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Leaf oscillation and upward ejection of droplets in response to drop impact
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Plant leaves vibrate in response to raindrop impacts. When the resulting inertial forces
are sufficient, residual rainwater at the leaf surface may be dislodged and ejected in the
form of droplets. These droplets participate to the transport of pathogenic spores, including
in the upward direction. The present experimental work aims at exploring the limits of
this mechanism, in the simpler case of a single drop impacting an initially dry artificial
leaf. The transfer of momentum from the impacting drop to the leaf is rationalized. The
conditions of droplet ejection are identified, and these droplets are shown to inherit from
the velocity of the leaf. Finally, these results are extrapolated to estimate the frequency
of upward transport events as a function of rainfall intensity for a distribution of raindrop
sizes.
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I. INTRODUCTION: RAIN-INDUCED FOLIAR PATHOGEN DISPERSAL

Rainfalls play a major role in the propagation of many pathogenic fungi responsible for foliar
diseases [1]. The rain-induced epidemic dispersal of spores has been quantified for several fungi
on the leaves of major crops, for example, Septoria glycines on soybean [2], Zymoseptoria tritici
on wheat [3], Fusarium culmorum and Fusarium poae on wheat, maize and rice [4], Fusarium
graminearum on wheat [5], and Pyrenopeziza brassicae on winter oilseed rape [6]. The damages
caused by these fungi are severe. For example, Zymoseptoria tritici generates around 20% of yield
loss for fungicide-free wheat (reduced to 10% with fungicide application) [7]. Understanding the
mechanisms of spore dispersal is key to optimize both timing and amount of fungicides, as well as
to the design of cultivar mixtures that minimize this dispersal [8].

Dispersal measurements. The dispersal potential was mostly quantified by placing a point source
of spores and by positioning collectors at a distance from this source. The spores were initially either
on a real leaf [9,10], on a fruit [11,12], on some ground cover [13,14], or on an artificial support
that was sometimes inclined [9] (e.g., a shallow reservoir of spore-laden water [8,15], or cloth [16]).
The dispersal was then operated through either (i) some real rainfall in field experiments, or (ii)
through simulated rainfall, or (iii) through individual raindrop impacts in laboratory experiments
[17]. Obviously, the latter provided more controllable dispersal conditions and allowed to investigate
the influence of raindrop parameters on dispersal. The distribution of ejected droplet properties
(number, diameter, position) was estimated from the droplets that reached the collectors [18].
Moreover, after incubation, the distribution of both spores and subsequent lesions in leaf tissues was
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also retrieved [19]. Dispersal seems to be marginally sensitive to spore shape [4,18]. Some fungi, for
example Zymoseptoria tritici, release two kinds of spores that are, respectively, wind-dispersed and
rain-dispersed. The wind-dispersed spores, named ascospores, result from the sexual reproduction of
the fungus on infected crop debris, and they are dispersed horizontally, early in the season [20]. The
rain-dispersed spores, named pycnidiospores, result from asexual reproduction and they are released
later, when the new crop is growing [21]. Pycnidiospores are responsible for the epidemic stage of
the disease. Their horizontal dispersal is of relative interest, because the wind-driven dispersal of
ascospores has already distributed the fungus across the field [22]. Nevertheless, horizontal dispersal
of pycnidiospores may be key to the propagation of specific pathogen genotypes [23]. By contrast,
the vertical rain-induced dispersal of pycnidiospores, between leaves positioned at different heights
of the same plant, is crucial as it allows younger leaves to be infected by older ones during the
epidemic stage [20,21].

Empirical laws. The number N of either droplets or spores collected after rain-induced dispersal
decreases approximately as N = ae−X/b, where X is the distance from a point source of inocu-
lum, either in horizontal or vertical direction [4]. The factor a increases with the Weber number
We = ρDV 2/σ of the impacting raindrop [10,24], where ρ is the water density, σ is the water
surface tension, D is the raindrop diameter and V is the raindrop speed at impact. The characteristic
distance of decay b decreases with increasing compliance of the substrate [25]: it is shorter for
either lighter and more flexible leaves and ground cover (e.g., straw, clover) [2,3,26], or deeper
liquid films/pools [15]. This distance b is also strongly dependent on the dispersal event: it may
go from 2 cm for single raindrop impacts [17] to 25 m for the multiple successive impacts of
an artificial rainfall [26]. The maximum height h at which a single splashing raindrop may shoot
spore-laden droplets has been shown in agreement with the empirical law h = h0 log(DV/c0) where
the parameters h0 ∼ 25 cm and c0 ∼ 80 cm2/s depend on the splashed surface [13,27].

Spore contents. By opposition to wind dispersal in which each spore lands at a different place,
dispersal through raindrop splash conveys all the spores loaded in a given splash droplet to the same
location as that droplet. For droplets emitted from a [0.5, 1]-mm-thick spore suspension, the number
of spores per droplet is proportional to the square of the droplet diameter [18]. A similar increase of
the number of spores with droplet diameter was observed for splash on fruits [12,28]. Consequently,
a majority of spores is carried by droplets with a diameter larger than 200 µm [29]. These droplets
are mostly in a ballistic regime for which the trajectory can be determined from gravity and drag
forces, without significant influence of turbulence [30].

Dispersal models. Several theoretical frameworks were proposed to model the rain-induced
dispersal of spores. The simplest frameworks represented dispersal with a horizontal diffusion
equation [11,31], for which the diffusion coefficient had to be adjusted by almost an order of
magnitude depending on the plant or substrate [11]. In Monte Carlo models, dispersal was often
simply represented by a probability for spores to transition from one position to another within the
canopy [6,32,33]. In more advanced Monte Carlo simulations, droplets were generated according to
prescribed distributions of diameter and initial velocity, and their trajectory was calculated [34,35],
including their potential interception by another leaf [36,37].

Limitations. Neither the aforementioned laboratory experiments nor the models and numerical
simulations of dispersal considered an informed and accurate representation of the drop splash on
plant leaves and subsequent droplet ejections. Assuming that raindrops indeed splash on spore-laden
thin liquid films, the droplet ejection pattern is expected to strongly depend on the film thickness
[38]. Moreover, there is no evidence that rainwater preferably forms films or puddles on sporulating
leaves. Impacts next to sessile drops generate a very different ejection pattern that is more efficient
at shooting droplets in a given direction [25,39]. Other mechanisms were also proposed to explain
spore dispersal, including dry spores being pushed away by the impact and spreading of the
raindrop [40,41], spores captured in bouncing droplets [42,43], spore-laden droplets jumping upon
coalescence of condensation-formed sessile droplets on superhydrophobic leaves [44,45], or spores
splashed from puddles in splash cups [43].
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FIG. 1. Snapshots from three different recordings showing impacts of single water drops of diameter D =
4.76 mm on three different plant leaves. (a) Impact at speed V = 4.8 m/s on a necrotized wheat leaf. (b) Impact
at V = 5.2 m/s on an ivy leaf. (c) Impact at V = 5.2 m/s on a clover leaf. The scale bars are 1 cm in each set
of snapshots. In panel (a), the blade length is L = 119 mm and the natural frequency of the first bending mode
is ω = 25 rad/s. In (b), the blade length is L = 20 mm and the natural frequency of the first bending mode
is ω = 37 rad/s. In panel (c), the blade length is L = 16 mm and the natural frequency of the first bending
mode is ω = 131 rad/s. The time from impact at which each snapshot was taken is indicated in the upper-right
corner. The corresponding movies are available in the Supplemental Material [46].

Preliminary visualizations. To initiate this work, impacts of water drops (diameter D = 4.76 mm,
impact speed V ∼ 5 m/s) on several plant leaves were observed with high-speed imaging. Figure 1
illustrates three of such impacts on three leaves from different living plants. The first was a
necrotized wheat leaf (i.e., its tissues were already dry and consequently stiffer than those of a fresh
and healthy leaf). The second and third leaves were from ivy and clover, respectively. Some water
from a previous impact was already present at the tip of the wheat leaf [Fig. 1(a)]. Upon impact,
each leaf bent downward. At the same time, the drop spread beyond the leaf edges and formed
a liquid sheet (Fig. 1, second column) that quickly fragmented into ligaments and droplets [47].
Owing to the inclination of the leaf blade, these droplets were mostly ejected downwards (Fig. 1,
third column) [48]. Not all the water from the drop was ejected, and the residue accumulated at the
leaf tip [Fig. 1(a) at 80 ms, Fig. 1(b) at 42 ms, Fig. 1(c) at 8 ms]. Then the leaf sprang back upwards,
and the water residue was stretched beyond the leaf tip thanks to the inertial forces associated to
the leaf motion. The residue then broke up into one or several droplets that were mostly ejected
upwards (Fig. 1, last column). The clover leaf (the smallest of the three considered leaves) shooted
droplets at up to 2 m/s of upward vertical velocity. Such droplets would ballistically reach a height
of almost 20 cm above the leaf.

This impact scenario is able to generate upward droplet ejections at distances compatible with the
observations of vertical rain-induced spore dispersal. Moreover, it has been observed for a variety of
plant leaves. The water of these ejected droplets may originate either from the impacting raindrop
[Figs. 1(b) and 1(c)], or from some water residue already present on the leaf [Fig. 1(a)] [25]. This
residue would be able to dissolve the mucilage that usually surrounds spores [1], and would thereby
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contain the spores in suspension at the time of its ejection from the leaf [49]. Consequently, the
scenario reported here is likely to significantly contribute to the vertical dispersal of pathogenic
spores in crops.

Goals and structure. The present paper aims at rationalizing the scenario in which a raindrop
impacts a dry plant leaf, the leaf bends and vibrates, and droplets (originating from the raindrop)
are ejected thanks to the inertial forces associated to the leaf motion. This scenario can be seen
as a simplification of the more complex and realistic scenario in which the raindrop impacts a leaf
already loaded with residual water from previous impacts. In Sec. II, a short literature review of drop
impacts on compliant surfaces is provided. The experimental setup, the explored configurations and
the data processing are described in Sec. III. Section IV presents the phenomenology associated to
the considered drop impacts. Section V presents and discusses experimental results on momentum
transfer from the impacting drop to the leaf and on subsequent droplet ejections. Finally, an
extrapolation of the results to a complete rainfall is provided in Sec. VI.

II. STATE-OF-THE-ART: RELATED STUDIES ON DROP IMPACTS AND DROPLET EJECTIONS

Timescales. Several works have already investigated drop impacts on various compliant surfaces,
including cantilever structures [50–53], soft substrates [54–56] and membranes [57,58]. Three
characteristic times may be identified as relevant for such impacts: (1) the impact time ti = D/V
needed by the drop to crush on the substrate, (2) the capillary time tσ =

√
ρD3/(6σ ) required by

capillary forces to match with inertial forces at drop scale (this time corresponds to both the contact
time of bouncing drops at low impact speed and the characteristic time of fragmentation during
splash at high impact speed), and (3) the characteristic period (2π/ω) associated to the vibration of
the compliant surface at natural angular frequency ω. The ratio tσ /ti = √

We/6 is a function of the
Weber number.

