticides is a human health
hazard and a financial burden for farmers. Here we report on the development of sustainable
agricultural sprays consisting of cloaked droplets that significantly enhance droplet retention on plant
surfaces. By leveraging wetting dynamics, we create cloaked droplets that consist of an ultra-thin food
and environmentally safe oil layer (<1% by volume) that encapsulates water droplets. We develop
a fundamental understanding of the dynamics of cloaked droplet impact and retention on super-
hydrophobic surfaces. Using high-speed imaging, we capture how the oil cloak transforms into a
wetting ridge that pins the droplets and suppresses their rebound. We span a wide range of impact
conditions, oils, oil viscosities, and oil volume fractions to demonstrate the robustness of the approach.

Received 16th December 2024, By considering a balance of kinetic energy, the work of adhesion, and viscous dissipation in this four-

Accepted 19th January 2025 phase system, we develop a physical model that allows us to establish a regime map for rebound
DOI: 10.1039/d4sm01496k suppression. Finally, these findings are implemented into a prototype sprayer which leads to a ~5-fold

reduction in spray waste on crop leaves. We believe that our spray approach can greatly reduce
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Introduction

The use of agrochemicals like pesticides has enabled increased
agricultural yield and contributed to development around
the globe. Spraying is the most common method to deliver
agrochemicals like pesticides to plants, but poor spray reten-
tion is one of the most important inefficiencies in pesticide
application.” Sprayed droplets bounce or roll off of hydro-
phobic plant leaves, causing a large majority of what is sprayed
to find its way to the environment.>” Pesticides are found in
90% of agricultural run-off streams, which subsequently con-
taminate 50% of shallow wells and 33% of major deep aquifers
in the United States.* A recent study has shown that 31% of all
global agricultural soil is at high risk of pesticide pollution.®
These excess pesticides not only affect soil chemistry but also
cause the death of non-target organisms and damage soil
microbiomes that are responsible for replenishing plant nutri-
ents in the soil.® Acute poisoning has been linked to tens of
thousands of deaths per year and millions of illnesses.” Once in
the environment, pesticides have significant impact on public

Department of Mechanical Engineering, Massachusetts Institute of Technology,

77 Massachusetts Ave, Cambridge, MA, 02139, USA. E-mail: varanasi@mit.edu

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4sm01496k

3688 | Soft Matter, 2025, 21, 3688-3699

agrochemical pollution as well as pesticide and surfactant usage.

health, causing diseases like cancer, neurological conditions, and
birth defects.” The health impacts of pesticides are especially felt
in the developing world, where a lack of personal protective
equipment makes them even more dangerous.”® In addition to
having heavy global health and environmental costs, pesticides
represent a major financial burden for farmers. Over $60 billion
dollars of pesticides are used globally as they can contribute up to
30% of the production costs of certain crops.” Fruit, vegetable,
cereal, and nut crops all require a wide variety of pesticides
to maintain crop health and yield. Pesticide expenditures for
crops like tomatoes and strawberries can be as high as $800
and $1500 per acre, respectively, which is comparable to the
profits achievable from selling those crops.'® Thus, there is an
urgent need to reduce pesticide waste and overuse, and promot-
ing spray retention offers a direct pathway to accomplish this.
The impact and bouncing of a liquid droplet on hydrophobic
and superhydrophobic surfaces have been studied extensively.''>°
In agricultural sprays, droplet sizes range from 50-600 um, and
droplet impact velocities range from 1-8 m s~ *, which corresponds
to a Weber number range of 1-600.>'>* During impact, such
droplets undergo expansion driven by inertial forces and retrac-
tion that is driven by surface tension.’®?*?** Whether the
droplet sticks or bounces is determined by surface properties,
such as surface energy and leaf micro-texture and droplet
properties like surface tension, viscosity, density, and impact

This journal is © The Royal Society of Chemistry 2025
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velocity. Several works have proposed methods to increase
droplet retention on plant surfaces. These methods include
using (i) adjuvants to modify the surface tension of droplets,
(ii) compounds that change the viscosity or extensional rheol-
ogy of droplets, (iii) additives that can disrupt the waxy coatings
on leaf surfaces locally and promote adhesion, (iv) chemicals
that generate microscopic pinning sites for droplets to stick or
(v) physical charged interactions to promote droplet adhesion.

