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Understanding whether a droplet adheres to or detaches from a flexible filament upon axial impact is of
significant interest, particularly in the context of raindrop impact on natural surfaces. This process involves
dynamic buckling followed by mode coarsening, dissipating the initial droplet kinetic energy and converting the
remaining into elastic energy of the filament. To elucidate this phenomenon, we construct two phase diagrams,
one while fixing the filament height and the other the droplet diameter. Notably, we observe that the energy
conversion rate is inversely proportional to a Cauchy number, defining the transition between attached and
detached droplet in the filament length—falling height diagram. This enables us to derive an expression for the
critical falling height as a function of the filament parameters, accounting for the energy conversion rate, which

emerges as a key factor for droplet detachment.

DOI: 10.1103/PhysRevResearch.6.043003

I. INTRODUCTION

Exposure to raindrops is critical for natural species, in-
fluencing various ecological and physiological aspects. For
example, the impact of rain on plants can initiate numer-
ous processes, including the dispersal of pathogens and
propagules, the erosion of leaf wax, and gas exchange [1,2].
Prolonged wetness on leaves during rainfall can impede key
physiological processes like transpiration and photosynthesis,
potentially leading to reduced plant growth and vigor [3].
To mitigate this, plants have evolved mechanisms such as
leaf vibration to dislodge water droplets, thereby minimizing
the adverse effects of sustained wetness. Grass and delicate
leaves, akin to membranes and filaments, exhibit significant
deflection to facilitate the sliding of droplets to the ground,
thereby enhancing water uptake by root systems [4].

Similarly, animals utilize epicuticular hairy structures to
actively shed water droplets, reducing the risk of hypother-
mia [5] and minimizing energy expenditure associated with
water carriage and evaporation [6]. Inspired by various bio-
logical features, such as dandelion pappi [7], legs of water
striders [8], cactus spines [9], and spider silk [10], re-
searchers have developed biofibers capable of directionally
steering and transporting droplets [11,12]. These biomimetic
advancements have practical applications, such as artificial
fog harvesters designed to efficiently collect water from the
air. These devices leverage principles observed in natural
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systems to optimize water collection, particularly in arid re-
gions where water scarcity is a significant concern [13—15].
Therefore, understanding whether droplets adhere to or re-
bound off structures after impact is critical.

The impact of droplets on rigid substrates or elastomers has
been extensively studied over decades. Researchers primarily
focus on the morphology and motion of the droplet, with
particular attention paid to the wetting properties and flexi-
bility of the substrate [16—18]. For example, on hydrophobic
surfaces, the droplets are more likely to bounce back [19-21],
while droplets on soft substrates usually require larger impact
velocity to splash than droplets on rigid substrates [22].

Given the variation in shapes and sizes among real plants,
researchers often employ simplified models, substituting bio-
logical specimens with flexible plates or cantilevered beams.
These models allow for controlled experimentation and de-
tailed analysis of the interactions between raindrops and
plantlike structures. Different orientations of these slender
bodies are examined to represent various angles of impact. In
horizontal cantilevered setups such as slender plates [23-27]
and fibers [28], droplets exhibit diverse responses—being
captured [29], ejected [30], or bounced [31]—depending on
liquid inertia, capillarity, surface wettability, and cantilever
rigidity. These setups are also utilized in droplet-based elec-
tricity generators employing triboelectric and piezoelectric
techniques [32-35]. Similarly, inclined configurations, where
cantilevered fibers are set at specific angles, offer another
dimension to study droplet behavior. Studies have proven
that such inclination can enhance droplet capturing efficiency
[36-39], and by subjecting the fiber to vibration at one end,
droplet behavior can be manipulated [40].

In studies focusing on droplet capturing, researchers often
employ fibers with fixed ends, thereby neglecting the effects
of fiber flexibility [41-44]. These investigations primarily fo-
cus on identifying the critical impacting velocities and droplet

Published by the American Physical Society
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FIG. 1. Conceptual sketch of the experimental setup: Two high-
speed cameras are arranged at 90° angles to each other, and two LED
light sources are positioned to backlight the filament, facing towards
the cameras.

diameters for successful capture [45]. Additionally, droplets
impacting needle fibers with noncircular cross sections can
spread into various shapes, depending on whether the fiber has
a round or wedge profile [46]. Furthermore, droplets dangling
down a fiber tend to exhibit two main patterns—barrel and
clam-shell shapes—Ilargely determined by droplet size [47].