In the regime ti � tσ , drops usually rebound on superhydrophobic surfaces and stick to other
surfaces. For compliant surfaces with (2π/ω) ∼ tσ , the rebound is more efficient, with shorter
contact time and reduced maximal spreading [51–53,55,56,58–60]. By contrast, the post-spreading
recoil of drops impacting on nonsuperhydrophobic compliant surfaces with (2π/ω) ∼ tσ was less
than on rigid surfaces [61,62]. In the regime ti � tσ (i.e., We � 100) in which droplets are likely
to splash, the splash can be diminished and even suppressed on compliant substrates for which
(2π/ω) ∼ ti [54,57]. Finally, in the case of extreme substrate compliance and for We ∼ 1, capillary
forces may be sufficient to induce the wrapping of the substrate around the impacting drop [63].

Plant leaves. Drop impacts on real plant leaves (either clamped at the petiole basis—simple
leaf, or emerging from the shoot—sessile leaf) have already been investigated in, e.g., Refs.
[25,49,64–67]. The leaf motion induced by the impact can be decomposed into several vibration
modes. The relative amplitude at which each of these modes is excited depends on the impact
point position [65,68]. The modes are shaped by the structural properties of the leaf, and they
may involve a subtle combination of petiole bending and twisting, as well as bending of the leaf
blade in both longitudinal and transversal directions [65,69,70]. The mode of lowest frequency ω

usually corresponds to the longitudinal bending of the petiole (and possibly the blade). For the leaves
considered in the aforementioned studies, raindrop impacts were mostly in the regime tσ � (2π/ω),
for which drop spreading and possible fragmentation are completed before the leaf reaches its most
downward position.

Liquid sheet. Impacting raindrops may spread beyond the edges of plant leaves [47], especially
when the leaf blade is narrow. In such a case, illustrated in Fig. 1, the liquid beyond the edge forms
a sheet that first expands then collapses, emitting droplets at both steps. An analog phenomenon
is observed for high Weber impacts on superhydrophobic surfaces, as water spreads without
significantly wetting them [71]. This mechanism was investigated extensively in the axisymmetric
case of a drop impacting at the center of a pole [72–79]. Alternative geometries included straight
[47,48] and polygonal edges such as in toothed leaves [80,81]. When the impact position is too
close to the leaf edge, the drop momentum is not entirely transferred to the leaf, and the liquid
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sheet develops in a plane inclined with respect to the blade [47,82]. This necessarily happens when
raindrops impact fiber-shaped leaves such as pine needles [83–87].

Ejections induced by substrate motion. As seen in Fig. 1, the inertial forces resulting from the
substrate motion may also displace water residues on its surface, and possibly expel them in the
form of droplets. This phenomenon was studied in the context of the shaking of wet mammals [88],
then in the more ideal case of a sessile drop on a vertically vibrated hydrophobic cantilever beam
[89]. Two main modes of droplet ejection were identified: (1) the sessile drop slides to the tip of
the leaf in response to the centrifugal force, then forms a ligament beyond the tip that fragments
in droplets, and (2) the sessile drop elongates in the direction normal to the leaf in response to the
Euler force, then either takes off or pinches off. In Ref. [89], the frequency range in which the beam
was vibrated corresponded to (2π/ω) ∼ tσ , namely, a range in which the sessile drop vibrated in
resonance with the beam. On plants, sessile water residues can hardly be excited by the fundamental
vibration mode of leaves since tσ � (2π/ω) for this mode.

III. MATERIALS AND METHODS

A list of the main variables and parameters defined in this study is provided in Table I.

TABLE I. Variables used in this work, and corresponding range of values in the present experiments.

Variable Definition Range

t Time –
φ Phase of oscillation [0, 2π ] rad
x, y, z Coordinates –
xi Impact position –
r Distance to rotation axis –
θ (t ) Blade inclination –
D Drop diameter [2.26, 4.76] mm
M Drop mass [5.6, 57.9] mg
V Drop impact velocity [1.1, 5.3] m/s
ρ Water density 1 mg/mm3

σ Water surface tension 0.072 N/m
We Weber number [85, 1926]
Rs Maximum spreading radius [5.1, 12.5] mm
L Leaf length, from rotation axis [21.4, 66.4] mm
α Half-angle at blade tip [15, 90]o

I Leaf moment of inertia [16, 791] g.mm2

ω Fundamental leaf frequency [24, 231] rad/s
β Decay rate [0.8, 6.6] rad/s
ρa Air density 1.2 × 10−3 mg/mm3

θ̇0 Initial angular velocity [1.3, 158] rad/s
vL Maximum velocity of leaf tip [0.4, 3.4] m/s
vLM Theoretical maximum speed of leaf tip [0.5, 3.3] m/s
ac Centrifugal acceleration [0.1, 537] m/s2

aE Euler acceleration [1.9, 723] m/s2

g Acceleration of gravity 9.81 m/s
Boc Bond number based on ac [7 × 10−3, 43]
Bo∗

c Bond number at ejection threshold 2.4
d Diameter of ejected droplets [0.09, 4.1] mm
vx , vy Droplet velocity components at the time of ejection [−2.6, 2.8] m/s
h Height reached by ejected droplets [0, 413] mm
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FIG. 2. Schematic sketch of a drop (blue) impacting an artificial leaf (green) clamped at its basis (brown).
The blade is thickened (dark + light green) while the petiole is not (light green only). The x axis corresponds to
the symmetry axis of the leaf when horizontal (dashed line). The leaf rotates about the dash-dotted line which
coincides with the z axis. The y axis is vertical, pointing upwards, and perpendicular to x and z. Most relevant
leaf and drop dimensions are indicated in the sketch and described in the main text.

A. General description of the setup

In each experiment, an artificial leaf was clamped in a horizontal position (Fig. 2). The leaf was
mainly articulated through the bending of its petiole. It was mechanically designed to prevent any
significant twisting of the petiole or bending of the blade. A water drop was released from a dripping
point vertically above the leaf. The drop impacted the leaf blade and induced an oscillatory rotation
of the blade around a horizontal axis close to the petiole. This motion in turn forced the water residue
on the leaf to move and break up in droplets ejected from the leaf. The observed leaf vibration was
always largely underdamped.

Absolute coordinates (x, y, z) are defined, with an origin at the intersection of the main rotation
axis of the leaf blade and its plane of symmetry. The x axis is horizontal and the y axis is vertical.
Both are included in the plane of symmetry of the blade, x > 0 at the leaf tip, and y > 0 above the
rotation axis of the blade. The z axis is horizontal and perpendicular to the aforementioned plane of
symmetry; it approximately corresponds to the rotation axis of the leaf blade.

The impact was filmed simultaneously from the side with a monochrome high-speed camera
(FastCam Mini UX-100, Photron—with Nikon lens 24–85 mm) and from the top with a color high-
speed camera (Phantom MIRO M110, Vision Research, with Nikon lens 60 mm). Both views were
filmed at 1000 frames per second. In the side view, the optical axis of the camera was aligned with
the z axis and a homemade LED light was placed on the other side of the leaf (back lighting). In
the top view, the optical axis of the camera was in (x, y) plane and inclined either at 45o or 71o

from the horizontal, depending on the experiment. A home-made LED light was placed next to the
camera (front lighting). Most quantitative data are obtained by processing side-view movies. The
top view completes the qualitative description of the phenomena. A picture of the experimental
setup is available in the Supplemental Material [46].

B. Artificial leaves

Manufacturing. Twenty-four artificial leaves were fabricated by cutting 2D shapes in polyimide
sheets (DuPont Kapton HN) of thickness Hp = 75 µm and area density ρAp = 0.11 mg/mm2. The
measured advancing and receding contact angles of water on polyimide were θa = 80◦(±1◦) and
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θr = 31◦(±1◦). Each leaf comprised a petiole and an adjacent blade in a cantilever design (Fig. 2).
The leaves were symmetrical with respect to the (x, y) plane. When the leaf is horizontal, its
dimensions along x are referred as lengths, its dimensions along z are referred as widths, and its
dimensions along y are referred as thicknesses. The blade was stiffened by sticking an identical
shape cut in tape (thickness 325 µm, area density 0.34 mg/mm2) on the underside of the polyimide
sheet, so the total thickness of the blade was Hb � 400 µm and the corresponding area density was
ρAb � 0.45 mg/mm2. By contrast, the petiole was only made of the polyimide sheet. It consisted
in either one or two rectangles, of length Lp � 3 mm and total width Wp ∈ {8, 14, 30} mm. The
blade consisted in a rectangle of width Wb = 30 mm and an adjacent triangular tip of half-angle
α ∈ {15, 30, 45, 60, 90}◦. This tip was set up to allow the observation of any drip-tip-related ejection
mechanism [90]. The total length of the blade (rectangle and triangle) was Lb ∈ {20, 35, 50, 65} mm.
The mass of each leaf, measured with an analytical scale (Pioneer PX224M, accuracy < 1 mg),
ranged in [167, 697] mg, and it was within 4% of the mass calculated from the dimensions and
area density of the leaf parts (polyimide and tape). Plant leaves on which vibrations upon raindrop
impacts were investigated are in the same range of length and mass [25,64–67,91].

Mechanical behavior. The petiole was firmly clamped on its side opposite to the blade. The
inclination of the clamp was adjusted as a function of the leaf weight, to ensure that the blade was
horizontal when at rest [92]. The bending stiffness k of the petiole is defined as the ratio between
the bending moment applied to the petiole, and the corresponding angular deflection θ of the blade
basis with respect to the clamp. According to the elastic beam theory, this bending stiffness is

k = EH3
p Wp

12Lp
, (1)

where E = 2.5 GPa is the Young’s modulus of polyimide. Assuming that the tape is of similar
Young’s modulus, the bending stiffness of the blade is approximately k(H3

b WbLp)/(H3
p WpLb). For

the considered leaves, the blade was always more than six times stiffer in bending than the petiole,
so in first approximation it was considered as rigid. This was confirmed from the side-view videos
in which the blade was never observed to bend significantly. The artificial leaves considered in this
study are representative of leaves for which the blade is rigidified by either midrib and veins or by a
nonzero Gauss curvature [93].

The torsional stiffness of their petiole is of the order of k(Wb/Lp)2, which is two orders of
magnitude larger than k. While such high torsional stiffness is not representative of most leaves for
which bending and torsional stiffnesses are of the same order of magnitude [94], it is intended in this
study for the sake of kinematic simplicity. As only the petiole bent, the leaf blade mostly experienced
a rigid rotation around an axis which is approximately at Lp/2 from the clamp (Fig. 2). This rotation
axis is defined as the z axis, corresponding to x = y = 0. The leaf length L = Lb + Lp/2 is defined
as the distance from the rotation axis to the leaf tip.

For some impact positions, a second vibration mode of the blade was observed during the first 50
ms, in superposition to the main mode. In this second mode, the blade rotated around an axis closer
to its center of mass, with an amplitude (respectively, frequency and decay rate) at least an order of
magnitude smaller (respectively, larger) than that of the main vibration mode. Higher-order modes
involving elastic waves in the petiole were never observed, most likely because all the considered
petioles were much shorter and lighter than the blades. Only the main vibration mode induced
significant leaf acceleration, leading to fluid movements and droplet ejections reported hereafter.
Therefore, in the remainder of this paper, the motion of the leaf blade is assumed to be equivalent
to the solid body motion of a plate around a torsion hinge (the petiole), and it is entirely described
through the time evolution of the blade inclination θ (t ).