Surfactants are the most widely used adjuvants that aim to
enhance spray coverage and retention.*® While their effect on
improving the spreading of droplets on plant surfaces under
static conditions is well documented, their ability to reduce the
dynamic surface tension of impacting droplets and suppress
their rebound is more complex.?”*® Recent work has shown
that only specialized surfactants can diffuse to the droplet
interface fast enough to reduce the dynamic surface tension
of droplets during impact and arrest rebound.”>*° In addition,
surfactants suffer from a lack of universality as they must be
chemically stable with a diverse range of pesticide chemistries.
As they reduce surface tension, they also make the sprayed
droplets smaller, which exacerbates pesticide drift and run-
off.*™*?> Smaller droplets also tend to evaporate more quickly,
which leads to product loss, especially for volatile pesticides.>®
Finally, some surfactants that are used in agriculture can be
more environmentally and biologically toxic than the active
ingredients in the pesticides. For example, the addition of
ethoxylated amine surfactants to Roundup® makes these for-
mulations cause more mitochondrial damage and necrosis in
human cells and become more toxic towards non-target organ-
isms than the active ingredient - glyphosate alone.**™°

Viscosity modifying adjuvants that utilize viscous dissipa-
tion during impact to prevent the droplets from bouncing off
offer limited improvement to spray retention efficiency on plant
surfaces.”’ High molecular weight polymer-based adjuvants
that can modulate the extensional viscosity of droplets have
also been shown to enhance droplet and spray retention (2-20%
enhancements to spray retention on leaf and engineered
surfaces).*>** However, in addition to the limited enhancement
offered by this method, the need for the careful control of the
pH of such formulations presents a significant barrier to robust
implementation.**** Electrostatic sprayers that physically
charge spray droplets and introduce an attractive force towards
grounded plant surfaces help reduce drift rather than droplet
retention, but these units suffer from high costs that limit
applicability.*®*’ Finally, prior work from our group has used
polyelectrolytes to enhance droplet retention on plants.*® In this
approach, positively and negatively charged molecules are added
to the sprayed liquid. The oppositely charged compounds
undergo a precipitation reaction in situ, creating microscopic
pinning sites on an otherwise hydrophobic surface. While the
approach has led to significant improvements in droplet retention
both in the lab and in field trials, the need to keep the charged
additives separated until they reach the plant surface requires a
significant retrofit to the sprayers.

Unlike the above approaches, which are either unsustain-
able, toxic, non-universal, or expensive, plant-based oils hold
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great promise as adjuvants that can promote droplet reten-
tion.>® Qils have been used in agriculture for centuries as they
possess insecticidal and fungistatic properties.**>° Vegetable
oils are generally recognized as safe and are understood
to pose no risks to the environment, and are widely used in
food products and in agriculture.”’™* Since they are readily
degradable by microbes in the soil, these oils have a much
lower environmental footprint than synthetic agrochemi-
cals.>® Their impact on crop health is well understood, and
they are not phytotoxic when used appropriately.** Some oils
are more robust against resistance development in pests, and some
plant oils have minimal impact on non-target insects like
honeybees.>>>°

As spray adjuvants, the lower surface energy of oils makes
them stick more easily to hydrophobic leaves compared to
water. Oils are predominantly formulated as oil-in-water emul-
sions, necessitating the use of surfactants — which have the
drawbacks mentioned above - and the need for complex
agitation methods at the point of use.?® In comparison to oil-
in-water emulsions, water-in-oil emulsions (>10% oil by
volume) have been found to be more effective in enhancing
retention. However, the need for surfactants and the potential
for phytotoxicity of such large oil contents limit the applicabil-
ity of such formulations.>” Compound droplet impact work has
consistently been shown to suppress droplet rebound without
the need for surfactants or emulsification.”®* ®* In this work, we
explore the limits of small oil fractions (<1% by volume)
wherein the oil forms a cloak around the water droplet, and
investigate the applicability of this surfactant-free approach
to suppressing droplet bouncing on real hydrophobic plant
leaves.

In Fig. 1(c)—(e), we show time-lapse images of water droplets
sprayed using an agricultural sprayer onto a cabbage leaf for
3 seconds. The nozzle in this case produces droplets with a
volume median diameter between 341-403 pm at velocities
between 5-10 m s~ ' (see Methods). Some droplets pin wherever
there are defects on the leaf, but a majority of the sprayed water
bounces off, highlighting the problem of poor droplet reten-
tion in conventional agrochemical spraying (Movie S1, ESIT).
In contrast, Fig. 1(f)-(h) demonstrate the effectiveness of cloak-
ing water drops with ~1% of soybean oil, a ubiquitous plant-
based oil, which (i) is used in food products, (ii) is approved by
the EPA for agricultural use, (iii) has minimal impact on the
environment and (iv) is inexpensive.”>**®> With a third of the
spraying time, we achieve significantly more droplet retention
and more uniform coverage on the leaf (Movie S2, ESIY).
As shown in Fig. 1(i), the cloaked droplets result in a five-fold
reduction in spray usage to reach a given coverage, indicating
the promise of this simple, inexpensive, and environmentally
sustainable approach to reducing pesticide waste.

