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Inspired by manifestations in nature, microengineering and nano-
engineering of synthetic materials to achieve superhydrophobicity
has been the focus of much work. Generally, hydrophobicity is
enhanced through the combined effects of surface texturing and
chemistry; being durable, rigid materials are the norm. However,
many natural and technical surfaces are flexible, and the resulting
effect on hydrophobicity has been largely ignored. Here, we show
that the rational tuning of flexibility can work synergistically with
the surface microtexture or nanotexture to enhance liquid re-
pellency performance, characterized by impalement and breakup
resistance, contact time reduction, and restitution coefficient
increase. Reduction in substrate areal density and stiffness imparts
immediate acceleration and intrinsic responsiveness to impacting
droplets (~350 x g), mitigating the collision and lowering the im-
palement probability by ~60% without the need for active actua-
tion. Furthermore, we exemplify the above discoveries with
materials ranging from man-made (thin steel or polymer sheets)
to nature-made (butterfly wings).

droplet impact | superhydrophobicity | flexible | wetting transition |
biomimicry

Hydrophobic surfaces have gained much attention in recent
years (1) for their unique attributes, such as self-cleaning
behavior (2), extreme repellency to liquids (3, 4), and resistance
to surface icing (5). For practical applications, repellency to
impacting liquid droplets is of great importance, and numerous
studies have investigated the physics of droplet impact on rigid
surfaces and the diverse outcome of such events for a broad
range of liquid properties and impact conditions [liquid viscosity
(6, 7), surface tension (3), environmental pressure (8, 9), etc.].
Additionally, extensive work has been done on the role surface
morphology plays in determining the outcome of such events—
with the goal being full rebound of an impacting droplet from the
surface (10-17). In these studies, the emphasis was on texturing
rigid materials to impart enhanced properties. On the other
hand, there is a broad palette of surfaces in nature and tech-
nology that is characterized by some degree of flexibility [leaves
(18), construction materials, textiles (19), etc.]. Studies have
been reported with respect to dynamic wetting on hydrophilic,
flexible materials (20-23); however, little work has addressed the
interweaving effects of wetting behavior and material flexibility.
In addition, the work that has been reported (24) did not focus
on the role of surface compliance or flexibility in influencing the
physics of the droplet collision process.

Here, we investigate the effect of substrate flexibility on super-
hydrophobicity through the outcome of droplet impact events with
respect to impalement resistance, droplet—substrate contact time,
maximum droplet deformation, and restitution coefficient. We
demonstrate, through appropriate modeling and experiments, that,
by rational tuning of the substrate stiffness and areal density, flexi-
bility can actually work collaboratively with superhydrophobicity to
significantly extend the range of performance in terms of droplet
impalement resistance, breakup inhibition, contact time reduction,
and restitution coefficient enhancement. Moreover, we show the
manifestation of extended water repellency due to substrate flexibility
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in natural surfaces, specifically on butterfly wings. In general, this
work shows and explains the important role that the (routinely)
overlooked effect of substrate flexibility can play in setting the dy-
namic wetting behavior of superhydrophobic surfaces with practical
consequences for diverse applications.

Results

Impalement Resistance. As a flexible hydrophobic substrate, we
used a low-density polyethylene (LDPE) film treated with a hy-
drophobic nanocomposite (nCl) coating. The selected coating
exhibits low-impalement resistance, facilitating a clear compari-
son between the rigid and the flexible cases without introducing
complications arising from high droplet impact velocities (e.g.,
splash). [For complete information regarding the coatings (nC1
and nC2), see Wettability Characterization, Fig. S1, Table S1, and
Coating Preparation.] To assess the role of substrate compliance
(1/k) on the dynamic wetting behavior of the surfaces, we sec-
tioned films into 30 mm X 10 mm pieces, clamped them at both
ends along their long side without introducing any pretension, and
impacted water droplets of diameter Dy = 2.35 mm on them. The
droplet impact velocity (Up; direction normal to the surface) and
Weber number, We =pUZD, /o, were kept constant during the
experiments (We = 50), where p is the density and ¢ is the surface
tension of the liquid droplet.