Mechanical model. Assuming that the leaf vibrates without any excitation or added load, the
corresponding Newton’s law of motion is that of a harmonic oscillator,

I θ̈ + 2βI θ̇ + kθ = 0, (2)
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where I is the moment of inertia of the leaf with respect to its rotation axis z, and β is the decay rate
corresponding to the damping of the vibration. The blade inertia Ib is estimated as

Ib � ρAb

∫ L

Lp/2
r2W (r)dr, (3)

where W (r) is the local blade width at a distance r from the rotation axis. The inertia Ia associated
to the added mass of air entrained by the leaf vibration is estimated from a formula valid for the 2D
potential flow adjacent to a rectangular plate in rotation around one of its edges [95],

Ia � 9πρa

128

∫ Wb/2

−Wb/2

4(z)dz, (4)

where ρa � 1.2 × 10−3 mg/mm3 is the air density and 
(z) is the local leaf length at abscissa z
(from the symmetry axis). Although this estimation of added mass is crude, it represents at most 8%
of the total inertia I = Ib + Ia.

The solution to Eq. (2) is

θ (t ) = θ̇0

ω
e−βt sin (ωt ), (5)

where θ̇0 is the initial angular velocity and ω is the frequency of leaf vibrations. This frequency can
be approximated by the natural frequency

ω �
√

k

I
, (6)

provided that β � ω. Under the same assumption, the velocity of the leaf tip is approximately

Lθ̇ � vLe−βt cos(ωt ), (7)

with vL = Lθ̇0.
The vibration frequency ω and decay rate β were measured for each leaf, first by impacting a

metal bead instead of a drop. The description and results of this complementary experiment with
beads on leaves are reported in Appendix A 1. Parameters ω and β were also measured for each
drop impact. As seen in this Appendix, the added mass of liquid residues results in a slight decrease
of ω. Moreover, the additional viscous damping in these residues results in an increase of β [96].
Nevertheless, for all leaves, leaf vibrations were always largely underdamped (β � 0.1ω) so the
approximation of Eq. (6) is valid.

In first approximation, a liquid residue at the surface of a leaf, at a distance r from the rotation
axis, experiences a centrifugal acceleration of

ac = rθ̇2 (8)

pointing outward along the blade. It also experiences a Euler acceleration of

aE = rθ̈ (9)

in the direction normal to the blade, counted positive downward. Gravity components g sin θ and
gcos θ complement the centrifugal and Euler accelerations, respectively.

The main geometrical and mechanical properties of the 24 leaves are summarized in Table II. The
ranges of leaf length, inertia and frequency overlap with those of previous studies on drop-induced
leaf vibrations [65,66]. The petiole length Lp could not be precisely measured, and its exact value
was strongly influenced by the fine positioning of the artificial leaf in the clamp. The values reported
in Table II correspond to an adjustment of Lp for each leaf, in the range [2, 4] mm, to ensure a match
between the measured ω for beads on leaves and the prediction of Eq. (6).
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TABLE II. Main leaf parameters (defined in the main text and in Fig. 2). A number and a color are
associated to each leaf. Geometry parameters Lb, α, and Wp are obtained by geometrical design. The leaf
frequency ω was measured with bead impacts. Parameters Lp and I are calculated through Eqs. (1), (3), (4),
and (6).

Leaf No. Color Lb [mm] α [deg] Wp [mm] Lp [mm] I [g mm2] ω [rad/s]

L1 65 15 14 2.2 416 37
L2 35 30 14 2.3 77 86
L3 35 30 30 3.0 80 106
L4 65 30 14 2.7 791 24
L5 20 45 14 2.8 16 165
L6 50 45 14 2.3 413 37
L7 20 60 14 2.7 24 139
L8 35 60 30 2.7 158 79
L9 35 60 8 2.2 154 47
L10 20 90 14 2.8 45 98
L11 35 90 30 2.8 229 64
L12 50 90 14 2.5 656 27
L13 20 45 30 3 16 231
L14 20 60 30 2.9 25 195
L15 20 60 8 2.9 25 99
L16 35 30 8 2.6 78 29
L17 50 30 14 2.6 301 40
L18 50 30 8 2.5 300 31
L19 50 45 8 2.6 417 25
L20 50 60 30 2.7 508 45
L21 50 60 8 2.6 506 24
L22 65 15 30 2.5 420 50
L23 65 30 30 2.8 793 34
L24 35 30 14 3.4 81 65

C. Impacting drops

The dripping point was smoothly supplied with DI water thanks to a syringe pump (AL-300,
World Precision Instruments). The flow rate was adjusted to keep the dripping period between 5
and 20 s. In such conditions, it was possible to stop the pump shortly after each impact, to avoid a
second impact in the recordings. The flow rate was sufficiently low to allow regular dripping [97].

The drop diameter D was measured by image processing on high-speed videos for each impact.
Median diameter values of 2.26 mm, 3.46 mm, or 4.76 mm were achieved by taking three different
drip tips (a blunt 27G needle, a blunt 18G needle, and a male Luer-Lock, respectively). These
diameters correspond to the upper range of raindrops (i.e., mostly observed during heavy rainfalls)
and to drips from overhanging vegetation [98]. There are two reasons to focus on this upper
range: (1) field measurements suggest that heavy rainfalls are more effective at dispersing spores
upward than light rainfalls [21], and (2) small raindrops cannot generate leaf vibrations of sufficient
amplitude to induce droplet ejections. The interquartile of the distribution of measured D was
less than 36 µm for every drip tip. Five heights of the dripping point (with respect to the leaf)
from 7 cm to 1.7 m were considered, thereby varying the impact speed V of the drop on the
leaf between 1.1 m/s and 5.3 m/s. This impact speed was also measured by image processing
for each impact. Such impact speed is significantly lower (15%–70%) than the terminal velocity
of raindrops, but it matches well with the velocity range of drips [99]. Nine different drop types
defined by (D,V ) were tested (out of 3 × 5), as summarized in Table III. For each drop type, the
interquartile of the corresponding distribution of measured V was always less than 0.06 m/s. The
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TABLE III. Main parameters of each drop type (defined in the main text). A number and a symbol are
associated to each drop type. Parameters D and V were measured, and their median value is reported. The
Weber number We is calculated from these measurements. The maximum spreading radius Rs was measured
in independent experiments of impacts on a rigidified polyimide substrate.

Drop No. Symbol D [mm] V [m/s] We [−] Rs [mm]

D1 � 4.76 3.0 614 10.0
D2 � 4.76 4.1 1148 11.5
D3 � 4.76 5.3 1926 12.5
D4 � 3.46 3.0 449 7.2
D5 • 3.46 4.1 835 7.9
D6 � 3.46 5.1 1315 9.0
D7 � 2.26 4.8 749 5.1
D8 	 4.76 1.1 85 6.4
D9 	 4.76 1.9 253 9.0

Weber number We = ρDV 2/σ , calculated from the median values of D and V , goes from We = 85
for configuration D8 to We = 1926 for configuration D3.

The impact point on the leaf was varied by slightly translating either the leaf clamp or the
dripping point. Intrinsic variations of the impact point induced by the random motion of the falling
drop [100] were observed, mostly at the largest release heights. To make sure that the twist mode
was not significantly excited, only experiments in which the impact point was at less than 2 mm
from the symmetry axis (z = 0) were recorded and analyzed.

The maximum spreading radius Rs experienced by these drops when they impacted a rigid
substrate [101] was measured in separate experiments and is reported in Table II. The leaf width
Wb = 30 mm was set to satisfy Rs < Wb/2 for all drop impacts, thereby avoiding any spreading
(and subsequent ejections) beyond the side edges of the leaves.

D. Impact configurations

An impact configuration is defined as a combination of a drop type with a given leaf. In total, 70
configurations were explored (out of 24 × 9). They were selected to span a large range of leaf motion
amplitude. About half of them led to droplet ejections induced by leaf motion. The considered
configurations, as well as the number of impacts recorded in each, are reported in Fig. 3. In one
configuration (L24, D2), 75 impacts were recorded, with a corresponding impact point distributed
over the whole length of the leaf. Other configurations comprised between 2 and 13 impacts at
different positions, with more impacts recorded when the outcome (potential droplet ejections) was
visibly more sensitive to the impact position. In total, 424 drop impacts on artificial leaves were
recorded and processed. Between successive impacts, residual water on the leaf was gently wiped
with a tissue compatible with clean-room work. Care was taken to avoid contaminating the leaf
surface and potentially modifying its wettability. No drift of the range of contact angles or abnormal
wetting behavior was witnessed in the side-view videos.

E. Data processing

The initially falling drop, the leaf blade and the droplets ejected through leaf oscillations (i.e.,
every droplet except those ejected from the liquid sheet formed right after impact) were tracked with
conventional image processing techniques applied to the side view movies. Prior to this tracking,
the position of these droplets at the time of their ejection te was encoded manually to guarantee an
accurate tracking with a success rate of 100%. The position (x, y) of both falling drop and ejected
droplets, their diameter, and the inclination θ of the blade were recorded at each time t . Any slight
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FIG. 3. Seventy impact configurations, each associating a leaf (color) and a drop (symbol) were considered
in this work. The number of recorded drop impacts (at different positions) is indicated with a number right
above the data point corresponding to each configuration.

twist or bend of the blade results in an error on θ . This error was estimated from variations of
eccentricity of an ellipse fitted on the blade detected in the side view. The impact speed V and
the impact position xi (from the rotation axis) were calculated from the trajectory of the falling
drop. The angular frequency ω and the decay rate β were calculated by fitting Eq. (5) on several
oscillation periods of the measured θ (t ). The phase is defined as the time normalized by the leaf
oscillation period, φ = ωt/(2π ). Then the initial angular velocity θ̇0 was determined by fitting
Eq. (5) on the first third of oscillation period (i.e., φ ∈ [0, 1/3]). The relative error on θ̇0 results
from both the aforementioned error on θ (t ) and an estimated error of ±1.2% on ω resulting from the
fitting process. Slight variations of frequency and angular momentum induced by significant droplet
ejections were detectable, but later neglected. The diameter d of each ejected droplet was calculated
by averaging diameter measurements at successive times. The velocity components (vx, vy) of each
droplet at the time of ejection were obtained by fitting the laws of free fall: x(t ) = x0 + vx(t − te )
and y(t ) = y0 + vy(t − te ) − g(t − te )2/2.

IV. PHENOMENOLOGY

Description of an impact. An example of remarkably efficient droplet ejection is shown in Fig. 4.
It corresponds to the drop of largest momentum, D3, impacting the lightest leaf, L5, at a distance
L − xi = 8.6 mm from the leaf tip (Fig. 4, φ � 0). The drop transfers a large part of its momentum
to the leaf blade that rotates downwards (Fig. 4, φ = 0.15). In the meantime, the drop spreads on
the blade, crosses its edge, and subsequently generates a liquid sheet surrounded by a rim from
which droplets are ejected [47]. By contrast to impacts on a rigid surface [47], the sheet is curved in
three dimensions, owing to the leaf motion concomitant to the sheet formation (Fig. 4, φ = 0.15).
The sheet quickly disintegrates into droplets that are mostly ejected downward, in response to both
inclination and velocity of the blade at the time of sheet formation (Fig. 4, φ = 0.40) [48].