To fully understand this approach’s potential to enhance
droplet retention, we study it systematically with superhydro-
phobic surfaces. These surfaces that minimize droplet pinning
represent the most extreme case that agricultural sprays can
encounter. Studying enhancements in droplet retention in this
extreme case would provide a conservative benchmark for our
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Fig. 1 Oil cloaking leads to enhanced droplet retention on crops. Schematics of the experimental set-ups used to spray (a) DI water and (b) oil-cloaked
water droplets onto leaves. See Fig. S1 (ESIT) for a full schematic and image of the prototype sprayer. Unlike conventional water sprays, which bounce
off of hydrophobic leaf surfaces, droplets that are cloaked in minute quantities of a plant-derived oil (ex: soybean oil < 1%) stick to leaves uniformly.
(c)-(e) Time-lapse images of water sprayed using a commercial agricultural sprayer onto a cabbage leaf for 3 seconds. Some droplets pin and
accumulate, but a majority of what is sprayed bounces off of the leaf (see Movie S1, ESIt). (f)-(h) Time-lapse images of water droplets cloaked with
soybean oil (~1% oil by volume) sprayed onto a cabbage leaf for 1 second. (i) Leaf coverage expressed as a percentage of total leaf area covered with
water droplets demonstrates a ~5x reduction in spray to reach similar coverage levels, indicating significant reductions in pesticide waste are possible.
Measurement of leaf coverage is discussed in the Materials and methods section.

Results

methodology. We examine droplet impact dynamics at a variety

of agriculturally relevant spray velocities and Weber numbers
and systematically study the effect of cloaking with different oils
of varying surface tension and viscosity. We explore the effect of oil
fraction and present a simple thermodynamic framework to
explain the rebound suppression observed with oil cloaked dro-
plets. Finally, we test a practical embodiment of this system and
demonstrate significant improvements in spray retention on mini-
mally pinning superhydrophobic surfaces and crop leaves.

3690 | Soft Matter, 2025, 21, 3688-3699

Single water droplets of different diameters were created by
forcing liquids through needles of different gauges. The oil cloaks
were applied using a secondary needle, as shown in Fig. 2. The
flow rates of all fluids were controlled using syringe pumps (see
Methods). The impact velocities were changed by controlling
the release height of the dispensed droplets. Silicon nanograss
surfaces were used as model superhydrophobic surfaces in this
work.®® The surfaces had an average texture size and spacing of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Single droplet impact on a minimally-pinning superhydrophobic surface. Schematics of the experimental set-ups used to study droplet impact
are shown in the left column. All droplets are released from 8 cm height, resulting in an impact speed of ~1.25m s Time-lapse images of impacts of (a)
a DI water droplet and (b) a water droplet cloaked with soybean oil (1% oil by volume) from the side and top-down views. The DI water droplet undergoes
a symmetric retraction phase and maintains a high contact angle with the surface until eventually bouncing off (see Movies S3 and S4, ESI+). The oil
cloaked droplet undergoes a nearly identical expansion phase; however, the droplet pins during retraction and experiences a significant reduction in its
receding contact angle. This pinning leads to the suppression of the rebound and leaves the droplet adhered to the surface, and constrains the maximum

rebound height of the center of mass (h.y) (see Movies S5 and S6, ESIT).

around 200 nm, and they were functionalized with different
hydrophobic modifiers (see Methods). The advancing and reced-
ing contact angles of DI water on this substrate were 163.9° and
159.3° respectively on the octadecyltrichlorosilane (OTS) coated
surfaces and 166.6° and 164.8° on the trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (FS) coated surfaces respectively. The impact
experiments were observed using a Photron Fastcam SA1.1 high-
speed camera.

Fig. 2(a) shows time-lapse images of a water droplet
(diameter ~ 3 mm and impact speed ~1.25 m s~ ') impacting
on a minimally pinning surface from the side and top-down
views. The droplet behaves as expected, going through a sym-
metric retraction phase and completely rebounding from the
surface (Movies S3 and S4, ESIt). Fig. 2(b) shows droplet

This journal is © The Royal Society of Chemistry 2025

impacts under identical conditions with droplets that are
cloaked in 1% soybean oil by volume. While the expansion
phase is nearly identical in terms of the maximum diameter
and the expansion time, the retraction phase in the cloaked
case is markedly different (Movies S5 and S6, ESIt). During
retraction, the cloaked droplet’s contact line is pinned by a
ridge of oil at the outermost interface between the droplet and
the surface, as shown in Fig. 2(b). The ridge forms during the
impact event as oil is carried to the contact line. Such wetting
ridges are typically found on water droplets that are placed on
oil films, oil-infused surfaces, and other soft substrates as it
minimizes the total surface energy of the multi-phase system.®”
The presence of oil in the ridge is evidenced given that the
dynamic retracting contact angle (Movies S5 and S6, ESIt) and