For a better comparison between the rigid and flexible substrates,
we used a paired experimental design; the same surfaces and impact
locations were used for both cases. To attain substrate rigidity we
used a glass backing under the sample. Image sequences of a droplet
impacting on an LDPE film for both the flexible (suspended) and
rigid (backed) cases are shown in Fig. 14 (see also Movie S1), as a

function of the inertial capillary time, t=x/4,/pDj}/c; = is the
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Fig. 1. Comparison of impalement resistance between rigid and flexible/
high areal density substrates. (A) Image sequence showing a droplet (Do =
2.35 mm, We = 50) impacting on rigid (Upper) and flexible (Lower) super-
hydrophobic surfaces (nC1 coating). (Scale bar, 1 mm.) (B) Probability of
impalement (®, hatched) and full rebound (1 — @, filled) for droplet impacts
on the rigid and flexible substrates (left, Dy = 2.35 mm, We = 50, n= 24) and
flexible substrates with low and high areal density (right, Do = 2.35 mm,
We = 69, n= 24). (C) Relative diameter of impalement zone (Djmp /Do) in the
case where impalement did occur during the droplet impact event. Data
correspond to the impalement events depicted on B. Box spans from the first
to third quartile with Tukey style whiskers, and bold lines indicate pop-
ulation medians. Sample size (n) is indicated above each box. Significant
differences are indicated by asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).

natural oscillation period of a vibrating droplet (25). For the flexible
substrate, when the droplet rebounds, no impalement into the tex-
ture is detected, whereas, in the rigid case, partial rebound left a
pinned droplet on the surface. This signifies the displacement of the
air layer out of the surface asperities by the penetrating liquid me-
niscus, the so-called Cassie—Baxter to Wenzel wetting transition
(16), resulting in loss of droplet mobility. Two quantities were
measured from the videos and are shown on the left side of Fig. 1 B
and C, respectively: the presence of remaining liquid adhering to the
surface (probability of observing the Cassie—Baxter to Wenzel
wetting transition, ®@; see Impalement Probability Measurement) and
the impalement parameter, Djy,/Do, where D;,, is the impaled
droplet—substrate diameter. To elucidate the postimpalement dy-
namics, Fig. 1C reports Dy, /Dy only for cases where impalement
did occur (Dj,p /Do > 0). Overall, for the flexible substrate, com-
pared with the rigid case, a 58% reduction in @ is estimated, and,
when droplet impalement does occur, Diy,/Dy is significantly
reduced. Both these results support a marked effect of substrate
flexibility on enhancing impalement resistance.

Although flexibility has a positive effect on superhydrophobicity,
we hypothesized that the substrate mass per unit area (areal den-
sity, p,) should also play a critical role in the process. We repeated
the above experiments with high and low p,, flexible substrates
keeping all other parameters constant (e.g., Dp= 2.35 mm, We =
69). For the low-p, case, we used the same coated LDPE film as
before; to increase p, for such a surface, ceteris paribus, we simply
placed a liquid droplet—~10 times larger mass than the impacting
droplet—on the uncoated, wetting backside of the LDPE film.
Both ® and D, are plotted on the right side of Fig. 1 B and C.
Similarly, we observed a decrease in both ® (~40% reduction) and
Dy /Dy (~34% reduction) for the low-p, substrates in com-
parison with the high-p, ones. The behavior of the latter tends
toward that of the rigid superhydrophobic surface.

We conjecture that the mechanism behind the improved wa-
ter repellency in the high 1/k and low p, case is related to the

13308 | www.pnas.org/cgi/doi/10.1073/pnas.1611631113

relative movement between the surface and the droplet in the
early stages of impact that are critical to the impalement process
(14). This effect can be quantified by measuring the substrate
velocity, U;. We impacted droplets with Dy = 2.35 mm and We =
50, and we measured Uj using a laser vibrometer. Moreover, we
recorded video sequences in sync with U acquisition. Adding a
droplet to the backside of the film would hinder the vibrometer
reading; therefore, we used a steel substrate of thickness 4, =
10 pm. We formed a beam with width W, = 8 mm and length
L, = 62.5 mm, and we treated it with the same hydrophobic coating
(nC1). We fixed it on one end and simply supported it at a distance of
L= 30 mm (Fig. S2B). During our experiments, for droplet impact
events on the metal beam, we found ® ~ 1; for the LDPE film,
@ ~0.33, which matches the result reported earlier (Fig. 1B).