Here, we present an investigation into the detachment of
droplets from an elastic filament clamped at one end and free
at the other, initially oriented vertically. Upon axial impact
of a falling droplet on the free end, the filament undergoes
a dynamic buckling process, as previously documented
[48]. It has been observed that the filament exhibits various
buckling modes followed by a mode coarsening process,
influenced by both the impacting velocity and filament
stiffness. However, the post-buckling behavior, particularly
whether the droplet will adhere to or detach from the filament,
remains unexplored.

To redirect our attention from the initiation of dynamic
buckling to the occurrence of droplet detachment, we extend
the parameter range utilized in our previous study [48].
Specifically, we elevate the falling height, thereby augmenting
the inertia necessary for droplet separation, and elongate the
length of the filament to reduce stiffness, encouraging
more substantial filament bending and facilitating droplet
detachment.

II. METHODS

A. Experiments

Experiments are undertaken to identify the critical con-
ditions required for droplet detachment from a filament, as
illustrated in Fig. 1. The intricate dynamics of the droplets
and the deflections of the filaments are meticulously captured
using two high-speed cameras arranged at 90° angles to each
other (2560 x 1600 pixels, 800 fps, Phantom VEO E-340L),
facilitating the visualization of three-dimensional deforma-
tions. Illumination is provided by two high-intensity LED
light sources positioned to backlight the frame, ensuring clear
visibility of the filament and droplet interactions.

®)

FIG. 2. Experimental images of contact angle measurement.
(a) Contact angle 6 of a water droplet on a horizontally placed
filament in stable equilibrium. (b) Advancing contact angle 6, and
receding contact angle 6, of the honey droplet on a vertically placed
filament.

The filament employed in the experiments has a density
of py = 2600 kg/m? and a circular cross section with a di-
ameter of dy = 0.11 mm, possessing a Young’s modulus of
E = 75GPa. A key parameter influencing the stiffness of the
filament is its length L, which is varied within the range 7
to 10 cm. The density of the liquid (honey) droplet is p, =
1410kg/m?, with a surface tension of & = 0.08N/m and a
dynamic viscosity of © = 950 Pass.

The contact angle and wettability of the filament are care-
fully measured and are illustrated in Fig. 2. The hydrophilicity
of the filament is assessed using the method described by
Farhan et al. [49], resulting in a contact angle of 80° £ 3°
for a water droplet, as shown in Fig. 2(a). The advanc-
ing contact angle 6, and the receding contact angle 6, of
the honey droplet are measured using the approach pro-
posed by Emelyanenko et al. [50] as depicted in Fig. 2(b),
resulting in 6, = 37° +6° and 6, = 28° + 5°. The contact
angle hysteresis, defined as the difference between 6, and
0,4, is thus determined [51]. Therefore, the contact angle
of the experimental droplet on the filament falls within the
range of [6,, 6,].

The droplet falls solely by its own weight through a bu-
rette with a needle carefully aligned to guarantee the center
of the droplet impacting directly on the top end of the fila-
ment. Additionally, a laser leveling instrument is adopted to
ensure such alignment. The droplet diameter d, is varied by
using different sizes of burette needles. Since the droplets are
driven purely by gravity, those released from the same burette
needle maintain nearly identical sizes, which can be easily
measured after dripping. The diameters of droplets released
from different burette needles are 0.301, 0.316, 0.334, 0.350,
0.367, and 0.386 cm. This range includes values representa-
tive of naturally observed raindrops, which typically range
from 0.15 to 0.4 cm, as documented in previous studies [52].
The falling heights H span from 7 to 47 cm, corresponding
to falling speeds V ranging from 117.1 to 303.5 cm/s. While
these speeds are lower than the terminal velocities of typical
raindrops, which generally require a descent of approximately
20 m to be reached [52,53], they still provide valuable insights
into the dynamics of droplet impacts.