Soft Matter, 2025, 21, 3688-3699 | 3691
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the static contact angle of water droplets contacting the visible
oil ridge (Fig. 2(b)) are markedly lower than the receding
contact angle of pure water on the superhydrophobic surface
(ESLt Fig. S4). The pinning due to the ridge significantly
reduces the retraction speed of the contact line and causes
the droplet to stick to the surface. The retarded yet non-zero
contact line retraction that we observe differs from the behavior
observed by Han et al., wherein oil-cloaked droplets exhibit
complete contact line pinning without any retraction on nano-
porous superhydrophobic surfaces.®* Fig. S2 (ESIt) demon-
strates that the retraction behavior of oil-cloaked droplets on
hydrophobic plant leaves matches more closely the behavior we
observe on our superhydrophobic non-porous surface, motivat-
ing the continued use of this surface and further investigation
of rebound suppression.

Our setup allows us to track the maximum height of the
droplet’s center of mass (%), offering a quantitative measure-
ment to track rebound suppression (see Methods). Illustra-
tively, hen is labeled in Fig. 2(b). To confirm that the
spreading phases of the impacts are undisturbed and to study
the dynamics of rebound suppression more thoroughly, we
conducted drop impact experiments with nine different oils of
varying viscosities and surface tensions.

Fig. 3(a) shows the time evolution of the contact diameter of
droplets (D(¢)) normalized by their initial diameter D, for six
representative oil cloaking conditions. These experiments were
all conducted at 1% oil fraction by volume and at an impact
velocity of ~1.25 m s~ on a minimally pinning surface,
functionalized with OTS. Only the control DI water droplet
loses contact with the surface after rebound under these con-
ditions as all the oil cloaks were successful in suppressing
rebound. The observations in Fig. 2 are further confirmed here,
as the expansion phase is approximately identical in terms of
maximum droplet diameter and the expansion time for all the
droplets. During the retraction phase, the contact lines of the
cloaked droplets begin to pin to the surface and slow down
the receding front. Fig. 3(b) shows the normalized maximum
diameter for impact experiments with different oil cloaks,
droplet sizes, and impact velocities. The Weber numbers of
the droplets were varied from 45-639 and the Reynolds num-
bers from 1972-7875 to span agriculturally relevant conditions.
For this regime, the normalized maximum diameter at full
expansion scales as shown in eqn (1).

Wel/Z

DmaX/DO :f(Re7We) = 1 24+Wel/2R671/5 (1)

where We is the Weber number and Re is the Reynolds number,
as was shown in previous studies for droplet impact on super-
hydrophobic surfaces.'*®*% Once again, we observe that the
maximum diameters are nearly identical for cases with and
without oil cloaks and follow the trend indicated by eqn (1).
This demonstrates that the expansion phase of the droplet
impacts is largely unaffected by the presence of an oil cloak at a
variety of impact velocities and for different oils.

Focusing our attention now on the retraction phase and the
rebound behavior of cloaked droplets, we revisit the maximum

3692 | Soft Matter, 2025, 21, 3688-3699
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height (h.y) of the droplet’s center of mass. Using the high-
speed videos of the droplet impacts, we measure the ., of the
droplets and normalize it by the initial droplet diameter D, (see
Methods for the estimation of the center of mass). Fig. 3(c)
plots the normalized rebound height for various impact velo-
cities, oil cloaking conditions, and surface functionalizations.
In all of these experiments, the oil fraction was kept constant at
1% by volume for the cloaked droplets. This plot demonstrates
the robustness of the approach in promoting droplet retention.
Regardless of the type of the oil, the oil viscosity, or oil surface
tension, all the cases with cloaking led to droplets sticking on
superhydrophobic surfaces for velocities from 0.8-2.3 m s™*,
which correspond to the agriculturally relevant We ~ 81-646.
Oil viscosities were varied between 1.3 cSt and 68 cSt, as any oil
that is too viscous would be difficult to work with in practice,
and oils of too high viscosity can lead to less uniform coating
and pose barriers to leaf processes.”’ The surface tensions of
the oil were varied as much as possible, between 16 mN m ™" to
32mNm .