We define a stroke as the movement made by the leaf over half of its oscillation period. According
to this definition, the stroke number is given by 
2φ� and the first stroke corresponds to 0 < φ < 0.5.
The formation and breakup of the liquid sheet occur during this first stroke. During the second
stroke, the leaf moves upward, and the remaining water on the blade is expelled from the leaf in
response to inertial forces. It forms a long fluid ligament attached to the leaf tip (Fig. 4, φ = 0.90)
[102]. As the leaf tip now accelerates downward, the ligament is stretched and it breaks up into a
string of droplets (Fig. 4, φ = 1.00) [102].
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FIG. 4. Seven successive ejection bursts observed upon impact of a drop D3 at L − xi = 8.6 mm from the
tip of leaf L5 (period 38 ms). A red box is drawn around first-in-a-burst droplets. The phase φ at which each
snapshot was taken is indicated in the lower left corner. The scale bar is 5 mm. The corresponding movie is
available in the Supplemental Material [46].

We define a burst as the formation and breakup of a ligament in response to a leaf stroke. The
first burst thus takes place in the fourth and fifth snapshots, during the second stroke. It is quickly
followed by another burst during the third stroke, in which another ligament is formed and broken
up (Fig. 4, φ = 1.38). As the leaf keeps oscillating, four successive bursts are observed, once per
stroke until the seventh stroke (Fig. 4, 2.00 � φ � 3.25).

The leaf oscillations are progressively damped and the liquid residue on the leaf blade gets
depleted. Consequently, the successive ligaments are of decreasing size. They are also ejected
more and more radially inward (i.e., inside the circular arc described by the leaf tip), which is a
consequence of the centrifugal acceleration decreasing faster than the Euler acceleration (ac ∼ e−2βt

while aE ∼ e−βt ). The eighth stroke is the first one where a ligament is not emitted (Fig. 4,
φ = 3.77). At last, a seventh ligament originates from the ninth stroke (Fig. 4, φ = 4.24).

The ejected droplet located the farthest from the leaf tip is denoted first-in-a-burst droplet. The
other droplets are named the followers. In Fig. 4, a red box is drawn around the first-in-a-burst
droplet of each burst. A special focus will be made on these first droplets in the following data
analysis, as they are usually ejected faster than others (cf. Sec. V B).

Influence of impact position. In Fig. 5, six impacts in the same configuration (L24, D2) with
increasing impact position xi are shown. At xi/L = 0.35 [Fig. 5(a)], the impacting drop spreads on
the blade without reaching its edge. Consequently, no liquid sheet is formed [Fig. 5(a), φ = 0.25].
The liquid residue forms a sessile drop [Fig. 5(a), φ = 0.75] that slides outward on the blade in
response to inertial forces [103–107], without being able to reach the leaf tip by the time the leaf
oscillation is fully damped [Fig. 5(a), φ � 1.25].

At xi/L = 0.40 [Fig. 5(b)], the spreading drop reaches the blade edge and ejections subsequent to
the liquid sheet fragmentation are seen [Fig. 5(b), φ = 0.25]. The angular momentum transferred to
the blade is higher than at xi/L = 0.35. Consequently, the inertial forces are higher, and the liquid
residue slides outward faster [Fig. 5(b), 0.75 � φ � 1.5]. As it does so, it experiences increased
inertial forces, that ultimately force the ejection of a droplet at the end of the fourth stroke [Fig. 5(b),
φ = 2].
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FIG. 5. Snapshots of the leaf motion and droplet ejections upon impact of drop D2 on leaf L24 (period
97 ms). Each line corresponds to a different impact point position: (a) xi/L = 0.35, (b) xi/L = 0.4, (c)
xi/L = 0.5, (d) xi/L = 0.6, (e) xi/L = 0.85, and (f) xi/L = 0.95. Each column corresponds to a given phase φ.
Snapshots at φ = 1.5 and φ = 2 for (e) and (f) are missing as the recording was stopped earlier. A red box is
drawn around the first droplet of the first burst. The scale bar is 1 cm. The rotation center of the blade coincides
with the left edge of each snapshot. The corresponding movies are available in the Supplemental Material [46].

As xi/L keeps increasing, the sliding is faster, and ejections occur earlier, during the third stroke
for xi/L = 0.50 [Fig. 5(c)] and during both second and third strokes for xi/L � 0.6 [Fig. 5(d)].
When xi/L = 0.85 [Fig. 5(e)], the impact is close to the blade edge and a large volume of liquid is
ejected in the initial sheet [Fig. 5(e), φ = 0.05]. The remainder is ejected in a unique burst during the
second stroke, as there is not enough water for two bursts [Fig. 5(e), φ � 0.75]. When xi/L = 0.95
[Fig. 5(f)], the drop is not entirely intercepted by the leaf blade. Consequently, the liquid sheet
is not anymore in the same plane as the blade [Fig. 5(f), φ = 0.05] [47]. The transfer of angular
momentum is incomplete, as witnessed from the decreased inclination at φ = 1/4. Inertial forces
are not sufficient anymore to fragment and eject the very small liquid residue [Fig. 5(f), φ � 0.75].

Influence of leaf tip angle. In Fig. 6, top views of two drop impacts on leaves are shown. Although
the impact configurations are not identical, both impacts generate the same centrifugal acceleration
ac and the leaves oscillate at approximately the same frequency ω. Importantly, the leaf tip angle
α differs. The first case is a drop D3 (with the highest momentum) impacting at 9.5 mm from the
tip of leaf L6, with α = 45◦ [Fig. 6(a)]. The drop spreads beyond the edge and forms an almost
symmetrical liquid sheet [Fig. 6(a), φ = 0.02] that fragments into droplets [Fig. 6(a), φ = 0.05].
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FIG. 6. Top view of two drop impacts on leaves, differing only by the leaf tip angle α: (a) Impact of a drop
D3 at 9.5 mm from the tip of leaf L6 (α = 45◦). (b) Impact of a drop D2 at 11.9 mm from the tip of leaf L1 (α =
15◦). In both cases, the amplitude of the centrifugal acceleration right after impact is ac = 34.5 ± 0.1 m/s2 at
the leaf tip. Moreover, both leaves have approximately the same frequency ω � 37 rad/s (period 170 ms).
The phase φ at which snapshots were taken is indicated in the upper-right corner. The scale bar is 1 cm. The
corresponding movie is available in the Supplemental Material [46].

At this stage, the liquid residue is still at almost its maximum spreading on the blade. It needs a
significant amount of time (here a third of the leaf period) to retract, dewet, and form a thicker
sessile drop in response to capillary and inertial forces [Fig. 6(a), φ = 0.40]. This sessile drop is
still very far from a spherical cap, which is a signature of significant contact angle hysteresis. The
corresponding capillary forces here prevent the sessile drop to stretch into a ligament and eject
droplets, or even to slide to the blade edge [Fig. 6(a), φ = 0.50].

The second case is a drop D2, with less momentum than D3, that impacts at 11.9 mm (i.e.,
farther) from the leaf tip [Fig. 6(b)]. It spreads almost as far on the blade as in the first case [Fig. 6(b),
φ = 0.02], then the sheet fragments [Fig. 6(a), φ = 0.05] and the liquid residue retracts [Fig. 6(b),
φ = 0.40]. Nevertheless, its initial width, in the z direction, is much smaller for α = 15◦ than for
α = 45◦. Consequently, the retraction in z quickly leads to the formation of a longitudinal rivulet
[stretched in the radial direction, Fig. 6(b), φ = 0.40]. The latter is thick and its contact line along
z is short, which minimizes the capillary forces resulting from contact angle hysteresis [108] and
allows a strong displacement of the liquid outward in response to centrifugal forces. Ultimately, the
presence of this longitudinal rivulet leads to the ejection of a droplet [Fig. 6(b), φ = 0.50].

When α = 90◦ (rectangle-shaped tip), for a D3 drop impacting close to the blade edge (Fig. 7),
the liquid residue may be narrower in the radial direction than in the transverse (z) direction (Fig. 7,
φ = 0.15). Upon retraction, it forms a rivulet aligned on z, i.e., with a long contact line along z
(Fig. 7, φ = 0.54). The resulting hysteresis-induced capillary forces oppose a large resistance to
radially outward sliding, so the rivulet does not move to the edge. Instead, it may break up in several
sessile drops, in a manner reminiscent of a Rayleigh-Plateau instability (Fig. 7, φ = 1.57). In the
present example, the inertial forces resulting from the leaf oscillations are still sufficiently high at
this step to partially eject the largest of these sessile drops (Fig. 7, φ = 1.96).

Ligament breakup. As seen in Fig. 8, when a ligament is strongly stretched (t = 75 ms), it may
almost simultaneously break up at several locations (t = 76 ms). Some of the fragments may recoil
in single droplets (from t = 76 ms to t = 78 ms, between green and red lines), while some other
fragments may further break up in smaller droplets (from t = 78 ms to t = 81 ms, below red line). In
the latter case, the capillary forces that drive the ligament to recoil before it breaks up communicate a
nonzero relative speed to the resulting droplets. Consequently, the droplets move toward each other,
collide and almost systematically merge (t = 88 ms). Ultimately, the number of ejected droplets
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FIG. 7. Simultaneous side view (a) and top view (b) of the impact of a drop D3 at 4.0 mm from the tip of leaf
L11 (α = 90◦, period 98 ms). The amplitude of the centrifugal acceleration right after impact is ac = 45.1 m/s2

at the leaf tip. The phase φ at which snapshots were taken is indicated in the upper-right corner. The scale bar
is 1 cm. The corresponding movie is available in the Supplemental Material [46].

corresponds to the initial number of ligament fragments (t = 96 ms). The breakup of accelerated
ligaments into droplets was already investigated in a number of studies [102,109,110].