By adjusting the needle size, the falling height, and the
filament length, we can systematically study the effects of
varying droplet sizes, impact speeds, and structural stiffness
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on the detaching process, providing valuable insights into the
dynamics of droplet behavior under different conditions.

B. Theoretical model

The linear deformation of the filament can be modeled
using the free vibration equation of the Euler-Bernoulli beam
with a concentrated mass on the tip, as proposed by Fang et al.
[27]. Denoting the lateral deformation as y = y(s, t), where s
is the coordinate along the beam axis and ¢ represents time,
the governing equation for this deformation is given by

(s, 1) 3%y(s, 1)
3 anz
where I is the moment of inertia (for circular section, I =
nd}‘ /64) and A is the cross-sectional area. The general solu-
tion can be written as

y(s, 1) = @(s)Ag sin(wt + 0), 2
where Ag refers to the amplitude of vibration, written as
Ao = n%pd,V*L*/3EI [31]. 6, is the initial phase difference,

expressed as 6y = — arcsin( pgd L /18EIA) [27]. ¢(s) is
the mode shape, which can be written as

¢(s) = Cy cosh s + C, sinh s 4+ C3 cos s + Cy sin s,
3

where C; to C, are parameters determined by applying
the boundary conditions at the ends of the beam. For the
cantilevered configuration, the boundary conditions at the
clamped end are ¢(0) = 0 and ¢’(0) = 0. The initial distur-
bance is caused by the inertial force of the droplet at the free
end of the filament, resulting in ¢”(L) = 0 and EI¢"'(L) =
—Mw?*¢(L), where M = yr,opdg/6 is the mass of the droplet,
and w = Y2 /EI/pA is the angular velocity. Therefore, the
latent equation can be given as

cos Vg cosh ¥y + 1 = x(sin ¥y cosh g — cos g sinh V),
4)

where k = T[Iﬂd;/(6AL2), and Yy = /L. By solving the
above transcendental equation, the only unknown value
can be calculated, and accordingly, the mode shape can be
obtained.

84
EI

+ pyA 0, M

C. Numerical model

The motion of a flexible filament is modeled using the
following equation in a Lagrange form:

JPK 00X 9 PXY s
P T os\Uas ) T a2 \V g &

where X = [X (s, 1), Y (s, t)] represents the instantaneous po-
sition. The term T denotes the tension force along the filament
axis, while y = EI is the bending rigidity of the filament. The
damping force F, is defined as

oX
ot

where C; is the damping coefficient, set as C; ~ O(107°) in
our cases. The damping force models the dissipative forces

acting against the motion of the filament, varying with the
velocity. This setup allows for effective simulation of the
force relaxation process following droplet impact, captur-
ing the gradual dissipation of kinetic energy as the filament
slows down and returns to equilibrium. The tension 7 is

calculated by
X
T:k‘y(‘— —1), @)
as

as suggested by the previous study [55], where k; is the
stretching coefficient, set to a very high value [k, ~ 0(10%)],
significantly larger than y [y ~ O(1077)] to ensure that the
filament remains inextensible under applied forces. This ap-
proach effectively prevents any stretching of the filament,
allowing it to maintain its length.

The boundary conditions are applied as follows [56]: at the
free end,

T =0, 3
32X . ©)
9sz
X
— =0, 10
953 (10)

and at the fixed or clamped end,
0X -1
R . 11
as [ 0 :| (an

The finite difference method is employed to conduct the
simulation. Equation (5) is discretized using a second-order
central difference scheme for both spatial and temporal vari-
ables. At the tip of the filament, a backward difference scheme
is applied, while a forward difference scheme is utilized at
the fixed tail. The initial perturbation is given by the impact
force obtained from experiments. The duration of this pertur-
bation is determined from the initial moment #y = 0, when the
droplet first contacts the tip of the filament, to the moment 1,
when the velocity of the droplet decreases to 0. During this
interval, the droplet transfers its momentum to the filament,
causing it to bend. This duration captures the entire interaction
between the droplet and the filament, including the initial
impact, the subsequent deceleration of the droplet, and the
resulting deformation of the filament.