We observe a general trend of increased rebound suppres-
sion for increasing viscosities, though this trend reverses when
the viscosity becomes very high (~ 500 cP), possibly due to the
timescale of oil spreading increasing beyond the timescale of
the droplet impact (see Movie S16, ESIt). At the higher end
of the impact velocities we explored, we observe splashing of
both the DI water droplets and the oil cloaked droplets. Inter-
estingly while the satellite droplets in the control case scatter
off the surface (Movie S7, ESIT), nearly all the satellite droplets
in the oil-cloaked case adhere to the surface (Movie S8, ESIT).
Typically, smaller droplet sizes that are more prone to drift are
chosen to enhance coverage on plant surfaces.>® These results
indicate that our methodology could enable the use of large
droplets that are resistant to drift while still benefiting from
enhanced coverage afforded by satellite droplets. Fig. 3(d)
demonstrates the effect of the oil fraction for two representative
oils of low and high viscosity. Both oils are effective at prevent-
ing retention at 0.1% by volume, furthering the practical
robustness of our approach. This volume of oil is comparable
to the total amount of adjuvants currently used in agricul-
tural spraying, including when oil-in-water emulsions are
employed.>®

Movies $9-S13 and Fig. S3 (ESIf) indicate some of the
complexities that arise at lower oil fractions. As the volume
fraction reaches 0.1%, we notice that the ridge of oil that
pins the droplet becomes discontinuous. This ridge is no
longer evident when the oil fractions go below 0.1%. At these
volume fractions, the average contact angle during the
retraction phase also changes drastically from about 30° to
about 140° (as seen in Video S4 and Fig. S3, ESIt). At 0.01%
volume fraction, the retraction phase is comparable to that of
a DI water droplet, indicating that there is a minimum
amount of oil needed for the approach to be effective.
Fig. 3(e)—(i) show some examples of the maximum normalized
rebound height for different impact conditions to highlight
the distinction between the bouncing, sticking, and splashing
regimes.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Droplet impact dynamics and retention behavior. (a) Normalized contact diameter as a function of time for six different oil cloaks for an impact
velocity ~1.25 m s™1. Complete rebound is only observed for the pure water drop as contact is always maintained for all the oil-cloaked droplets (1% oil
by volume). (b) Normalized maximum diameter as a function of the correlation function f(We,Re). The weber number spanned 45-639 in our
experiments. (c) The rebound height of the center of mass of droplets (h.) is normalized by droplet diameter (D) for different impact velocities, oils, and
oil viscosities. All oil cloaked droplets had an oil fraction of 1% by volume and diameters ~3 mm. The bouncing transition is defined at h/D = 1.75, where
the droplet lifts off the surface completely. All the oils helped suppress droplet rebound at a variety of impact velocities. (d) Rebound height of the center
of mass of droplets (h.y) hormalized by droplet diameter (D) for different impact experiments is plotted as a function of oil volume fraction in cloaked
droplets. 10 cSt silicone oil and soybean oil were chosen as representative oils, and both demonstrate the robustness of rebound suppression even for
droplets with 0.1% of oil by volume (see Movies S9-S13, ESI). (e)—(i) Snapshots of the highest points of the centers of mass of droplets during retraction
or rebound for selected experiments. The labels for these snapshots indicate the oils used and the normalized rebound heights.
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Discussion

We have been able to demonstrate that oil-cloaking offers a
simple yet robust approach to enhance droplet retention on
superhydrophobic surfaces. We have shown improved reten-
tion over a range of agriculturally relevant impact conditions
for a wide range of oils, oil viscosities, and oil volume fractions.
However, it is also clear from the top-down videos of these
impacts (Videos S6 and S9-S13, ESIt) that the mechanisms that
govern retraction dynamics are fairly complex. There are several
macroscopic and microscopic pinning events that lead to
energy dissipation during the retraction phase. These videos
indicate the formation of an oil ridge plays a key role in pinning
the droplets to the surface. However, it is also evident that the
thickness, continuity, and symmetry of the ridge are highly
variable. While explaining the explicit dynamics of this system
will require more examination of the fluidic and interfacial
interactions at play, here we use a simple analysis of thermo-
dynamic states to explain droplet retention - which is the
fundamental experimental outcome we care most about.

We can consider an impacting droplet in two states: (i) at the
maximum diameter during impact and (ii) after the droplet has
rebounded. We first focus on the latter state for a pure water
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droplet without an oil cloak. When a water droplet rebounds
from a superhydrophobic surface, its rebounding kinetic
energy (KE) can be expressed as a function of its incoming
velocity (v) and the coefficient of restitution (e,), as shown in
Fig. 4(a). This quantity KE therefore represents the approximate
energy which must be dissipated to ensure rebound suppres-
sion. For water droplets on a superhydrophobic surface, the
coefficient of restitution is a function of the Weber number, as
seen in Fig. S5 (ESIt),”""* allowing easy calculation of KE.

To assess the ability of our cloaked oil droplet to dissipate
this energy quantity KE, we return to the other state of interest
as shown in Fig. 4(b), where an oil-cloaked droplet reaches its
maximum diameter. We can consider two types of energy
dissipation mechanisms, one due to contact line pinning and
another due to viscous dissipation in the ridge.