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Transfer of angular momentum at impact

At impact, the drop transfers some of its momentum to the leaf. As the leaf only rotates around
the z axis (x = 0), we consider the transfer of angular momentum calculated from this axis. In
case of a perfectly inelastic collision, the drop entirely sticks to the leaf blade after impact, and
the angular momentum of the drop is entirely transferred to this “drop + leaf” system. This ideal
transfer of angular momentum satisfies(

I + Mx2
i

)
θ̇0t = MV xi, (10)

where M = πρD3/6 is the impacting drop mass and θ̇0t is the theoretical angular velocity of the leaf
blade right after impact, assuming single-mode dynamics. In Fig. 9, the real angular velocity after
impact θ̇0, measured by image processing, is represented as a function of the impact point position
xi, for the configuration (L24, D2). The prediction θ̇0t obtained from Eq. (10) is also represented.
There is a relative error of about ±7% on θ̇0t that results from uncertainties on the parameters of
Eq. (10): ±4% for I , ±2% for M, much less than 1% for V , and ±1% for xi. Measurements agree

FIG. 8. Breakup and recombination of a ligament ejected from the tip of leaf L5 upon drop impact D3. Red,
green and blue dashed lines are guides for the eyes that separate the ligament segments. The time after impact
at which snapshots were taken is indicated in the upper-right corner. The scale bar is 5 mm. The corresponding
movie is available in the Supplemental Material [46].
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FIG. 9. Angular velocity θ̇0 of the leaf blade right after impact vs impact position xi/L (from the rotation
axis in x = 0, normalized by leaf length). Only drop impacts of configuration (L24, D2) are represented.
Symbols are emptied when the drop impacts at a distance closer than 0.85 D from the leaf tip, and full
otherwise. Error bars are explained in Sec. III E. The solid black line is the prediction θ̇0t from Eq. (10).
Dashed black lines correspond to θ̇0t (±7%), according to uncertainties on the parameters of Eq. (10). The
insets represent the time evolution of the blade inclination θ (φ). The colored dots correspond to inclination
measurements, and the black lines correspond to θ (φ) = θ̇0

ω
sin(2πφ). The angular momentum corresponding

to each inset is indicated in the main plot with green and red triangles, respectively.

well with the prediction for xi/L < 0.6, and become significantly smaller than the prediction for
xi/L > 0.6. We identify three factors that may impede this angular momentum transfer.

First, the impact point may be too close to the blade edge. Consequently, a fraction of the
falling drop is not stopped by the blade and does not participate to the angular momentum transfer
[Fig. 5(f)]. Concomitantly, the liquid sheet is not anymore in the plane of the blade [47]. In Fig. 9, θ̇0

sharply drops when the impact point becomes closer than 0.85 D from the leaf tip (empty symbols).
A similar, though more extreme, decrease of momentum transfer was reported in experiments of
drop impacts on fibers [86,92].

Surprisingly, for experiments in the range xi/L ∈ [0.6, 0.8], the measured θ̇0 is still up to 15%
lower than the prediction θ̇0t of Eq. (10) while the drop impacts sufficiently far from the blade edges
to be fully deflected from its vertical fall by the blade. The second reason for a diminished transfer
of momentum is revealed by a closer look at the time evolution of the blade inclination θ (t ) for
impacts at two different positions (insets of Fig. 9). When xi/L � 0.49 (green symbols in Fig. 9),
the blade inclination closely follows the law θ = (θ̇0/ω) sin(ωt ) during the first quarter of period
of the vibration. By contrast, when xi/L � 0.73 (red symbols in Fig. 9), a secondary oscillation of
frequency much higher than ω is superposed to the main sine function. This oscillation corresponds
to a second mode of vibration of the blade, in which it rotates around an axis x ∼ 0.5, close to
its center of mass, instead of rotating around the petiole (as already mentioned in Sec. III B). This
second mode is only excited when the impact point is sufficiently far from its axis of rotation, here
for either xi/L 
 0.6 or xi/L � 0.4. The excitation of this second mode most likely explains the
discrepancy between θ̇0 and θ̇0t in the range xi/L ∈ [0.6, 0.8].

The third identified cause of incomplete transfer of angular momentum originates from the
noninstantness of the impact [50]. The impact time is defined as D/V , namely, the characteristic
time required by the drop to crush on a fixed solid surface. We define a normalized time τ = 2V t/D
and a normalized leaf frequency � = ωD/(2V ). The latter represents the ratio between the impact
time and 1/π period of leaf oscillation. In Fig. 10, the ratio θ̇0/θ̇0t is represented as a function of �

for all the leaves. The momentum transfer is incomplete when � becomes of order unity, namely,
when the leaf period becomes comparable to the impact time.
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FIG. 10. Ratio between measured initial angular speed θ̇0 of the leaf blade and corresponding prediction
θ̇0t, vs normalized frequency �. Colors and symbols represent different leaves and drop types, according to
Tables II and III. Error bars are explained in Sec. III E. The grey shade corresponds to the ratio θ̇0c/θ̇0t calculated
from Eq. (17) for 
 ∈ [0.03, 1.3]. The dashed lines correspond to a relative error of ±7% on the prediction θ̇0t .

Dynamics of drop impact. This fact may be rationalized by considering the time evolution of the
force applied by the drop on the leaf over time. This force was measured in Ref. [50] for a drop
impacting a rigid horizontal substrate, and the data are reported in Fig. 11 (a more in-depth analysis
of this force can be found in Ref. [111]). The force was observed to steeply increase up to almost
F0 = 3MV 2/(2D) in a time τ � 1/4, and decrease exponentially at later times. We approximate the
force by

F (τ ) = F0e− 3τ
4 , or equivalently F (t ) = F0e− 3V t

2D . (11)

This force is normalized in such a way that∫ ∞

0
Fdt = MV,

which ensures that the drop looses all its vertical momentum upon impact. Consequently, the
approximation of Eq. (11) strongly overestimates the measured force during the first instants of

FIG. 11. Force F (normalized by F0) exerted by a drop of diameter D = 2.6 mm impacting a rigid
horizontal substrate at speed V = 3 m/s, as a function of normalized time τ . Symbols are experimental data
reported in Ref. [50]. The solid line corresponds to F = F0e−3τ/4.
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the impact, while it slightly underestimates the latter during the subsequent exponential decrease.
From Newton’s laws, the vertical position y of the center of mass of the drop must obey Mÿ = F (t ).
Substituting the approximation (11) in this equation, integrating over time, and substituting F (t )
back yields F (t ) � −F0ẏ/V . This expression of F as a function of ẏ is a consequence of the
approximation of F by an exponential.

When a drop impacts an artificial leaf at a distance xi from the center of rotation, the Newton’s
laws for the leaf and the drop yield (leaf damping is here neglected),

I θ̈ = Fxi − kθ,

Mÿ = F,
(12)

where the velocity involved in F should now be replaced by the relative velocity between the center
of mass of the drop and the leaf below the drop, namely,

F (t ) � −F0
ẏ + xiθ̇

V
. (13)

The initial conditions of these differential equations are θ (0) = 0, θ̇ (0) = 0, y(0) = D/2 and ẏ(0) =
−V . We define the dimensionless variables ỹ = 2y/D and ϕ = 2xiθ/D, as well as the dimensionless
group


 = Mx2
i

I
. (14)

With these variables, Eq. (10) reads

dϕ

dτ

]
(τ=0)

= 


1 + 

. (15)

The Newton’s laws become

d2ϕ

dτ 2
+ �2ϕ = 


d2ỹ

dτ 2
= −3

4



d(ỹ + ϕ)

dτ
, (16)

with initial conditions ϕ = 0, dϕ/dτ = 0, ỹ = 1, and dỹ/dτ = −1 in τ = 0. These equations can
be solved numerically and the corrected angular velocity can be estimated as

θ̇0c = V

xi
max
τ�0

∣∣∣∣dϕ

dτ

∣∣∣∣. (17)

The ratio θ̇0c/θ̇0t is reported in Fig. 10, for various � and for 
 in a range [0.03, 1.3] corresponding
to the present experiments. This ratio indicates how much angular momentum is not transferred
to the leaf owing to the noninstantness of the impact. The differential equations (16) correctly
reproduce this partial transfer of angular momentum when � approaches 1, although the measured
transfer is even lower than the prediction. The discrepancy may come from the approximation that
was made on F (t ) in Eq. (11).

B. Droplet ejection induced by leaf motion

Droplets ejected through leaf oscillations are divided into three categories, depending on their
position relative to the leaf blade at the time of their ejection: (1) vertically below the leaf blade,
(2) horizontally farther than the leaf tip, and (3) vertically above the leaf blade. Droplets in the first
category are typically emitted when the leaf has just passed its most downward inclination (Fig. 12),
i.e., when the downward-pointing Euler force induced by the angular deceleration of the leaf is
maximum. These droplets found below the blade are called downward Euler droplets. Droplets
in the second category are referred as centrifugal droplets, since the centrifugal force is certainly
responsible for most of their migration away from the leaf in the horizontal direction (Fig. 13).
They are mostly ejected when the leaf is close to horizontal, i.e., when the centrifugal acceleration
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FIG. 12. Downward Euler droplet ejection, observed upon impact of a drop D2 at 15 mm from the tip of
leaf L24 (period 102 ms). The phase φ at which snapshots were taken is reported at the bottom. The scale bar
is 5 mm. The first droplet in this burst is framed in blue at the time it is ejected. The corresponding movie is
available in the Supplemental Material [46].

is maximal. They correspond to the “sliding” mode described in Ref. [89]. Droplets in the third
category are typically ejected shortly after the leaf reaches its highest upward inclination (Fig. 14),
namely, when the upward-pointing Euler force is maximum. These droplets that are always present
vertically above the blade are then named upward Euler droplets. They correspond to the pinch-off
mode described in Ref. [89].

The vertical velocity vy (positive upward) and diameter d of every droplet ejected through leaf
oscillations (in all experiments) are reported in Fig. 15. The vertical velocity vy is normalized by
the characteristic velocity of the leaf tip vL = Lθ̇0, while the droplet diameter is normalized by the
diameter of the incoming drop D. Droplets are differentiated according to their ejection scenario
(centrifugal, upward Euler or downward Euler), their time of ejection (during versus after the first
leaf oscillation period), and their position in the burst (first droplet versus followers). Droplets that
result from the coalescence (Fig. 8) of ligament fragments are pinpointed since their diameter is
altered by this event. Similarly, droplets that bounce on each other are also pinpointed since their
velocity is altered by this event. A significant segregation of droplet categories is observed in the
(vy, d ) diagram: First-in-a-burst droplets are larger than followers, and the vertical velocity is higher
for centrifugal droplets than for either type of Euler droplets. The normalized diameter d/D of
first-in-a-burst droplets is approximately comprised between 0.2 and 0.8. This range is significantly
wider than the range [0.7, 0.8] observed for such droplets formed under constant acceleration [102].
Centrifugal droplets ejected during the first period inherit from the largest upward velocity. Droplets
resulting from coalescence or bouncing are not especially larger of faster than other droplets.

FIG. 13. Centrifugal droplet ejection, observed upon impact of a drop D2 at 7.3 mm from the tip of leaf
L24 (period 102 ms). The phase φ at which snapshots were taken is reported at the bottom. The scale bar
is 5 mm. The first droplet in this burst is framed in red at the time it is ejected. The corresponding movie is
available in the Supplemental Material [46].
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FIG. 14. Upward Euler droplet ejection, observed upon impact of a drop D2 at 22 mm from the tip of leaf
L24 (period 102 ms). The phase φ at which snapshots were taken is reported at the bottom. The scale bar is
5 mm. The first droplet in this burst is framed in green at the time it is ejected. The corresponding movie is
available in the Supplemental Material [46].

In Fig. 16, the vertical velocity vy of ejected droplets is represented as a function of the phase
φe at which they are ejected. Clearly, vy is inherited from the velocity of the leaf tip, given by
Eq. (7), with a slight delay corresponding to a phase shift �φe of the order of 1/8. The succession
of droplet types also reflects the leaf motion: downward Euler droplets are ejected in φe mod 1 

0.25, i.e., when the leaf has just switched direction from downward to upward. Similarly, upward
Euler droplets are ejected in φe mod 1 
 0.75, i.e., when the leaf has just switched direction from
upward to downward. Centrifugal ejections are in between, for φe mod 0.5 < 0.25, just after the
vertical velocity of the leaf tip reached its extremum, thereby explaining why centrifugal droplets
inherit the largest vertical velocity.