II1. RESULTS AND DISCUSSION
A. Mode shapes

The temporal dynamics of droplets impacting the filament
are shown in Fig. 3 for some representative cases. The selected
time instants are chosen to clearly exhibit the morphology
of the filament following droplet impact. Droplets with the
same diameter d,, = 0.386 cm, falling from a fixed height of
H = 15cm, and impacting filaments with lengths L = 7, 8§,
and 9 cm in Figs. 3(a), 3(c) and 3(d), respectively, initially
adhere to the filament’s tip upon contact. Depending on the
filament length, the droplet may either remain on the filament
[see Fig. 3(a)] or detach from it [see Figs. 3(c) and 3(d)].
For a filament length of L = 8 cm [see Fig. 3(c)], the droplet
slides along the tip of the filament over a short distance
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FIG. 3. Temporal dynamics of a droplet impacting a filament: (a) d, = 0.386cm, H = 15cm, and L = 7cm; (b) d, = 0.350cm, H =
43cm,and L = 8cm; (¢)d, = 0.386cm, H = 15,and L = 8 cm; and (d) d, = 0.386 cm, H = 15, and L = 9 cm. The gradient colors represent
droplets at different times ¢ in seconds, which are also marked around the filament tips. Solid lines represent experimental results for bending
filaments, while dashed lines depict simulation results. Snapshots for the raw experimental images, corresponding to different instants of (e)
t = 0.35s in case (a), (f) £ = 0.965s in case (b), (g) r = 0.92s in case (c), and (h) r = 0.83 s in case (d). Supplemental Movies S1 to S4 in

Ref. [54] correspond to the experimental observations.

before reaching the maximum bending state. In contrast, for
a filament length of L = 9cm [see Fig. 3(d)], the droplet
remains relatively stationary on the surface with minimal
movement. When the filament reaches its maximum bending
extent [see Fig. 3(c) atr = 0.79 s and Fig. 3(d) atr = 0.55],
it reverses its bending direction. During this reversal, a liq-
uid bridge forms between the droplet crest and the filament
[see Fig. 3(d) at r+ = 0.83s]. Subsequently, the liquid film
ruptures as the filament moves further, leading to droplet
detachment.

An interesting observation is the recapture event shown
in Fig. 3(b), where the droplet initially detaches from the
filament [see Fig. 3(b) at# = 0.96s] and then falls back onto it
and is recaptured [see Fig. 3(b) at + = 1s]. This phenomenon
occurs in cases with small droplet diameters near the critical
falling height, such as d, = 0.350cm and H =43 cm, as il-
lustrated in the phase-space diagram in Fig. 5. It is noteworthy
that the filament deformations obtained from time-dependent
numerical simulations, represented by dashed lines in Fig. 3,
closely match the experimental observations.

The theoretical solutions for the tip displacement over
time are illustrated in Fig. 4(a). In this analysis, we consider
cases with d, = 0.316 cm and H = 31 cm, while varying the
lengths of the filaments. All filaments exhibit linear deforma-
tion. Notably, as the filament length L increases, the maximum
tip displacement also increases, and it takes longer to reach
that position. This behavior is intuitive, as a longer filament

implies lower stiffness, resulting in comparatively larger de-
formation under the same impact force.

For further analysis, we introduce the bending angle, de-
noted as 6, which measures the angle between the filament’s
initial straight state and the position where the tip reaches its
maximum deflection. A critical value of 6,. = 65° is iden-
tified experimentally and plotted as a green dashed line in
Fig. 4(b), distinguishing between two distinct bending modes.
For bending angles less than this critical value, we observe
the first bending mode, depicted in Fig. 3(c). In this mode,
the filament exhibits single curvature throughout the bending
process. However, for 6, greater than 6., we observe the
second bending mode, demonstrated in Fig. 3(d), where the
filament displays double curvature upon bending beyond 6.,
or when the tip reaches below the crest of the filament.