The work of adhesion (E;) - the term that captures the amount
of work needed to overcome contact line pinning and remove a
droplet from a surface — can be written in terms of the surface
tension of the fluid in contact with the surface (o), the receding
contact angle of the droplet (0,) and the maximum radius of the
droplet on the surface (Riq) as shown in eqn (2).”*7>

Es ~ 0o(1 + cos(0,))mRmax

(2)

5
A
a Cc
N l v a te,v A
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|t W v R e U e
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1 w4 2 e
4 O 0
¢ v
Euy -0il fitm 2
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O Silicone oil cloak-OTS
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[l Mineral oil cloak-OTS
(28mN/m, 68 cSt)

V¥V Linseed oil cloak - OTS
(32.1 mN/m, 51.6 cSt)

> HFE cloak-OTS (16 {% HFE cloak-FS (16 mN/m,
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A DI Water
(control)

Fig. 4 Sticking—bouncing transition for droplet impacts (a) as a pure water droplet rebounds from a superhydrophobic surface, it carries kinetic energy
that can be expressed in terms of the coefficient of restitution (eg), the incoming velocity (v), and the mass of the droplet (m). (b) To arrest the rebound of
such a droplet and make it stick to a surface, this kinetic energy must be removed from the droplet by the work of adhesion (E;) and viscous dissipation
(EﬂI + E!,” + E“m), shown here for a cloaked droplet at maximum extension. (c) The data points correspond to droplet impacts at different droplet velocities
and oil cloaks. The shaded regions correspond to the different experimental outcomes. The vertical axis plots a ratio of the kinetic energy of rebound of a
DI water droplet for each experimental condition and the sum of the work of adhesion and the viscous dissipation. This demonstrates that in the case of

oil-cloaking, the work of adhesion and the viscous dissipation is comparable to the rebound kinetic energy, which leads to sticking.
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In the cloaked cases, we assume that the entire contact area
with the surface is covered by oil during the impact event.
This is a reasonable assumption given the fact that the oil is
preferentially wetting on the surface compared to water. More-
over, the retracting contact angle of the droplet remains below
90 degrees throughout the entire retraction phase (Videos S5-S8,
ESIt), far lower than that of pure water and indicating the
presence of oil (see Fig. S4, ESIf). We also choose to model
dissipation in experiments where the oil fraction was 1%; as at
lower volume fractions, the situation is more complex due to the
discontinuity of the oil ridge during the impact event. The
second dissipation mechanism is only present in the oil cloaked
cases and is due to the viscosity of the oil cloak itself. Using prior
work on the viscous dissipation rate due to the oil cloak on
droplets, we can express the viscous dissipation rate £}, as a sum
of three terms, dissipation in the oil cap (E/,*I ), dissipation in the

oil film underneath the droplet (£), ) and dissipation in the oil

: / . . 67
ridge (E,, ), as shown in equation set 3.

’ ’ / /
EHNEH1+E + E

Hyx Hiox
1,2
E;t ~ Uy Urszax + lUr2Z + Uy Urszax
Ho (3)
EL ~ Ko Urszax

2
Ey ~ Uy Ut Rmax tret

In the equations above, u, and u, represent the viscosities of
the water and oil, respectively. U, represents the velocity of the
retracting droplet, ¢ is the thickness of the oil film underneath
the droplet, R,ax is the maximum contact radius of the droplet
in its fully expanded state and ¢, is the retraction time for the
droplet to go from its maximum diameter to its final contact
diameter. Comparing the relative magnitude of these terms, we
can see that the viscous dissipation rate in the oil ridge at the
contact line of the receding droplet would be the dominant term
(see ESIT). We note here that the dissipation in the water drop
does not need to be considered in this energy balance as it is
already accounted for in the coefficient of restitution. Using this
framework, if the sum of the work of adhesion and the viscous
dissipation is similar in magnitude to the kinetic energy of
rebound which would have been available in the absence of
an oil cloak, then the droplet will stick, and if the theoretical
rebound kinetic energy is much greater than the sum of these
terms, the droplet should bounce.**”®

Fig. 4(c) plots the rebound kinetic energy normalized by the
sum of the work of adhesion and the viscous dissipation for
each experimental condition that our model is applicable to.
We explicitly do not plot data points that fall in the splashing
regime as our estimate of the coefficient of restitution does not
apply to those data points. We also do not consider oil volume
fractions <1%, given that the oil might not cover the entire
interfacial area in those cases. For each droplet, we estimate the
rebound kinetic energy that would be carried by a water droplet
of similar size and incoming velocity using the coefficient of
restitution. We estimate the work of adhesion and the viscous

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

dissipation using the maximum contact diameter observed
during each droplet impact. The contact angle used in this
case is the quasi-static receding angle of the cloaked droplets
on the superhydrophobic surface, as reported in ESI,{ Fig. S4.
We observe that the sum of the work of adhesion and viscous
dissipation is of the same order as the rebound kinetic energy
for all the cloaked droplets, indicating that the work of adhe-
sion and viscous dissipation are significant enough to suppress
droplet rebound. In contrast, for DI water droplets, their kinetic
energies are several times larger than the sum of the dissipative
terms, explaining why they bounce.

