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Drop impact on hairy surfaces
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We investigate the impact of liquid drops on millimeter-scale hairy surfaces. By varying
the speed of the drop, the spacing of the hairs, and the viscosity of the liquid, we observe
a variety of behaviors. In some cases, the liquid drop can remain on top of the hair after
impact, similar to a Cassie-Baxter superhydrophobic state. If the drop penetrates the hairy
surface, the hairs can resist droplet spreading. Using this scenario as a reference case,
we rationalize the role of the hairs in dissipating the kinetic energy of the impacting drop
through a balance of inertia, viscosity, and surface tension. The various observed behaviors
are classified according to scenarios in which kinetic energy is insufficient or in excess of
this reference scenario, an argument that allows us to build and rationalize a phase diagram.
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I. INTRODUCTION

It is well known that patterning a substrate with a microscale texture can make the surface super-
hydrophobic and lead to unusual drop impact dynamics, such as bouncing [1–3]. Such surfaces have
been observed in nature on Morpho butterfly wings [4] and lotus leaves [5] for the purpose of quickly
shedding water drops. Micropatterned surfaces also have been shown to be useful in a variety of
engineering applications, such as anti-icing [6,7], anticondensation [8], or self-cleaning [9].

The spreading of a drop on a microtextured superhydrophobic surface can be limited by either
capillarity or by viscosity [3,10]. In the capillary-limited regime, the maximal deformation of the
drop is Dmax ∼ D0We1/4, where D0 is the initial diameter of the drop and the Weber number,
characterizing the relative size of inertial and capillary effects, is defined as We = ρV 2D0/γ ,
where ρ is the density, V is the velocity of the impact, and γ is the surface tension [3]. In the
viscosity-limited regime, the maximal deformation is given by Dmax ∼ D0Re1/5, where the Reynolds
number, characterizing the relative size of inertial and viscous effects, is defined as Re = ρD0V/μ,
where μ is the viscosity [3,10]. In both regimes, the length scales associated with the microscale
texture are irrelevant.

Though patterned substrates in drop impact studies are typically microscale [2,3,11], interesting
drop impact phenomena are also observed with larger features, such as wires [12], meshes [13,14],
pores [15], deformable substrates [16,17], and chemically patterned domains [18]. Here we explore
drop impact on what we refer to as a “mesoscale” texture, that is, millimetric in size. In contrast
to microscale textures, we find that the geometric features of the mesoscale hairy texture in our
study are the most relevant length scales in determining the interfacial and viscous effects during
drop impact. Our study investigates hairy textures which are at scales that are relevant to those
found in natural systems benefiting from interactions with liquid drops. For example, plants in arid
environments use hairs or spines to collect wind-blown fog [19–21]. There is an interest in emulating
this behavior through the engineering of structures for fog harvesting in arid environments where
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FIG. 1. (a) Schematic of the drop impact experiment and the geometry of the hairs. (b) Drop not penetrating
the hairy texture on impact (glycerol, d = 0.5 mm, V = 0.6 m/s). (c) Drop that partially penetrates the hairy
texture (water d = 0.5 mm, V = 0.6 m/s). (d) Drop that penetrates the surface and is “captured” and prevented
from spreading (water d = 0.75 mm, V = 0.6 m/s). (e) Drop that penetrates and spreads (water d = 2 mm,
V = 0.6 m/s). (f) Drop that penetrates and forms long fingers and ejects droplets (water, d = 2, V =
1.4 m/s). The dashed white line outlines the contours of the fingers of the drop. The scale bars indicate 1 mm
in all images.

water is scarce [22–24]. Additionally, similar hairlike textures can dissipate the kinetic energy of a
liquid stream resulting in an antisplash effect [25]. Here we explore the various impact scenarios
observed with such textures and rationalize the physics of drop capture in hairy textures. Similar to
our study, there have been studies on drop impact on porous media in which the length scales of
the texture are relevant in the analysis of the penetration of the drop. In the Ryu et al. study of drop
impact through a mesh [13], the momentum of the droplet is balanced with the effect of Laplace
pressure in the pore, though viscous effects are negligible. In contrast, our study is conducted in the
viscosity-dominated regime as well as the surface-tension-dominated regime, revealing a different
mechanism for kinetic energy dissipation. In the Lorenceau et al. study of a drop impacting a sieve
[15], which considers the simplified case of a drop impacting a single pore and pushing through past
a critical velocity, there is a balance of inertial, capillary, and viscous effects, giving rise to Reynolds
and Weber numbers that similarly contain length scales relevant to the size of the pore. We use a
similar approach to this relatively simplified case and extend it to to describe hairy surfaces.