Fig. 24 shows a plot of the normalized substrate velocity
Ui /Uy vs. time, ¢, where t= 0 signifies the moment of droplet—
substrate contact (see also Movie S2). For the LDPE film, Uy is
always higher than the steel beam at this initial impact stage. The
time needed for the LDPE film to go from 10% to 90% of its
plateau value is approximately one-third of the one for the steel
beam. The LDPE film accelerates faster and reaches U;/Up~
0.12 just before impact, reducing the apparent impact velocity.
Specifically, we detected motion of the substrates even before
contact with the droplet, likely due to the compression of the air
layer above the surface. Such compressed air layers have been
demonstrated for droplet impact on rigid surfaces (26, 27).
Therefore, we assume that, just before contact, action—reaction
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Fig. 2. Substrate velocity and acceleration during impact. (A) Normalized
substrate velocity profile (Us/Up) versus time as recorded by the laser vibrometer
at the early stages of the impact event (Do = 2.35 mm, We = 50) for the LDPE
film (blue) and steel beam (red). Time zero is set to the instance of contact. Both
surfaces are treated with coating nC1. (Insets) Snapshots for three time in-
stances, just before contact, at t= 0, and at t= 112 ps. (Scale bar, 1 mm.) (B)
Mean substrate acceleration (y,, box plot corresponding to the left axis) just
before the moment of impact and probability of total rebound (1 — @, bar plot
corresponding to right axis) versus substrate areal density (p,), for the same
impact conditions as in A. Box spans from the first to third quartile with Tukey
style whiskers, bold lines indicate population medians, and square markers
denote the population means. Sample size (n) is 5 repetitions per substrate for
estimating y, and 24 repetitions per substrate for estimating 1 —®.
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Fig. 3. Droplet spreading on flexible substrates.
(A) Image sequences of droplet (Do = 2.91 mm) impact-
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ing on flexible and rigid hydrophobic substrates
(steel beam treated with nC2). The maximum
spreading diameter is indicated on the images as
Dpmax- (Scale bar, 1 mm.) (B) Spreading parameter
(Dmax /Do) for different values of We. Lines indicate
the predicted values for Dpax /Do using three theoreti-
cal models for their validity range: Clanet et al. (6)
Py (dashed line), Laan et al. (28) (dash-dotted line), and
d Mao et al. (40) (dotted line). P. of the impacts is in-
dicated by the second horizontal axis. (C) Dmax/Do
plotted vs. We, for the rigid (circle) and flexible cases
for two droplet sizes (triangle, Do = 2.91 mm; square,
Do =2.32 mm). Sample size (n) for B and C is five rep-
etitions per point. Error bars represent +99% confi-
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forces, which are mediated by the intervening air layer, are
exerted between the substrate and the droplet. From this, p,
should be inversely proportional to the substrate downward ac-
celeration (y,) and therefore proportional to ®.

We estimated the mean y, just before contact for three substrates
with varying p,. This was achieved by using different materials,
namely, butterfly wings (~1 mg-cm™), LDPE (~3 mgcm™), and
stainless steel (~10 mg-cm™2). The results are shown in Fig. 2B
alongside with the probability of rebound, 1 —®; we used 1—®
instead of @ to facilitate inspection. Indeed, we discovered that
vsx1/p, and y, x 1 — ®@; the surface with the smallest p, demon-
strated 1 — ® =1, whereas the highest value of p, led to 1 — ® ~0.
To further elucidate the mechanism responsible for accelerating the
substrate, we estimated the pressure exerted on the substrate at
t= 0 as p,=p,7,- We scaled p, with the Laplace pressure of the
droplet, p, =4 /Dy, and it yielded a range of values of p,/p,
from 0.33 to 0.79 with increasing p, from left to right. We see
that the overpressure in the intervening air layer is of the same
scale as p,. In this region, one would expect minimal deforma-
tion of the droplet-free surface and efficient energy conversion
from droplet kinetic energy to substrate kinetic and strain
energy. Physically, this makes sense due to the low areal density
(p4 <<pDy) and low stiffness (k) of the substrate compared with
the droplet (e.g., droplet with Dy~2.5 mm impacting on an
LDPE film). Regarding k, for a given applied force, comparable
substrate and droplet deformation is expected when k=~ 6. The
estimated values for the steel beam and LDPE film were found
to be ~0.5 N-m™" and ~0.042 N-m~", respectively (see LDPE
Film Modeling, Beam Modeling, and Fig. S3), supporting that
k ~ o for improved impalement resistance. Finally, to achieve a
high value of y,, one should also consider the damping ratio of
the substrate, {= x f; c/k, with the goal being to minimize it,
where f; is the natural frequency of oscillation of the substrate
and c is the damping coefficient. It has been shown that the main
contribution to ¢ comes from air (24), indicating that the effects
associated with the substrate are at a minimal state. Stated
succinctly, to maximize 1—®, one should maximize y,, which
can be achieved by satisfying the following conditions:
p4 <<pDy, k~o, and {~0.