We have demonstrated that oil cloaking is an extremely
simple, effective, and robust method to promote droplet reten-
tion on superhydrophobic surfaces. Having explored a wide
regime of fluidic and interfacial parameters with single droplet
impacts, we sought to implement our knowledge into a proto-
type that could be used to demonstrate practical enhancements
to spray retention. We developed a prototype that involved two
overlapping nozzles, one for the water and another for the oil
(see Methods).

To test the ability of our sprayer to enhance retention in the
most extreme case, we sprayed both water and soybean oil-
cloaked water droplets onto a large minimally pinning surface,
functionalized with OTS. A schematic and image of the proto-
type cloaked-droplet sprayer is shown in Fig. S1 (ESIt). In order
to measure retention performance in terms of mass, we
weighed the retained mass of droplets in both cases. Fig. 5(a)
shows a photograph of the end result of spraying water drops
onto the surface for 3 seconds. As expected, almost all the water
drops sprayed onto the superhydrophobic surface bounce off
(see Movie S14, ESIT). Fig. 5(b) shows a photograph of the end
result of spraying water drops cloaked in ~ 1% soybean oil by
volume for 3 seconds. Almost immediately after spraying
commences, the cloaked water drops begin sticking to the
surface (see Movie S15, ESIT), and by the end of 3 seconds,
we measure a nearly 100-fold enhancement in retained mass
(Fig. 5(c)) for the case of soybean oil. Fig. 5(c) also shows
retention data for experiments where oil cloaked droplets were
only sprayed for 1 and 2 seconds. We find that this trend is
consistent for other vegetable oils that are commonly used in
agriculture, such as canola or cottonseed oil, further illustrat-
ing the robustness of our approach.’™®* These experiments
show the potential of this technology to greatly reduce the
amount of pesticides sprayed, as with even a third of the spray
time, the technique allows for 7 to 14-fold enhancements in
mass retention based on the oil used. Crucially, these enhance-
ments are achieved with food-safe oils that are inexpensive,
widely used, and safe for the environment, farmworkers, and
crops. These oils are also known to be widely compatible with
pesticide chemistries, delay evaporation of agrochemical spray
droplets, and promote foliar uptake of pesticides.”®*°

In Fig. 1, we demonstrated the ability of our prototype
sprayer to reduce spray waste in terms of surface coverage on
cabbage leaves. In order to demonstrate the ability of our
sprayer to enhance the retained mass, we spray three more
crop leaves (kale, spinach, and lettuce), and the end result of 1 s
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Fig. 5 Water and oil-cloaked water droplets sprayed on a superhydrophobic surface and different crop leaves. (a) The end result of spraying a 6-inch
superhydrophobic wafer with DI water through a conventional agricultural spray nozzle for 3 seconds (see Movie S14, ESIT). (b) The same wafer after 3 s
of spraying oil cloaked (1% by volume — soybean oil) droplets generated by the same spray nozzle (see Movie S15, ESI). (c) Retained mass of droplets on
the minimally pinning superhydrophobic surface for different spray times and different oil cloaks. (d)—(g) Snapshots to demonstrate the coverage
attainable with 1 second of spraying with soybean oil-cloaked droplets on (d) cabbage, (e) kale, (f) lettuce, and (g) spinach leaves. (h) Mass of droplets
retained on the leaf normalized by leaf area and spray time are compared on four crop leaves for pure water, and soybean oil cloaked droplets (~1% by

volume).

of spraying on all the leaves is shown in Fig. 5(d)-(g). The total
retained mass of droplets is normalized by the area of the leaf
and the spraying time for both DI water and soybean oil
cloaked water droplets and is presented in Fig. 5(h). We observe
>3-fold enhancements in normalized retained mass across
leaves, demonstrating the wide practical applicability of our
approach in enhancing droplet retention.

In conclusion, we have demonstrated a simple, environ-
mentally sustainable, inexpensive, and effective approach to
enhance the retention of sprays on hydrophobic and super-
hydrophobic surfaces. By cloaking droplets in minute quanti-
ties of oil (<1% by volume), we demonstrate robust rebound
suppression on two types of superhydrophobic surfaces with
nine different oils that span a wide range of viscosities and sur-
face tensions across agriculturally relevant impact conditions.
We were able to demonstrate the rebound suppression with as
little as 0.1% oil by volume per droplet. By modeling the viscous
and surface energy-based dissipation during the impacts of

3696 | Soft Matter, 2025, 21, 3688-3699

these cloaked droplets, we were able to provide a physical
understanding of the rebound suppression across our experi-
ments. Finally, we translated these findings into a prototype
sprayer which was able to demonstrate up to a 102-fold
enhancement in retention on superhydrophobic surfaces and
up to a 5-fold reduction in waste when spraying on crop leaves.
These enhancements were achieved using food and environ-
mentally safe vegetable oils, and the methodology presented
here demonstrates great promise in reducing the human health
and environmental impact of pesticides.