For filaments with L = 7, 8, and 9 cm, the influence of
the falling height H of the impacting droplet is conspicu-
ous, with the bending angle becoming larger as H increases.
The dependence on the monotonic increase of the falling
height reflects that the inertia of the droplet greatly affects
the bending angle within this range of filament lengths. For
L = 9 cm, a notable transition occurs in the bending mode: at
a critical falling height of H = 15 cm, the filament shifts from
the first bending mode to the second bending mode. During
the first bending mode regime, there is a pronounced increase
in the bending angle with increasing H. Beyond this point,
the effect of H diminishes but still exists, indicating that the
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FIG. 4. (a) Tip displacement over time for different filament
lengths L, with symbols representing experimental data and solid
lines representing theoretical results obtained from Eq. (1). The
diameter of the droplet is d, = 0.316 cm, and the falling height is
H = 31cm. (b) Bending angles of filaments with lengths of L =7,
8,9, and 10 cm, impacted by the droplet of d, = 0.386cm for
the height of H = 7—47 cm. The dashed line represents the critical
bending angle that equals 65°.

effect of inertia plays a more significant role within the first
bending mode range and gradually decreases in the second
bending mode range. Similarly, for filaments with L = 10 cm,
variations in the falling height have minimal impact on the
bending angle since the filaments exhibit only the second
bending mode throughout this range of H. This observation
underscores that the influence of inertia is more pronounced
in the first bending mode and lessens as the filament transfers
to the second bending mode. The main reason is that in the
second bending mode regime, the filaments are more likely to
buckle under static loads rather than dynamic loads. This has
been further validated through subsequent energy analysis.

B. Detachment on H-d, parameter space

The motion of the droplet is governed by various forces
acting upon it. It is primarily driven downwards by the

gravitational force F,, and it encounters resistance from
multiple sources, including form drag force F;, viscous
force F,, and capillary force F;. We define the Weber
number as We = ,o,,Vzd,,/U. In our experimental setup,
we identify Weber numbers ranging from 72 to 626. This
broad range suggests that the influence of capillary force is
minimal, allowing us to disregard it in our analysis [36]. This
simplification enables a clearer focus on the dominant forces
shaping the behavior of the droplet.

We apply a momentum-conservation model to delineate
attached and detached regimes in the H-d,, parametric space.
Upon impact, the impulse causes momentum transfer, ex-
pressed as

MAV = (—F; — F, + F,)At, (12)

where AV =V, —V represents the change in falling speed
after detachment. It is important to note that the range of
momentum changes considered in this analysis spans from
the instant 7y = 0, when the droplet contacts the filament to
t1, when the velocity of the droplet reaches 0. This period en-
compasses the initial impact and the subsequent deceleration
phase, capturing the primary interaction between the droplet
and the filament. Any post-impact motion of the droplet, such
as sliding along the filament, falls outside the scope of this
analysis. The exclusion of the post-impact behavior of the
droplet focuses the analysis on the immediate effects of the
impact, ensuring a clear understanding of the initial momen-
tum transfer and its influence on the bending dynamics of the
filament. Therefore, V signifies the impact speed (V >~ /2gH
[43]) just before contact, and V; represents the moment when
the droplet stops moving and is set as O [41]. The duration
At is equal to the detachment time #; observed from the
experiments.

The forces can be expressed explicitly as follows: the
form drag force Fy ~ (1/2),0,,V2d,,df [45]; the viscous
force F, ~ (1/2)mrpudsV . /As/ds, where A, =./0/(ppg)
represents the capillary length [57]; and the gravitational
force F, ~ Mg, with g=9.8 m?/s. Substituting the above
expressions into Eq. (12), we obtain a critical falling height
H,| that determines the detachment of the droplet:

2
M- \/MZ —2012(F, — Fy)
H., = , (13)
V28ppdpdyta

This formula defines the transition between attached and
detached droplets, as a function of the different parameters, in-
cluding d,,, as illustrated by the dashed line in Fig. 5. The tran-
sition boundary, obtained using the momentum-conservation
model, closely aligns with the experimental data. For a given
filament length, there exists a threshold impact speed varying
with the droplet size, or equivalently the critical falling height,
which decreases nonlinearly with the growth of droplet size.
Smaller droplets require a significantly higher falling height to
impart sufficient kinetic energy for detachment, while larger
droplets have a comparatively lower critical height.
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FIG. 5. Detaching regime in the parameter space of the falling
height H and the droplet diameter d,, at a fixed filament length
of L = 8cm. The symbols represent experimental data, with the
red solid diamonds denoting detachment cases and the hollow blue
circles denoting adhering droplets. The transition between the two as
predicted by Eq. (13) is indicated by the dashed line.