II. EXPERIMENTAL SETUP

A schematic of our drop impact experiment with a hairy surface is shown in Fig. 1(a). The
hairy surfaces are cast from PDMS elastomer (with Young’s modulus E = 2 MPa) using laser-cut
acrylic molds [26]. The hairs are shaped like slender truncated cones with an average diameter of
e = 0.3 mm and a length of � = 2.7 mm and are arranged in a hexagonal pattern with a center-to-
center spacing d ranging from d = 0.5 mm to d = 2 mm [shown in Fig. 1(a)]. Drops are formed
by ejecting liquid through a needle (Nordson Precision, pink tips with inner diameter 0.61 mm)
using a syringe pump at a slow rate of 0.5 μl/s to ensure quasistatic drop formation. The drops
have a radius of R = 1.5 ± 0.08 mm. The liquids used in the experiment are water (with viscosity
μ = 8.9 × 10−4 Pa · s), a 1:1 glycerol/water mix (μ = 8.8 × 10−3 Pa · s), a 4:1 glycerol/water mix
(μ = 0.09 Pa · s), and glycerol (μ = 0.75 Pa · s). The height of the needle is changed to vary the
speed of the impact V (ranging from V = 0.55 m/s to V = 2.3 m/s). The drop impact is filmed at
a rate of 3600 fps. For each experiment, the impact speed and drop radius are measured from the
videos.
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Depending on the combination of parameters—the spacing d , the impact speed V , and the liquid
properties (viscosity μ, density ρ, and surface tension σ )—different behaviors are observed and
classified into one of five scenarios, shown in Fig. 1. One scenario is the drop not penetrating
the hairs upon impact. A representative experiment demonstrating this is shown in Fig. 1(b) and
Supplemental Movie 1 [27], denoted by ◦. This case is similar to a Cassie-Baxter state [28] that
is often observed for superhydrophobic textured surfaces. A drop can partially penetrate the hairy
texture, as shown in Fig 1(c) (denoted by �) and Supplemental Movie 2 [27]. In this case, part
of the drop is submerged in the texture, and part of it remains on top. For a drop that penetrates
through the texture, it can be “captured,” which we define as not spreading beyond the hairs that
the drop touches at the moment of impact, as shown in Fig. 1(d) and Supplemental Movie 3 [27]
(denoted by �). The drop adopts a cylindrical shape while trapped between the hairs. This drop
capture phenomenon is unique to mesoscale textures and is not observed for microscale textures
[1–3,11]. In cases where the drop is not captured after penetrating through the hairy surface, it can
either spread past the hairs but remain as one drop [shown in Fig. 1(e) and Supplemental Movie 4
[27], denoted by �], or it can form fingers as it pushes between hairs and break up into multiple
droplets [shown in Fig. 1(f) and Movie 5 [27], denoted by �].

III. THE MODEL

In our experiments, inertial, viscous, and surface tension effects are expected to play a role in
the impact dynamics. A range of parameters is explored to capture behavior in the viscous limit and
the inviscid limit. The respective magnitude of the viscous and surface tension effects is captured
by the capillary number, defined as Ca = μU/γ . For water, we have Ca ∼ 0.01, and for glycerol,
Ca ∼ 10. Thus, it is expected that surface tension dominates over viscous effects for water and vice
versa for glycerol. In Fig. 2(a)we show a phase diagram with the different observed scenarios for
experiments with water drop impact where the center-to-center hair spacing d and the velocity of
impact V is varied. The symbols correspond to the states shown in Fig. 1. For dense hairs, i.e., small
values of d , the drop either partially penetrates or penetrates and is captured. The cases where drop
spreading or droplet ejection occurs are for lower hair density or higher impact velocity. A similar
phase diagram is also shown for experiments with glycerol in Fig. 2(b), which is about 1000 times
more viscous than water. In these experiments, the drops do not penetrate for high hair density, but
penetrate as the space between the hairs increases. For glycerol, drop penetration with spreading or
droplet ejection is not observed in the parameter range tested.