Spreading Parameter. We quantified the effect of k on the droplet
spreading parameter, defined as the ratio of the maximum and
initial droplet diameters (D;,. /Do), using a steel beam treated
with the hydrophobic coating nC2. The coating nC2 exhibits high
impalement resistance, allowing one to study the effect of sub-
strate flexibility on droplet impact dynamics (e.g., spreading
parameter) for a wide-range of We. The dimensions of the beam
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were hp =10 pm, W, =8 mm, L, = 62.5 mm, and L; =30 mm. We
characterized the beam using its natural frequency of
oscillation, fp, the flexural rigidity, k», and its effective mass,
my =ky/(2xfy)* (see Beam Modeling). This configuration resulted
in a beam with f,= 36 Hz and m;,= 9.5 mg. We impacted
droplets with a fixed diameter (Dy = 2.91 mm). To vary We, we
changed the release height of the droplet. Fig. 34 shows an
image sequence of impacts onto a rigid and flexible substrate;
substantial reduction in D,,,, /Dy was observed for the latter case
(see also Movie S3). Although D,,,. was achieved in both cases at
the same time instance after droplet—substrate contact, the
downward movement of the flexible substrate decreases the
relative impact velocity—reducing the crashing force—resulting
in a smaller D, /Dy. Fig. 3B presents a plot of D, /Dy versus
We. For the rigid case, our results are in good agreement with
three theoretical models for their validity range (see Model for
Maximum Spreading). In Fig. 3B, we show the impact number
(28) P, =We Re~"* in a second axis, where Re =pDoUp/u is the
Reynolds number and p is the dynamic viscosity of the fluid.
Note that, for a given Dy, the relation between We and
P, =We'8,%4 /(6pDy)"? is one to one (surjective).

For the flexible case, the reduction in D, /Dy is evident for
the whole range of We, and it resembles a shift toward the right
(higher We). We postulate that the droplet perceives the down-
ward movement of the flexible substrate as a reduction in the
apparent We. This reduction in We can be quantified by calculating
the mean acceleration experienced by the droplet during spread-
ing, 7,4, as has been demonstrated previously by Clanet et al. (6) for
a rigid surface. Following the same analysis, we calculated y, ex-
perienced by the droplet in the reference frame moving with the
surface. For f, < 1/7, the substrate velocity just after impact, Uy,
scales as the one for a perfectly inelastic collision (23, 24),
Uso ~ Uymy [ (mp, +my), where my is the mass of the droplet. The
droplet experiences a deceleration from Uy —Uy to 0; when
D0 /Dy is achieved, the droplet is immobile with respect to the
substrate. The spreading takes place in the crashing time, which is
of the order of Dy /Uy (6), independent of the presence of com-
pliance or not, resulting in y, ~ U3 /Do[1 —my/ (mq +my)]. For the
spreading dynamics, the droplet impact can be described by a
modified We number, defined as

We,, = We (1 -%). ]

mg+my

We see from Eq. 1 that, for substrates with mj, >>m,, the dif-
ference between We and We,, diminishes, and it is eliminated in
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the rigid case. By using We,, to plot D,,./D, all data collapse
onto a single curve as shown in Fig. 3C. For the sake of com-
pleteness, in Fig. 3C, we report results for a smaller droplet size
(Do = 2.35 mm) using the same flexible surface.

Collision Outcome. Using steel beams, we varied f;, by changing 4,
and Lp, and we measured the collision outcome, namely the
remaining droplet kinetic energy after recoil, Ex;. During the
experiments, we set Dy = 2.23 mm and We = 78.8, and we kept
them constant throughout, resulting in f;=1/r= 106 Hz. Three
beams were used with f, equal to 0.27, 1.17, and 2.85 times f;. We
set my, 3 to 6 times higher than my, so as to keep the effect on
frequency shift due to the additional droplet mass minimum. We
treated the beams with a hydrophobic coating nC2, and we fixed
them on one side and simply supported the other, with no
overhanging segment. The beam dimensions and characteristics
are reported in Table 1.