The horizontal velocity vx (positive outward) of ejected droplets is represented against their
vertical velocity vy in Fig. 17, for first-in-a-burst droplets only. The accessible range of horizontal
velocity is much smaller (from about −0.2 to 0.4 times vL) than the range of vertical velocity (from
about −0.9 to 0.9 times vL), and it is equally explored by all three types of ejections. There is
a positive correlation between vx and vy for downward Euler droplets, and a negative correlation
between vx and vy for upward Euler droplets. By contrast, vx does not appear to be correlated to vy

FIG. 15. Diameter d of ejected droplets (normalized by impacting drop diameter D) vs vertical velocity vy

of these droplets at the time of their ejection (normalized by leaf velocity amplitude vL). Red, green, and blue
symbols correspond to centrifugal, upward Euler and downward Euler droplets, respectively. Droplets from
all the impact configurations are pooled. Full symbols represent first-in-a-burst droplets, while empty symbols
represent follower droplets (i.e., any from the second in a burst). Triangles and circles correspond to droplets
ejected at φe < 1 and φe > 1, respectively. Symbols marked with a + correspond to droplets formed from the
coalescence of two ejected droplets. Symbols marked with a × correspond to droplets that rebounded before
being tracked.
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FIG. 16. Vertical velocity vy of ejected droplets (normalized by leaf velocity amplitude vL) as a function
of the phase φe of the leaf at which they are ejected. Only first-in-a-burst droplets are represented (all
impact configurations pooled). Red, green, and blue symbols correspond to centrifugal, upward Euler, and
downward Euler droplets, respectively. Triangles and circles correspond to droplets ejected at φe < 1 and
φe > 1, respectively. The solid black line represents Eq. (7), while the dotted black line represents the same
function with a phase shift �φe = 1/8.

for centrifugal droplets. The speed correlation observed for Euler droplets is also likely an heritage
from the leaf tip velocity: when the tip is up, its horizontal and vertical velocity components are
negatively correlated, while it is the opposite when the tip is down. The larger values of vx explored
by downward Euler droplets may be the result of gravity, which naturally contributes to the sliding
and downward ejection of droplets.

C. Statistics for uniformly distributed impacts

This section focuses on data from 75 drop impacts that were recorded in configuration (L24, D2)
only. The impact position was distributed in xi/L ∈ [0.3, 1] (no ejection was observed for smaller
xi). In Fig. 18, the mass m of first-in-a-burst droplets (normalized by the mass M of the impacting

FIG. 17. Vertical velocity vy of ejected droplets vs horizontal velocity vx of these droplets (both normal-
ized by leaf velocity amplitude vL). Only first-in-a-burst droplets are represented (all impact configurations
pooled). Red, green, and blue symbols correspond to centrifugal, upward Euler, and downward Euler droplets,
respectively. Triangles and circles correspond to droplets ejected at φe < 1 and φe > 1, respectively.
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FIG. 18. Mass m of ejected droplets (normalized by impacting drop mass M) vs impact point position xi

(normalized by leaf length L). Full colored symbols correspond to the mass of first-in-a-burst droplets. Among
them, red, green and blue symbols correspond to centrifugal, upward Euler, and downward Euler droplets,
respectively. Triangles and circles correspond to droplets ejected at φe < 1 and φe > 1, respectively. Empty
stars correspond to the total mass mt of all droplets ejected through leaf motion in each impact. The solid black
line represents κ (xi/Rs ), given by Eq. (B2). The dashed black line is κ − 0.2.

drop) is reported as a function of the impact position. Droplets ejected through different mechanisms
are distinguished. Droplets are ejected during the first oscillation period of the leaf only when
xi/L > 0.5.

The total mass mt of droplets ejected through leaf motion is also plotted in Fig. 18. At least
in the considered configuration (L24, D2), first-in-a-burst centrifugal droplets represent the largest
contribution to this total ejected mass (more than one third). Although when considering individual
experiments, mt seems poorly correlated to xi for xi/L < 0.6, its envelope for many experiments
clearly decreases as the impact point approaches the leaf tip. If the drop were impacting a horizontal
substrate of infinite extension, it would form a disk of radius Rs at the time of maximum spreading.
We may assume that, in first approximation, the mass proportion of liquid remaining on the leaf
when the sheet breaks up shortly after impact corresponds to the proportion of overlap between the
disk of radius Rs and the leaf blade. This proportion κ is geometrically given by Eq. (B2), and it
is plotted in Fig. 18. For xi/L ∈ [0.5, 1], the envelope of mt approximately corresponds to κ − 0.2
(dashed line in Fig. 18). In other words, at least 20% of the drop mass remaining on the leaf once
the liquid sheet breaks up is never subsequently ejected through leaf motion.

We calculated the proportion pe(xi, vx, vy) of drop mass M that is ejected as droplets with a
horizontal velocity in [vx, vx + dvx] and a vertical velocity in [vy, vy + dvy] upon impact of that
drop at position in [xi, xi + dxi] with speed V . In experimental data, xi was not exactly uniformly
distributed, contrary to raindrops. In the present data analysis, each measured pe was weighed by
the probability that the corresponding impact would occur at a distance xi from the rotation axis.
We define Cx as the proportion of drop mass that is ejected with a horizontal velocity vx > v∗, and
Cy as the proportion of drop mass that is ejected with a vertical velocity vy > v∗. These variables Cx

and Cy correspond to complementary cumulative distribution functions of velocities vx and vy, they
are calculated as

Cx(v∗) = 1

L

∫ L

0
dxi

∫ ∞

−∞
dvy

∫ ∞

v∗
pedvx, Cy(v∗) = 1

L

∫ L

0
dxi

∫ ∞

−∞
dvx

∫ ∞

v∗
pedvy, (18)

and they are represented in Fig. 19. The distribution of vx is close to a normal law of average 0.03V
and standard deviation 0.036V . The distribution of vy is also close to a normal law, but with an
average of 0.06V and a standard deviation of 0.118V . The distribution of vy is therefore significantly
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FIG. 19. Complementary cumulative distribution function Cx (proportion of impacting drop mass that is
ejected with velocity vx > v∗), and Cy (proportion of impacting drop mass that is ejected with velocity vy > v∗),
as a function of v∗/V . The red symbols correspond to calculations of Cx , while the blue symbols correspond
to calculations of Cy, both from experimental data. The red and blue solid lines correspond to complementary
error functions (normal distribution) fitted on these experimental data. The black solid line indicates the average
proportion of drop mass that gets ejected. The dashed line corresponds to zero velocity.

more spread than the distribution of vx. It is also significantly shifted towards positive vy (upward
ejection) while the distribution of vx is approximately centered in vx = 0. The total ejected mass is,
on average, 5.5% of the impacting drop mass M (left horizontal asymptote in Fig. 19). About 0.5%
of M is ejected at vy/V > 0.22. Since for the considered drop D2, V = 4.1 m/s, vy � 0.9 m/s,
which corresponds to an upward jump v2

y /(2g) > 41 mm. In short, Fig. 19 proves that, for the
considered configuration (L24,D2), droplets are ejected with a significant bias in the upward
direction. In addition, it reveals that, while the amount of ejections strongly varies with impact
point, on average (over a uniform distribution of impact points) there is a nonnegligible proportion
of the incoming rainfall that is ejected upward.

D. Upward ejection threshold

The occurrence of upward droplet ejections results from a favorable competition of different
forces: leaf-induced inertial and gravitational forces are likely to favor ejections, while liquid inertia,
capillary and viscous forces are expected to inhibit ejections. Nevertheless, these forces significantly
vary over the time required to eject droplets, and estimating them accurately is a challenge that
revealed to be well beyond the scope of this work. The forces are also shaped by leaf properties in a
nontrivial way (e.g., the unexpected dependence of ejections to the tip angle α evidenced in Figs. 6
and 7). The experiments conducted here involve not less than 12 dimensional parameters (the leaf
length L, the tip angle α, the leaf frequency ω, the leaf inertia I , the drop diameter D, the drop
velocity V , the impact position xi, and the physical properties of water, including its contact angles
with the leaf θa and θr , its density ρ, its surface tension σ , and its kinematic viscosity ν), reduced
to nine independent dimensionless numbers according to the Buckingham π -theorem. While there
must be a function of these numbers which values determine the occurrence of upward ejections, a
simple expression of this presumably nonlinear function could not be found from a blind attempt. An
alternative approach was taken by Erfanul Alam et al. [112], who successfully trained an ensemble
learning algorithm to predict the occurrence of droplet ejections from a hydrophobic cantilever
beam. In this work, we rather aim at obtaining a simple, closed-form function of leaf and raindrop
parameters that is able to predict, to the first order, if upward droplet ejections are likely or not.

Accelerations. We take a step at simplifying the problem by focusing on which impact configu-
rations are able to eject droplets upward (at least for some impact positions) rather than considering
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FIG. 20. Calculation of the upward ejection threshold based on the acceleration ratio χi j . The χi j axis is in
logarithmic scale. Full and empty symbols correspond to subsets Q = 1 and Q = 0 of the experimental data,
respectively. The length of the thick green and blue lines represent the numerator and denominator of Eq. (22),
respectively. The dashed magenta arrow indicates the threshold as calculated from Eq. (23).

the full dependence of ejections to impact point. We therefore define characteristic accelerations
based on the theoretical upper bound on angular speed θ̇M achievable in each configuration,

θ̇M = lim
xi→L

θ̇0t = MV L

I + ML2
. (19)

The corresponding maxima of centrifugal, Euler and gravity accelerations are therefore

acM = Lθ̇2
M, aEM = Lθ̇Mω, agM = gθ̇M

ω
. (20)

The gravity acceleration is here projected in the radial direction (thereby complementing the
centrifugal acceleration), the projecting factor sin θ can be approximated by θ̇M/ω for θ � 1. We
also define characteristic accelerations ai, aσ , and aν to represent the ejection-inhibiting factors,
namely, the inertia of the drop, the capillary forces, and viscous dissipation, respectively:

ai = Dω2/2, aσ = 4σ

ρD2
, aν = 2νω

D
. (21)

We considered an alternative definition of these three accelerations in which the impacting drop was
first squeezed in a disk of diameter of the order of DWe1/4 [48,113] before potentially being moved
to the leaf tip and ejected. Nevertheless, we checked that such change of definition does not modify
the conclusions of this section.