Figures 2(c) and 2(d) show two different experiments in which penetration with capture is
observed for water and glycerol, respectively (corresponding videos are shown in Supplemental
Movies 3 and 6 [27]). For the experiment with water in Fig. 2(c), d = 0.75 mm and V = 0.6 m/s.
For the experiment with glycerol in Fig. 2(d), the space between the hairs and the speed of impact is
higher, with d = 1.5 mm and V = 2.0 m/s. In both cases the hairs slow the drop sufficiently such
that no significant spreading is observed. The same behavior is observed in these two scenarios, but
driven by different physical mechanisms, either viscosity or surface tension.

Let us denote Ek = 1
2ρV 2 4

3πR3, the kinetic energy of the impinging drop. In the inviscid regime
[Figs. 2(a) and 2(c)], we expect Ek to be balanced primarily by capillary forces, while viscous effects
are anticipated to dominate the impact dynamics in the viscous limit [Figs. 2(b) and 2(d)]. In both
cases, we anticipate that the geometrical features of the hairs impose new relevant length scales in
the problem. We proceed by quantifying the contribution of the hairs to the impact dynamics in
the case where the drop penetrates and is captured [Figs. 2(c) and 2(d)]. The impact duration is
estimated as the time taken for the drop to go from the tip of the hairs to the base plate at velocity
V , so that tc = �/V , where � is the length of the hairs. The edge-to-edge space between the posts
r = d − 2a [see Fig. 1(a)] is much smaller than the size of the drop and therefore is the relevant
length scale in evaluating the viscous dissipation function [10], which here is given by μ(V

r )
2
. In
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FIG. 2. (a) Phase diagram for drop impact experiments with water. Symbols defined in Fig. 1. (b) Phase
diagram for drop impact experiments with glycerol. Symbols defined in Fig. 1. (c) Montage of water drop
impact on a hairy surface with d = 0.75 mm. The speed of impact is V = 0.6 m/s. The time interval
between frames is 2.8 ms. The corresponding point in the phase diagram (a) is surrounded by a dashed circle.
(d) Montage of glycerol drop impact on a hairy surface with d = 1.5 mm. The speed of impact is V = 2.0 m/s.
The time interval between frames is 0.83 ms. The corresponding point in the phase diagram (b) is surrounded
by a dashed circle. The scale bars indicate 1 mm.

turn, the viscous energy loss is approximated as

Ev = 4πR3

3

∫ tc

0
μ

(
V

r

)2

dt = 4πR3

3
μ

V �

r2
. (1)

The number of posts under the impinging drop with radius R is np = R2

d2
2π√

3
, with the prefactor

arising from the hexagonal arrangement of the hairs [Fig. 1(a)]. As the drop travels through the
hairs, the variation of surface energy due to replacing a solid-gas interface (surface energy γSG) with
a solid-liquid interface (γSL) is

Eγ = (2πa� + πd2)(γSL − γSG)np � (2πa� + πd2)γ np, (2)

where γ is the liquid surface tension and 2πa� is the surface area of a single post. Balancing Ek

with Ev and balancing Ek with Eγ yields the modified Reynolds number Re∗ and the modified Weber
number We∗, respectively:

Re∗ = 1

2

ρV r2

μ�
, We∗ = ρV 2R

γ

√
3d2

3(2πa� + πd2)
. (3)

In the captured states depicted in Figs. 2(c) and 2(d), the kinetic energy of the drop is expended by
viscous dissipation and capillary effects, and it is zero when reaching the base plate, Ek = Ev + Eγ ,
yielding

1

Re∗ + 1

We∗ = 1. (4)

064004-4



DROP IMPACT ON HAIRY SURFACES

10-1 100 101

10-2

100

102

No penetration

Partial penetration

Penetration and capture

Penetration and spreading

Penetration and drop ejection

Eq. 4    

FIG. 3. Phase diagram: Shown on the diagram are the various possible states observed in our experiments.
Data are plotted in the (Re∗, We∗) phase space, as defined in Eq. (3). Superimposed on the diagram are the lines
obtained by the balance of energy yielding Eq. (4). The dotted lines correspond to the values of β = 0.2, 0.5, 1,
and 5. These isolines are obtained using Eq. (4) and form boundaries between the observed states.