We estimated Ej; by tracking its centroid. The elastic strain
energy stored in the beam, E,;, was calculated by measuring its
maximum deflection at the point of impact, &4, and substituting
into Ee,~0.5kb5,2m— 1.282mpgdmax, where the second term ac-
counts for the potential energy due to sagging; g is the gravita-
tional acceleration, and the coefficient corrects for the mass
being distributed over the beam (see Beam Modeling). Moreover,
we calculated the total amount of energy available to the droplet,
E,, as the kinetic energy just before impact plus the excess
gravitational energy from the impact point to the point of max-
imum deflection, E,,, ~ O.SmdUg + Myg8max. Fig. 4 shows a plot of
Ey and E,; normalized by E, vs. f,. Depending on the relation
between f;, and f;, and m; and my, the substrate movement can
act synergistically, passively, or destructively on Ey; (see Table 1
for f, and m;); E, may return to the droplet or be dissipated by
the beam oscillation. For beams with f}, < f;, droplet recoil occurs
during the downward motion of beam, decreasing E;. Alterna-
tively, if f, ~ fy, the droplet recoils at the point of maximum
velocity, recuperating E,; (see Movie S4). For beams with f;, > fy,
the dynamics resemble the rigid substrate case. Representative
trajectories of the droplet centroid and beam impact point are
shown in Fig. S4.

Interestingly, when f;, ~ fy, Ej1 is maximized and the repellency
of the surface is enhanced, as more energy is available to the
droplet for rebounding and recovering from possible partial
impalement into the surface texture. Furthermore, for the same
synchronized case, we observed a slight decrease in contact time,
t.. This reduction in ¢, was found to be more pronounced for
LDPE films under tension. By increasing the film strain, we
detected jump of the droplets in a so-called “pancake” bouncing
(11) (Fig. S5).

Butterfly Wing. An example from nature for the manifestation of
enhanced hydrophobicity through high-1/k, low-p, substrates
was found in butterfly wings (Lepidoptera). We impacted water
droplets onto the wings of three butterflies of different species
(Colias hyale, Callithea sapphire, and Inachis io). See Butterfly
Wing for their wetting properties.

The water droplet impact behavior on such wings, along with
their surface micrographs, is shown in Fig. 5 4 and B and Fig. Sé6.
We supported the insect samples by a pin passing through their
thorax, allowing their wings to deform freely under load. By

Table 1. Beam dimensions for collision outcome experiment
Beam Ly, mm Wp, mm hp, pm fp, Hz kp, N/m mp, Mg
1 50 10 20 29 1.0 33.7
2 24 10 20 124 9.8 16.2
3 19 10 30 297 66.9 19.2

13310 | www.pnas.org/cgi/doi/10.1073/pnas.1611631113
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Fig. 4. Outcome of a droplet impact event for different beam resonance
frequencies. Shown are residual kinetic energy of the droplet after rebound
(Ex1, green) and strain energy of the beam at maximum deflection (E, red)
normalized by the total available energy of the droplet before impact (Eot)
vs. fp. The impact parameters are the same for all experiments (Do =
2.23 mm, We = 78.8). Box spans from the first to third quartile with Tukey
style whiskers, and bold lines indicate population medians. Sample size (n) is
eight repetitions per case. Significant differences are indicated by asterisks
(black for Ey4, gray for Eg; *P < 0.05; **P < 0.01; ***P < 0.001).

adding a rigid glass support under the sample and filling the
intermediate gap with water, we were able to reduce the flexi-
bility of the wing and restrict its range of motion at will. For each
butterfly species, we impacted droplets with Dy =2.35 mm at
constant We, and we compared the effect of flexibility on the
impalement resistance (see Movie S5). Fig. 5C shows ® for the
rigid and flexible cases. In the flexible case, ® was 51 to 71% less
compared with the rigid case, depending on the specimen.

Discussion

We have demonstrated that the flexibility of the substrate—
controlled by p,, k, and {—can enhance the superhydrophobic
behavior of the surface. To enhance impalement resistance, the
design rules were found to be p, < <pDy, k~ 0, and {~0. Sat-
isfying these criteria facilitates the fast acceleration of the sub-
strate to an incoming droplet during the early stage of the impact
process. For minimizing droplet spreading and breakup, which
occurs during the later stage of droplet—substrate impact, the
above design rules also applied, with the added constraint that
fvo<fa. Separately, the criterion to maximize the kinetic energy of
the droplet as it rebounds from the surface (important for liquid
repellency) is then f, =1/7.