C. Detachment on H-L parameter space

Exploring how the kinetic energy of a falling droplet trans-
forms into the elastic energy of the filament provides valuable
insights into the detachment phenomenon. To investigate this
relationship, we keep the droplet diameter constant and ana-
lyze the results in the H-L parameter space.

For a deformed filament, its elastic bending energy can be
calculated for large deformations as [58]

1 L y// 2
E. = —EI — | dx, 14
"2 /o[<1+y’2>3/2] * (9

where y is determined from experimental snapshots, and x
denotes the filament axis. At any given time, the bending
energy can be calculated using Eq. (14), with the maximum
bending energy Ej m.x occurring at the maximum bending
state [see Fig. 3(c) atr = 0.79s, and 3(d) att = 0.555].

We choose a specific droplet with a diameter of d, =
0.386.cm to examine how much kinetic energy can be con-
verted into elastic energy of the filament after impact. We
draw a contour map of the maximum bending energy Ej max
in the H-L parameter space using experimental data, as shown
in Fig. 6. As expected, the maximum bending energy gets
higher as we increase either the filament length or the droplet
falling height. In Fig. 6, the green dots represent the boundary
between the adhered and detached regimes, obtained from
our experimental observation. To rationalize this transition
boundary, we attempt to develop a theoretical framework. The
kinetic energy of the droplet as it reaches the filament tip
is denoted as E; = (1/2)MV? or ~MgH by neglecting the
air resistance as the droplet falls. We assume that the impact
force takes the form of inertia F; ~ (1/2),0,,V2d,,df, which is
reasonable since the Reynolds number (Re = p,Vd,/u) is in
the range of 5.2—17.3, suggesting that inertial force dominates
over viscous force. The bending force can be approximated as

-5
Eb,max x 10
3

4

8.0 8.5
L(cm)

FIG. 6. Contours depicting the maximum bending energy Ej max
in the H-L parameter space for a fixed droplet diameter of d, =
0.386 cm. The contours are plotted on a mesh with intervals AH =
4 cm and AL = 0.5 cm. The red dashed line, determined by Eq. (18),
delineates the boundary between detached (upper right) and attached
(lower left) regions. Experimental data points (green dots) are in-
cluded, with filament length intervals of AL = 0.1 cm. The blue
dash-dotted line, derived from experiments, indicates the transition
between the first and second bending modes.

Fzs ~ EI /L2. Therefore, the force ratio can be expressed as a
Cauchy number:

_ ppV>dydsL?
B 2EI

where the coefficient $ is a constant depending on the proper-
ties of the droplet and filament,

Pp&dpdy

P=""gr

For each filament length, we experimentally identify a crit-

ical velocity of impact, or a critical falling height (represented

by the green dots in Fig. 6), through which we can define a

critical Cauchy number Ca.. The energy conversion rate is de-

fined as 7| = Ejp max/Ex, which is obtained from experimental

data. Surprisingly, we find that the relationship between r; and

Ca;1 can be linearly fitted, with a slope of 0.9, as shown in
Fig. 7(a), so that we can write

Ca = BHL?, (15)

(16)

0.97Ca-! = 0% (17)
ry = u. = .