With this relation in hand, and using the modified Reynolds and Weber numbers, we proceed to
rationalize our experimental observations.

IV. DISCUSSION

We construct a state diagram using all experimental data, in terms of modified Reynolds and
Weber numbers (Fig. 3). The experimental data segregate into clusters. The clusters are organized
by their states and ordered from low to high inertia when traveling from the lower left corner where
we observe drops not penetrating to the upper right corner of the plot where we find that the drops
penetrate and break apart. These two limit cases correspond to (Re∗ � 1, We∗ � 1) where viscosity
and surface tension dominate over inertia and (Re∗ � 1, We∗ � 1) where inertia dominates. The
central cluster of points labeled � corresponds to the case, shown Figs. 2(c) and 2(d), where the drop
is captured in the hair texture. We find that Eq. (4) sits among the points of the cluster as anticipated
(plotted as a solid black line in Fig. 3). We now use this reference case to obtain the boundaries
between all states using scaling arguments.

We define β = (Ev + Eγ )/Ek , the ratio between the energy lost by passing through the hair and
the kinetic energy of the impinging drop as expressed using Eqs. (1) and (2), and the kinetic energy
of the drop Ek . This balance can be expressed in terms of the modified Reynolds and Weber numbers
as 1

Re∗ + 1
We∗ = β. In the capture case, we have β = 1. In other cases, the kinetic energy may be in

excess, β < 1, so that the drop reaches the bottom plate with nonzero speed or insufficient, β > 1, so
that the drop stops before reaching the base plate. Following this reasoning, we find that the values
β = 0.2, 0.5, 1, and 5 fit the boundaries between the various states in Fig. 3. These boundaries are
produced by substituting the corresponding values of β for 1 in Eq. (4). They correspond to isolines
of dimensionless kinetic energy in the (Re∗, We∗) phase space. The isolines and the experimental
data are shown in Fig. 3.

In the remainder of this paper, we discuss the merits and limitations of our approach. Impacts of
drops on flat surfaces are complex, exhibiting a myriad of regimes depending on the properties of the
substrate, the fluid, and the impact parameters. The presence of hair adds to this complexity, so that
approximations are necessary to model this system under a unified framework. Our approximations
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hinge on the capture case, specifically on the fact that neither the drop nor the hair significantly
deforms in this case, facilitating our analysis. In this simple case we need to consider only
the viscous dissipation and surface tension effects originating from the interaction with the hair.
Deformation of the drop itself and of the hair are neglected, although they do appear in other states.
We argue that the reference state is sufficient to estimate the boundaries of other states through
scaling arguments, although the model does not include the finer details of these states.

If the kinetic energy of the drop is larger than the dissipation due to the hair, β < 1, we expect
the drop to spread on the base plate. The spreading drops will push past the posts and form fingers
when β � 1. Our results are in agreement with these estimates because the boundary between �
and � in Fig. 3 is found for β � 0.5, and the boundary between � and � is found for β � 0.2.
Similarly, if the kinetic energy of the drop is smaller than the dissipation due to the hair, β � 1, we
expect the drop to only partially penetrate the hair because the drop should come to rest before it
reaches the bottom plate. Our results are in agreement with these estimates because the boundary
between � and � in Fig. 3 is found for β � 1. Our model assumes that kinetic energy is dissipated
through contact with the hairs. However, for the case of small kinetic energy, β � 1, we find that
the drop does not penetrate the hairs at all, and the kinetic energy is fully dissipated due to the high
viscosity and deformation of the drop itself.

In the case of high kinetic energy, β � 1, we observe the drop forming fingers as it pushes past
the posts. The creation of these fingers should lead to an increase in viscous dissipation and surface
energy, which is beyond the scope of this study but an interesting topic for further investigation.
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