The mechanism behind this enhancement of hydrophobicity
(minimizing ®) through high-1/k, low-p, substrates is connected
to the momentum transfer during the droplet—substrate collision—
from the droplet to the surface—quantified by the relative im-
pact velocity. By measuring the U, on impact, we showed that
only substrates able to reach sufficient velocity at the initial
moments after the collision can impede the impalement process.
Because we detected motion even before contact, we speculate
that the pressure of the air layer under the droplet is able to
deform the substrate. Such intervening layers have been shown
to affect the splashing dynamics (17, 29) and promote the droplet
mobility in liquid films (30-32). Flexible films have been pro-
posed to positively affect the dynamics of the air layer—by either
reducing the maximum air pressure, reducing the relative impact
velocity, or extracting kinetic energy from the droplet—and
suppress splash (22). Due to the dual role that these intervening
layers play in both splashing (17, 29) and impalement dynamics
(14), one could expect flexible films to alter meniscus impregnation
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Impact on butterfly wings. (A) Image sequences of a droplet (Do = 2.35 mm, We = 389) impacting on a supported and an unsupported butterfly wing

of a specimen from the species C. hyale. Arrows indicate location of impalement. (Scale bar, 1 mm.) (B) Image of the butterfly and micrographs of the wings
used for the droplet impact experiment in A. (Scale bar, left to right, 10 mm, 50 pm, and 5 pm.) (C) @ for a droplet (Do = 2.35 mm) impacting on butterfly
wings of the three tested species in supported (rigid) and unsupported (flexible) cases: Butterfly 1, C. hyale, We = 389; Butterfly 2, C. sapphire, We = 568; and
Butterfly 3, I. io, We = 401. The sample size was n> 9. Significant differences are indicated by asterisks (**P < 0.01; ***P < 0.001).

behavior through a complex mechanism—based on compressibility
effects (14), water hammer (13, 33), etc.—rather than a simple
reduction of the dynamic pressure due to relative substrate motion
(see Dynamic Pressure). However, balancing p; with local capil-
larity can perhaps be used for an order of magnitude first es-
timate; this is an important aspect for future investigations.

Returning to splash suppression, because smaller droplets are
harder to remove from the surface than larger ones (16), sus-
taining the droplet integrity can be advantageous for liquid re-
pellency. For hydrophobic surfaces, splashing can also occur
during the retraction phase, a pure wetting phenomenon pro-
voked by the decrease in the dynamic contact angle, known as
receding splashing (34). Reducing D, /Dy for a given We restricts
the minimum lamella height and therefore the probability of
droplet separation during the receding phase. For substrates with
f» < fu, reduction in D, /Dy can be achieved. In such cases, the
downward movement of the flexible substrate should persist
across the entire spreading phase. If the &, is achieved before
Dyyax, Eo returns to the droplet and participates in the spreading
dynamics. This effect has been reported previously (21, 22),
where, although the flexible substrates were able to absorb a
considerable amount of Ey, no difference on the D, /Dy was
detected in comparison with the rigid case. Reduction in D, /Do
has, so far, only been reported on soft materials (35), and it is
attributed to viscoelastic breaking, namely dissipation of energy in
the contact line because of local deformation of the substrate, a
mechanism different from the one proposed by the present study.

Furthermore, by tuning f;, we can alter the droplet rebound
dynamics. We have demonstrated that Ej; can be maximized by
setting f, ~ f;/C, where C is an integer constant that, in this case,
was set to unity. In this case, the droplet recoils from the surface
while it is moving upward with its maximum velocity. The same
cooperative effect is anticipated when C>1 and m;, <myg; how-
ever, Ej; should be reduced with successive substrate oscillations
due to viscous losses and may therefore be undesirable. Addi-
tionally, for f; > fy, reduction in ¢, can be achieved as shown by
the LDPE films under strain (Fig. S5). The mechanism for this
“spring-boarding” effect has recently been explained (36).