Prediction based on one ratio. The acceleration ratio χi j = ai/a j is defined as the ratio between
any pair (i, j) of the six aforementioned accelerations defined in Eqs. (20) and (21). We wonder if
χi j can qualify as a predictor of upward ejections (vy > 0), namely, if upward ejections are possible
when χi j > χ∗

i j and not possible otherwise (χ∗
i j is then a threshold value for upward ejections). For

each χi j , we associate an indicator ξi j of the prediction, defined as

ξi j =
max
Q=0

(log10 χi j ) − min
Q=1

(log10 χi j )

max(log10 χi j ) − min(log10 χi j )
, (22)

where Q = 1 represents the subset of impact configurations for which some upward ejections
were observed, Q = 0 is the complementary subset, and a function such as maxQ=0(X ) represents
the maximum of X within the subset Q = 0. This indicator, graphically represented in Fig. 20,
quantifies how much data are correctly sorted in terms of χi j , with nonejecting configurations at
small χi j and ejecting configurations at large χi j . Its numerator represents the logarithmic range over
which ejecting and nonejecting configurations are mixed, while its denominator represents the full
logarithmic range of χi j . A perfectly predictive ratio yields ξi j = 0 while a perfectly nonpredictive
ratio yields ξi j = 1.

The values of ξi j are given in Table IV for each ratio χi j . They confirm the intuition that
best-predictive ratios (i.e., smallest values of ξi j) are obtained by dividing one ejection-favoring
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TABLE IV. Upward ejection indicator ξi j (in %) for each ratio of accelerations χi j = ai/aj (line/column).
Numbers in bold correspond to values of χi j spread over more than two decades (high relevance). Numbers in
brackets correspond to values of χi j spread over less than a decade (low relevance).

acM aEM agM ai aσ aν

acM – [79%] 51% 84% 24% 62%
aEM [97%] – 92% 86% 31% [43%]
agM 100% 91% – 90% 52% 73%
ai 83% 85% 91% – 68% 64%
aσ 100% 100% 100% 100% – 98%
aν 100% [100%] 100% 100% 69% –

acceleration (acM, aEM, or agM) by one ejection-inhibiting acceleration (ai, aσ , or aν). Among these
possibilities, the ratio acM/aσ clearly outperforms, with nonejecting and ejecting data mixed over
only 20% of the considered logarithmic range, which spreads over more than two decades. The ratio
aEM/aσ also performs reasonably well. The upward ejection threshold is defined as

χ∗
i j = √

max
Q=0

(χi j ) · min
Q=1

(χi j ). (23)

For acM/aσ , this threshold is χ∗ � 2.4, while it is χ∗ � 4.1 for aEM/aσ . Both thresholds are of
order unity, which confirms that at threshold, centrifugal, Euler, and capillary accelerations are on
equal terms. Both ratios acM/aσ and aEM/aσ are therefore considered as relevant to predict the
occurrence of upward ejections in first approximation. They are equivalent to Bond numbers based
on centrifugal and Euler accelerations experienced by the leaf tip, respectively:

Boc = acM

aσ

= ρD2Lθ̇2
M

4σ
, Bo∗

c � 2.4, BoE = aEM

aσ

= ρD2Lωθ̇M

4σ
, Bo∗

E � 4.1. (24)

A similar threshold, of Bo � 2, was determined in the simpler configuration of a sessile drop on a
horizontal substrate that is vertically translated at constant acceleration [102].

Prediction based on two ratios. The occurrence of upward ejections for each impact configuration
is represented in a diagram of Boc and BoE in Fig. 21. Both Bond numbers appear to be highly
correlated in the present data set (correlation coefficient of 0.88 on the logarithm of these Bond
numbers). The ratio Boc/BoE = θ̇M/ω corresponds to the angular amplitude of the leaf motion.
Figure 21 indicates that considering Boc and BoE simultaneously does not yield a significantly
better prediction of upward ejections than considering either Bond number alone.

E. Maximum droplet speed

Figure 16 suggested that the vertical velocity of ejected droplets at a given time was inherited
from the leaf tip velocity an instant earlier. One might therefore expect that the maximum of upward
ejection speed max(vy) over all impacts of a given configuration corresponds to the upper bound on
the leaf tip velocity vLM, estimated as

vLM = Lθ̇M = ML2V

I + ML2
. (25)

Both are represented in Fig. 22. It appears that vLM is not a very good predictor of max(vy), likely
because in certain configurations, droplets are not ejected at the optimal moment (when the leaf tip
has just passed its maximum upward velocity). It might also be partly due to the limited number of
experiments made in each configuration (it is then unlikely that the upper bound on vy is approached
every time). Nevertheless, 70% of above-threshold configurations (for which Boc > Bo∗

c ) ejected
some droplets in the range vy/vLM ∈ [0.5, 1].
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FIG. 21. Occurrence of upward ejections, in a diagram of centrifugal Bond number Boc and Euler Bond
number BoE associated to each impact configuration. Colors and symbols represent different leaves and drop
types, according to Tables II and III. Symbols are emptied when no upward ejections were observed, while they
are full when some upward ejections were observed. The vertical and horizontal dashed lines correspond to the
thresholds Bo∗

c and Bo∗
E, respectively. The black box surrounds the region of the diagram in which ejecting and

nonejecting configurations are mixed.

F. First-in-a-burst centrifugal droplets

In Fig. 15, it was shown that first-in-a-burst centrifugal droplets ejected during the first two
leaf strokes had a larger diameter d and a larger upward velocity vy > 0 than other droplets. The
normalized cubed diameter (d/D)3 of these droplets is represented as a function of Boc in Fig. 23.
The droplet size decreases with increasing Boc, in first approximation as

(
d

D

)3

� Bo−1
c ⇒ ρd3acM ∼ σD. (26)

FIG. 22. Maximum upward ejection velocity vy observed for each impact configuration as a function of
the theoretical maximum leaf speed vLM, both normalized by impact speed V . Colors and symbols represent
different leaves and drop types, according to Tables II and III. Symbols are emptied when Boc < Bo∗

c , while
they are full otherwise. The solid line is the parity line max(vy ) = vLM, while the dashed line corresponds to
max(vy ) = vLM/2.
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FIG. 23. Normalized cubed diameter (d/D)3 of first-in-a-burst centrifugal droplets ejected during the first
leaf period, as a function of the centrifugal Bond number Boc. Colors and symbols represent different leaves
and drop types, according to Tables II and III. Only drop types D1, D2, and D3 eject such droplets. The solid
line corresponds to (d/D)3 = Bo−1

c .

This equation is a variant of Tate’s law for the detachment of pendent drops, that was already
observed in other experimental investigations of droplet ejections from vibrated substrates [88,89].

VI. EXTRAPOLATION TO RAIN ON PLANT LEAVES

Previous sections have revealed that only large raindrops impacting sufficiently fast on suffi-
ciently small leaves yield upward droplet ejections. In this section, we attempt to extrapolate these
results to a realistic distribution of raindrop sizes, and to predict in which rain conditions and for
which plant leaves upward ejections are significant. The goal is to provide a first-order picture with
a single parameter to characterize the plant leaves and another single parameter to characterize the
raindrops.

Plant leaves. We first assume that many plants with leaves of length L form a canopy without
gaps. In such a configuration, every incoming raindrop is intercepted by a leaf. We attempt at
expressing all other leaf parameters as functions of L. We neglect the inertia of air added mass
Ia, so the inertia of the leaf I resumes to the inertia of its blade Ib, which we assume to be correlated
to L. To determine this correlation, we first suppose a polynomial width profile w(x) of the leaf
blade:

w(x) = bx(L − x)(L + ax), a � −1, (27)

where a > −1 and b > 0 are constant parameters of the leaf shape. Under this assumption, the blade
mass mb and the corresponding inertia Ib can be calculated. Their ratio writes

Ib

mbL2
=

∫ L
0 x2w(x)dx

L2
∫ L

0 w(x)dx
= 2a + 3

5(a + 2)
. (28)

This rational function of a takes values in the narrow range [0.2, 0.4], so taking I/(mbL2) � 1/3 is a
reasonable first-order approximation. According to data of the TRY database on plant leaf properties
[114] (data from 321 different species reported in 46 references), the blade mass mb is, to the first
order, proportional to the leaf length squared, namely, mb/L2 ∼ 0.06 mg/mm2. Therefore,

I ∼ Ib ∼ CL4, C ∼ 0.02 mg/mm2. (29)
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Raindrops. In a rainfall, the speed V of raindrops is correlated to their diameter. It may be
approximated by balancing their weight and the air drag that they experience during their fall:

cD
πD2

4
ρa

V 2

2
� πD3

6
ρg ⇒ V �

√
4ρgD

3cDρa
, (30)

where cD is the drag coefficient, here assumed equal to 0.45 for the sake of simplicity (in reality, cD

is a function of the Reynolds number based on drop size and speed). A more general formulation of
this relation between V and D is given in Ref. [115]. The relation is not valid for drips that originate
from superjacent vegetation; their diameter is of the order of the capillary length and their velocity
is mostly dictated by the height of fall.

Different types of rainfall generate different raindrop size distributions that can be approximated
by functions with different parameters [116], including γ functions [117,118]. For mathematical
convenience, we consider the particular case of an exponential distribution, known as a Marshall-
Palmer distribution and representative of stratiform rainfalls [119]. In this distribution, the number
of raindrops NvdD of diameter in the range [D, D + dD] per unit of air volume satisfies

Nv = N0e−D/Da , Da =
∫ ∞

0 DNvdD∫ ∞
0 NvdD

, (31)

where Da is the average raindrop diameter and N0 � 8 × 106 m−4 is a constant. This distribution
tends to overestimate the number of raindrops with D < 1 mm, which is not an issue here since
these raindrops are very unlikely to participate at all to leaf-induced ejections. The distribution
also requires a cutoff for D > DM, with DM � 5 mm, since larger raindrops break up as they fall
[118,120]. Therefore, the exponential distribution approximates reasonably well the distribution of
raindrop sizes in the range D ∈ [1, 5] mm.

The arrival rate

dA = V NvdD (32)

represents the number of raindrops of diameter ∈ [D, D + dD] that arrive at ground level, per unit
of time and ground area. The rain intensity R, namely, the volume of water that reaches the ground,
per unit of time and ground area, is then given by

R =
∫ ∞

0

πD3

6
V NvdD � 35

16
N0

√
π3ρg

3ρacD
D9/2

a . (33)

From this equation, the average raindrop diameter Da and the subsequent drop size distribution Nv

associated to each rain intensity R can be found. The rain intensity is therefore the only remaining
independent parameter that characterizes the rainfall.

Leaf-induced ejections. The intensity of leaf-induced ejections is here defined as the number Ne of
raindrops, per unit of time and per unit of ground area, that are likely to generate droplet ejections
reaching a certain height hm above the leaf. The critical height is arbitrarily set at hm = 10 cm.
Ejection would only occur if Boc > Bo∗

c . In such conditions, the expected upward velocity should
satisfy vy ∼ vLM/2 (Fig. 22). Therefore, if air drag is neglected during the ascent of the droplets,

then h = v2
y

2g ∼ v2
LM/(8g). We define the characteristic function �(D, L) as equal to 1 if

Boc(D, L) = ρ/(3cDρa )(
1 + 6CL2

πρD3

)2

ρgD3

σL
> Bo∗

c and h(D, L) = ρ/(3cDρa )(
1 + 6CL2

πρD3

)2

D

2
> hm, (34)

and 0 otherwise. Therefore, Ne is estimated as

Ne =
∫ ∞

0
�(D, L)

dA

dD
dD. (35)
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FIG. 24. Prediction of the number of raindrops Ne that eject droplets at more than 10 cm above the leaf,
per unit of ground area and per unit of time, as a function of rain intensity R, for four different leaf lengths L.
The dashed line represents a linear increase of Ne with R.