: ¢ ﬂ H02L2

Consequently, the critical falling height H,, can be expressed
as a function of the filament length L,

_ 097 1

o B LY
This critical boundary is shown in Fig. 6 by a red dashed line,
separating the detached and attached scenarios. Cases to the

left of this line remain attached, while those to the right result
in detachment. It can be seen that the boundary fits well with

(18)

c2
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FIG. 7. (a) Variation of the kinetic energy conversion rate r; =
Ep, max/Er and the total energy conversion rate 1, = Ej max/Eior With
coefficient Ca_'. The dots represent experimental data, and the
dashed line is the linear fitting. (b) Contours of 7, on the H-L param-
eter space for a droplet diameter d,, = 0.386 cm, with a dashed-line
marking the maximum Ca' in panel (a), which is 0.53.

the experimental data (green dots). The blue dash-dotted line,
derived from experimental observations, separates the two
bending modes: to the left is the first bending mode, as noticed
in Fig. 3(c), and to the right is the second bending mode,
as seen in Fig. 3(d). It becomes evident that, if the filament
undergoes the second bending mode, then the detachment of
the droplet is bound to occur. However, the droplet is not
guaranteed to stay attached if the filament undergoes the first
bending mode. Theoretically, for a filament exhibiting the first
bending mode, the length L and the maximum bending energy
Eb max are comparatively small, causing the critical impact
height to be large according to Eq. (18). In other words, the
threshold for the droplet to detach is lower than that for the
filament to reach the second bending mode but higher than that
for it to reach the first bending mode. Therefore, the bending
mode cannot be treated as the sole criterion for the droplet
detachment. The convincing proof is Eq. (18), which accounts
for the interplay between filament length, bending energy, and

impact height, providing a more comprehensive understand-
ing of the conditions leading to droplet detachment.

It is worthy further discussing the energy conversion. As
shown in Fig. 7(a), the maximum value of r| is obtained at
Ca_!' = 0.53, corresponding to the bottom right green dot at
L = 8.7cm, in Fig. 6. Beyond this critical value of Ca_', r|
keeps increasing. Note that in this case the additional poten-
tial energy associated with the descent of the droplet along
the filament cannot be ignored. We therefore also plot the
ratio 7, = Ej max/Eior between the maximum bending energy
and the sum of the impacting kinetic energy and the gravity
potential energy after this impact, or equivalently the total
potential energy from the release point to the maximum bend-
ing position, as seen in Fig. 7(b). The data show that r, stops
rising as we further increase Ca_'. It is important to note that
in the lower-right corner in the H-L parameter space, where
the droplet contacts the filament at a low speed, the filament
buckles more akin to a static load being imposed on the tip of
the filament. This differs from the “dynamic impact” scenario
we are currently addressing. In the dynamic buckling regime,
i.e., the left part of Fig. 7(b), the filament’s dynamic buckling
and the subsequent mode-coarsening process during the post-
buckling stage dissipate mechanical energy more effectively,
resulting in lower-energy conversion rates.

IV. CONCLUSION

In summary, we study the detachment of droplets from
vertically oriented elastic filaments, exploring the influence
of three key control parameters: the length of the filament, L;
the falling height of the droplet, H; and the diameter of the
droplet, d,,. The falling height and the droplet size determine
the magnitude of the impact force during contact.

Experimental observations reveal two distinct bending
modes, distinguished by a critical bending angle 6,.. The
first bending mode, associated with smaller deformations,
is analyzed using the Euler-Bernoulli beam equation, which
accurately models the linear elastic behavior of the filament.
The second bending mode, associated with nonlinear large
deformations, has been analyzed using time-dependent
numerical simulations to capture the complex dynamics
involved. Both theoretical and numerical approaches corrob-
orate the experimental findings, providing a comprehensive
understanding of the filament’s response to droplet impact.

Two regimes are established in the H-d,, and H-L param-
eter spaces to differentiate between attached and detached
droplets. Momentum-conservation and energy conversion
models are employed to determine critical falling heights
in each regime, showing good agreement with experimental
data. Furthermore, a dimensionless Cauchy number, derived
from the ratio of inertial force to bending force, correlates lin-
early with the ratio of the maximum bending energy to the ki-
netic energy of the droplet, setting the transition boundary be-
tween inertia- and gravity-dominated detachment situations.

This investigation enhances our fundamental understand-
ing of the factors influencing the detaching behavior of a
droplet upon impacting a flexible filament. The framework
derived from this study holds potential applicability in various
biological systems, and the energy conversion rate pro-
vides in-depth insights for the development of droplet-based
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electricity generators. Future research endeavors could ex-
plore the internal fluid dynamics within the droplet and delve
into the mechanisms governing film rupture and coalescence
on the filament.
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