On the other hand, if the goal is minimization of Ej;, we
showed that this can be achieved by setting f;, < f; and m;, >my.
The underlying mechanism is that the droplet recoils upward
while the surface is still moving downward; therefore, a consid-
erable amount of energy is removed from the droplet, resulting
in a reduced Ey; (see Movie S4). Additionally, when my, ~ my, the
droplet may not recoil from the surface after one droplet oscil-
lation, because the surface is no longer sufficiently rigid to
“break the symmetry.” Rather, the droplet continues to oscillate
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on the moving surface and recoils as the substrate is moving
upward—as shown by the steel beam case (see Movie S3). In this
instance, Ej; is minimized through prolonged droplet—substrate
contact (f.). Here, #.>7 and results in energy being dissipated
by both the droplet and the beam. In the end, by either of the
abovementioned mechanisms, what results is droplet “interception,”
an effect that has been observed for rain in the tree canopy (37).
Improved hydrophobicity, by making use of flexible surfaces,
does apparently also come into play in nature; we observed this
mechanism on butterflies. Our experiments show that flexibility
reduces the probability of droplet impalement. Even though
thermoregulated butterflies are rarely expected to fly during
rainfall due to low sunlight conditions—because they can only
reach the necessary body temperature for flight through solar
irradiation (38, 39)—if a raindrop hit them, this might have di-
sastrous effects on the filigree wing structure. Furthermore,
flexibility prevents the raindrop from penetrating into the wing
structure. In nature, a pinned raindrop on the butterfly wing
could hinder flight or even cause wing scale delamination.

Materials and Methods

Droplet Impact Experimental Setup. See Fig. S2 A and B for a description of
the droplet impact setup. For the experiments, we supported the surfaces by
either fixing (clamping) both ends or fixing one and simply supporting the
other. One of the supports was mounted on a linear stage, allowing us to
vary L;. For producing accurate droplet sizes, we used calibrated needles
with repeatability error less than 5%. The needle was mounted on a vertical
rail, which could be moved with a two-axis linear stage, to control the im-
pact point. For steel beams, we always performed the impact at a distance
Lr=(2—v2)Ls from the fixed support; this was the position for maximum
theoretical deformation. For the LDPE films, impact points were random but
near the middle area. A high-speed camera (Phantom V9.1; Vision Research)
recorded the events (5,000 s™' to 6,700 s™") in a backlit configuration.

Laser Doppler Vibrometry. We used a laser Doppler vibrometer (CLV-2534;
Polytec) to measure the substrate velocity (Fig. S2C). A high-speed camera
(FastCam SA1.1; Photron) recorded the impact event. Data acquisition of the
vibrometer signal was carried out by an analog-to-digital converter (data
acquisition; National Instruments) connected to a PC. Dedicated software
(PFV Ver.351; Photron) acquired both the impact image sequence and the
velocity measurement in sync.

Wettability Characterization. To assess the wettability of the coatings, we
measured the apparent advancing (9:) and receding (6F) water contact
angles by the stationary droplet method, whereby 5 pL to 10 L of liquid was
inflated (advancing) and deflated (receding) through a plastic, flat-tipped
needle (GELoader Tips; Eppendorf) using a syringe pump. We made contact
angle measurements with images captured with a detector (DCC1645C;
Thorlabs) affixed with a standard zoom lens (MVL7000; Thorlabs) in a
backlit-imaging configuration.
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The measured values for the hydrophobic coatings are nC1 coating 0 =152°+
3° and 0] =145° + 5° and nC2 coating (-)::161“ +4° and 0] =158° + 4°.

Butterfly Wing. The butterfly specimens were acquired from the entomo-
logical collection of Eidgendssische Technische Hochschule (ETH) Zurich,
where they have been conserved in a dry state. For surface characterization,
contact angles were measured on the butterfly wings, giving values of
6: =160°+6° and 0,* =155°+6° for C. hyale, 0; =153°+5° and 6,* =149°+6° for
C. sapphire, and 0, =168°+3° and 6, = 163°+3° for I. io.

Statistical Analysis. Statistical testing of the hypothesis that impalement re-
sistance is affected by the flexibility of the substrate (LDPE film) was performed by
the two-sided sign test. Statistical significance for the impalement resistance of
butterfly wings in association with flexibility was tested using the Fisher’s exact
test. For comparing the population means between two groups, we used the
two-sampled two-sided Student’s t test. For comparing the population means
among multiple groups, we used the one-way analysis of variance (ANOVA).
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Each group population that participated in either a Student’s t test or an ANOVA
was moreover tested for normality using the Anderson—Darling test. For com-
parison where we detected departures from normality (t. vs. LDPE strain), we
used nonparametric Kruskal-Wallis ANOVA. All statistical tests were performed
at a significance level of a = 0.05. All quantitative measurements reported are
expressed as average values +99% confidence intervals of the mean. The sample
size is reported either in the legend or on the plot area of the presented graphs.
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