This prediction of Ne is calculated numerically for rain intensities in the range R = 1 mm/h (mod-
erate rainfall) to R = 100 mm/h (extremely heavy rainfall) and for leaf lengths from L = 12.5 mm
to 100 mm. As seen in Fig. 24, Ne increases more than proportionally with R. Consequently, a slight
increase of R might greatly increase the number of upward ejection events in a given canopy. The
number of ejection Ne is also extremely sensitive to leaf length L: small leaves eject considerably
more droplets than large ones.

Actually, Eq. (35) overestimates the real number of raindrops that generate ejections. Indeed,
as suggested in Fig. 19, only a small fraction of raindrops impact at the appropriate position
for triggering ejections at velocity vy ∼ vLM/2. Nevertheless, we may expect that the qualitative
dependence of Ne to both rain intensity R and leaf length L is correctly captured by Eq. (35).

The average frequency at which ejection-triggering raindrops impact a specific leaf is given by
NeL2. For the considered parameters, this frequency is always less than 0.6 Hz, while most leaves
able to generate ejections have natural frequencies of at least a few Hz. Therefore, most ejection-
triggering impacts on a leaf will be sufficiently separated in time to be considered as independent
events.

VII. CONCLUSION

Rainfalls are responsible for the dispersal of several plant pathogens between plant leaves,
including in the upward direction. However, it is still unclear which mechanism at drop scale is
predominantly at play to ensure this upward dispersal. The present work focused on the droplet
ejections induced by the vibrations of leaves in response to raindrop impacts. We considered a
simplified experimental setup in which a drop released from a dripping point impacts an artificial
leaf that is initially dry. The drop spreads on the leaf and possibly beyond. Then the resulting water
residue on the leaf may move and break up in response to the inertial forces from the leaf motion.
Experiments were made with many different raindrops and leaves. After a qualitative description
of the phenomenon, we quantified the transfer of angular momentum from the drop to the leaf
and identified reasons for an incomplete transfer: impacts too close to the leaf edge, excitation of
high-frequency modes of vibration of the leaf, and impact time of the same order of magnitude as
the leaf period. We measured the size and speed of ejected droplets. The first droplets ejected in
each burst are significantly larger than others, and they inherit the leaf speed. The distribution of the
ejecta was estimated from 75 impacts of identical drops at different positions on a single leaf. In that
configuration, up to 0.5% of the water mass intercepted by the leaf was ejected at more than 41 mm
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above that leaf. This percentage, though small, is definitely sufficient to qualify this mechanism
as a possible explanation to the observed rain-induced upward dispersal of foliar diseases (e.g.,
Ref. [21]). Although the threshold at which droplets are ejected seems to be a complicated function
of leaf and drop parameters, it corresponds, to the leading order, to a Bond number Boc (based
on the centrifugal acceleration of the leaf tip) higher than 2.4. Finally, we extrapolated the results
to a distribution of raindrop sizes encountered in a rainfall. The number of raindrops that induce
significant upward ejection was shown to increase more than proportionally with rain intensity.
Therefore, the ejection mechanism described in this work is expected to significantly increase the
upward dispersal of spores in canopies at locations where climate change will induce more frequent
and stronger storms.

This experimental study is based on several simplifications that need to be revisited in future
work. For example, the wettability of the leaf was not varied, while plant leaves cover the entire
spectrum of contact angle and contact angle hysteresis. Wettability certainly influences the spread-
ing, recoil and sliding of the water residue at the leaf surface, and therefore modifies its potential
ejection upon leaf motion. Another simplification is the consideration of individual impacts on dry
leaves. In a rainfall, leaves are permanently hit by small drops that contribute to (1) a background
vibration of small amplitude, and (2) the accumulation of water at the leaf surface, in the shape of
sessile drops, puddles and/or thin films. This accumulated water may also be ejected through either
splash or leaf oscillations, and significantly contribute to upward dispersal [25].

ACKNOWLEDGMENT

This work was supported by the Fonds de la Recherche Scientifique–FNRS through Grant No.
J.0071.23.

DATA AVAILABILITY

The data supporting this study’s findings are available within the article.

APPENDIX A: LEAF FREQUENCY AND DAMPING

1. Excitation with bead impacts (dry leaves)

The leaf dynamics was characterized by recording oscillations of the blade inclination θ (t )
induced by the impact of a metal bead of mass 1.33 g (Fig. 25, top). The impact duration was
negligible with respect to the leaf period, so it was considered as instantaneous. By contrast to drop
impacts, the bead left no liquid residue on the leaf blade. The instant frequency ω and the damping
ratio β/ω are reported as functions of the instant amplitude θ1(t ) = θ0e−βt in Fig. 25 (bottom).

While the frequency ω slightly increases with decreasing θ1, the damping ratio β/ω decreases
much more significantly, starting from a plateau above θ1 � 0.22 rad. In first approximation, the
average on all leaves yields

β

ω
� 0.02 + 0.09θ1 if θ1 < 0.22 rad,

β

ω
� 0.04 if θ1 > 0.22 rad. (A1)

The second term, proportional to θ1, may be attributed to air damping. Indeed, again considering
the leaf of Fig. 25 as an example, the Reynolds number is Re = L2ω/νa ∼ 5000 (with the kinematic
viscosity of the air νa � 15mm2/s). Consequently, viscous dissipation may be neglected and the
dissipated power scales as

P ∼ 0.5ρa
mb

ρAb
L3θ̇3. (A2)
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FIG. 25. Free oscillations of a leaf (L16) excited by bead impacts. (Top) Recorded blade inclination θ (t ).
The red dots represent the zeros and extrema of θ (t ) considered to calculate both frequency and decay rate.
(Bottom) Variation of the angular frequency ω (left) and the damping ratio β/ω (right) with instant oscillation
amplitude θ1 = θ0e−βt . The black dots represent measurements at each period. The red dots correspond to
interpolations at θ1 = 0.13 rad and θ1 = 0.26 rad.

The damping ratio is then

β

ω
= P

2Ibθ̇2ω
∼ ρambL3

4ρAbIb
θ1 ∼ 0.13θ1 for the leaf of Fig. 25. (A3)

The order of magnitude of this variation of β/ω with θ1 is the same as observed experimentally. The
offset β/ω � 0.02 in θ1 = 0 might be due to viscoelasticity of the petiole.

2. Excitation with drop impacts (wet leaves)

The frequency ω and damping ratio β/ω of leaf oscillations were also measured after each drop
impact. The time window of this measurement started once (i) the last droplet was ejected from the
leaf, and (ii) the water residue on the leaf did not slide anymore. Consequently, the inertia of the
vibrating system (leaf + water residue) was assumed constant. The blade inclination still varied as
θ (t ) = θ0e−βt sin(ωt ), and both ω and β/ω were measured by least-square fitting this kinematic law.
In Fig. 26(a), the median of ω for all measurements in a given impact configuration is compared to
the ω measured with bead impacts. Similarly, in Fig. 26(b), the median of β/ω for all measurements
in a given impact configuration is compared to the β/ω measured with bead impacts.

The presence of the liquid residue induces a slight decrease of the vibration frequency. This
decrease was evidenced by weighing the mass of the residue a few seconds after each impact thanks
to a high-precision balance (Pioneer OHaus PX224M, accuracy 1 mg), for half of the dataset. In
Fig. 27, the frequency ω measured in presence of a water residue, normalized by the extrapolation
of that frequency for a residue mass mr → 0, is reported as a function of the residue mass mr ,
normalized by Ib/L2. The observed frequency decrease approximately corresponds to an increase
of inertia,

ω �
√

k

Ib + mrL2
= ωmr→0√

1 + mrL2

Ib

, (A4)

and it is limited to 20% in the present experiments.
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(a) (b)

FIG. 26. Leaf frequency ω (a) and damping ratio β/ω (b), for drop impacts (subsequently wet leaves)
vs bead impacts (subsequently dry leaves). Reported values of ω(bead) correspond to the average of measured
ω(bead) at θ1 = 0.13 rad and θ1 = 0.26 rad (cf. Fig. 25). Similarly, reported values of (β/ω)(bead) correspond to
the average of measured (β/ω)(bead) at θ1 = 0.13 rad and θ1 = 0.26 rad. The horizontal error bars represent
the difference of these measurements at different θ1. Reported values of ω(drop) and (β/ω)(drop) correspond
to the median of all measurements in a given impact configuration, and associated error bars represent the
interquartile range of the distributions. The black lines are bisectors corresponding to ω(drop) = ω(bead) and
(β/ω)(drop) = (β/ω)(bead). Colors and symbols represent different leaves and drop types, according to Tables II
and III.

The damping ratio may increase significantly in presence of a liquid residue, owing to the
viscous dissipation of internal flows induced by the leaf vibration. This fact was already observed
in Ref. [96] and rationalized in Ref. [108]. Nevertheless, β/ω remains much smaller than 1, so a
significant decay of the leaf vibration is only observed after several oscillation periods. Damping
ratios measured on real plant leaves excited by raindrop impacts were about β/ω � 0.1 [66], so
significantly higher than in the present experiments but still of the same order of magnitude.

FIG. 27. Ratio between the measured leaf frequency ω in presence of a liquid residue of mass mr and its
extrapolation ωmr→0 to a leaf with no residue, as a function of the dimensionless group mrL2/Ib. Colors and
symbols represent different leaves and drop types, according to Tables II and III. The solid line corresponds to
Eq. (A4).
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(a) (b)

FIG. 28. Overlap area (red contour) of the leaf of tip angle α with a disk of radius Rs at a distance xi from
the leaf tip. (Left) xi/Rs < 1, (right) xi/Rs ∈ [1, 1/ sin α].

APPENDIX B: INTERSECTION OF THE LEAF BLADE WITH A DISK OF RADIUS R
CENTERED AT A DISTANCE d FROM THE LEAF TIP

A drop impacting a rigid, horizontal substrate of infinite extension spreads and forms a disk that
reaches a maximal diameter Rs at a certain time [101]. When a similar drop impacts a leaf blade of
finite extension, the disk of radius Rs partially overlaps the blade. We aim at finding the fraction κ of
the overlap area to the disk area, as a function of the distance xi from the impact point (disk center)
to the leaf tip. There are three possible cases, corresponding to xi/Rs < 1, xi/Rs ∈ [1, 1/ sin α] and
xi/Rs > 1/ sin α. The first two are sketched in Fig. 28. The third case corresponds to the entire disk
overlapping with the blade. We define γ as the central angle between the radius passing through the
intersection point of the disk and the leaf farthest from the leaf tip, and the radius normal to the leaf
edge. Elementary geometry yields

cos γ = xi

Rs
sin α (B1)

and

κ =

⎧⎪⎪⎨
⎪⎪⎩

π
2 +α−γ+ xi

Rs
cos (α−γ )

π
, if xi

Rs
< 1,

π−2γ+sin (2γ )
π

, if 1 < xi
Rs

< 1
sin α

,

1, if xi
Rs

> 1
sin α

.
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