Materials and methods
Single cloaked droplet generation

Two separate syringe pumps (Harvard Apparatus, PHD Ultra)
were used to flow the water and oil which formed the cloaked
droplets. The water syringe pump was connected to a 24-gage

This journal is © The Royal Society of Chemistry 2025
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stainless steel needle (Vita Needle Company) positioned verti-
cally at a specified height above the superhydrophobic sub-
strate. The water flow rate was held constant at 0.4 mL min "
such that the water exited the 24-gage needle as discrete
droplets. A 27-gage needle (Vita Needle Company) was con-
nected to the oil syringe pump and placed beneath the water
needle. Fig. 2(b) shows the relative needle placement, roughly
to scale. The needles are positioned such that the water droplet
emerging from the 24-gage needle contacts the tip of the oil
needle for less than one second before the water droplet
pinches off, allowing sufficient time for the oil to cloak the
water droplet. The oil flowrate set on the oil syringe pump was
varied in the range of 4 pL. min~" and 0.04 uL min~" to achieve
oil volume fractions between 1% and 0.01%, respectively.
Impacts of the droplets on the superhydrophobic surface were
recorded with a Photron Fastcam SA1.1.

Confirming low volume fractions of oil

All the volume fractions of oil were confirmed by running the
syringe pumps until the syringes were emptied and recording
the time taken.

Hydrophobizing needles

For oil volume fractions < 1%, the stainless-steel needles were
hydrophobized to prevent any wicking losses. The stainless-
steel needles were hydrophobized by submerging them for
24 hours in a solution of 5 mM fluoroalkyl (C10) phosphonic
acid (SP-06-003, obtained from Specific Polymers) solvated in
methanol. A flat stainless-steel control surface subjected to the
same conditions had a water-air contact angle of >90° con-
firming successful functionalization.

Contact angle and surface tension measurements

Contact angles and surface tensions were measured using a
Ramé-Hart contact angle goniometer.

Impact velocity, center of mass, and coefficient of restitution
estimation

Impact velocity and center of mass (COM) data was extracted
from the high-speed videos via image analysis of each frame.
Care was taken when lighting the background and surface such
that the edges of the droplet were the darkest features of the
video. This enabled the use of a simple thresholding method to
create a mask of the droplet’s outline. For each row of pixels in
the droplet mask, the width of the mask was taken to be the
local diameter of the droplet under the assumption that the
droplet remained axisymmetric at all times. The partial mass of
each row was calculated as the mass of a disk one pixel thick.
The mass average of these partial masses weighted by their
vertical position yielded the COM. The impact velocity was
calculated by differentiating the frame-by-frame vertical COM
with respect to time and taking the velocity just before impact.
Because the rebound velocity of a droplet is highly variable
throughout the rebound process, an alternative definition of the
V2ghcom

coefficient of restitution was established, where ¢y = 7
i
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By using the maximum COM height of the droplet after a
rebound to calculate an equivalent velocity, a much more reliable
value is obtained.

Cloaked droplet sprayer

In order to test the coverage of leaf surfaces by an agriculturally
relevant spray, a reservoir of deionized water was pressurized at
2 atm (30 psi) and flowed through a TG-1 TeeJet Full Cone Spray
Tip (Spray Smarter), with the resulting spray directed at the leaf.
A distance of approximately 75 cm was maintained between
the sprayer and leaf. An AA250AUH Automatic Spray Nozzle
(Spraying Systems) was installed just upstream of the spray tip
to control the spray time by switching on and off. The water
droplets from the primary nozzle were cloaked in oils using a
secondary airbrush sprayer. Care was taken to ensure that the
overlap angle of the two nozzles ensured that none of the oil
from the secondary sprayer contaminated the surfaces directly
(see ESI,T Fig. S1). The flow rates of both fluids were controlled
to ensure 1% cloaking oil by volume.

Evaluating leaf coverage (Fig. 1(i))

Manual annotation was performed to identify the area of the
leaf which was covered by water droplets as shown in ESI,7
Fig. S6, which was divided by the total area of the leaf to yield
the coverage fraction. Note that in the case of the oil-cloaked
spray, some area is wetted by spreading oil but does not have
water droplets: this area is not counted as contributing to the
leaf coverage.
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