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ABSTRACT

This experimental work investigates the impact dynamics of drops on vertically oriented, three-dimensional-printed (3D-printed) fiber arrays
with variations in packing density, fiber arrangement, and wettability. These fiber arrays are inspired by mammalian fur, and while not
wholly representative of the entire morphological range of fur, they do reside within its spectrum. We define an aspect ratio, a modified fiber
porosity relative to the drop size, that characterizes various impact regimes. Using energy conservation, we derive a model relating drop
penetration depth in vertical fibers to the Weber number. In sparse fibers where the Ohnesorge number is less than 4� 10�3, penetration
depth scales linearly with the impact Weber number. In hydrophobic fibers, density reduces penetration depth when the contact angle is
sufficiently high. Hydrophilic arrays have greater penetration than their hydrophobic counterparts due to capillarity, a result that contrasts
the drop impact-initiated infiltration of horizontal fibers. Vertical capillary infiltration of the penetrated liquid is observed whenever the
Bond number is less than 0.11. For hydrophilic fibers, we predict that higher density will promote drop penetration when the contact angle is
sufficiently low. Complete infiltration by the drop is achieved at sufficient times regardless of drop impact velocity.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0246986

I. INTRODUCTION

Fur is a prominent feature of mammals that serves a myriad of
functions by way of its intricate structure. Fur provides mammalian
skin with physical protection from injury and infection1 and facilitates
a mammal’s ability to maintain homeostasis by providing thermal
insulation,2–4 reflecting ultraviolet radiation,5 and repelling water.6,7

Animals like sea otters grow dense fur coats4 to keep the water far
away from their skin, while pigs grow sparse and short hair8 to facili-
tate convection. The complex interaction of variables of mammalian
fur that keep the skin dry is understudied. Understanding drop impact
dynamics onto mammalian fur can improve our understanding of
water resistance.

Across mammals, there exists a vast diversity in fur characteristics
including variations in texture, length, orientation, density, and loca-
tion.9 From the woolen, hollow hair of the newborn reindeer devel-
oped to insulate against the extreme cold,10 to the sparse fur of the
Asian elephant adapted for thermoregulation in hot climates,11 and
the dense, interwoven fur of the sea otter designed to trap air bubbles
between each individual fiber,4,7,12 mammalian fur evolved in response
to environmental pressures. Despite the various morphological differ-
ences, mammalian fur is functionally a porous medium consisting of

dense or sparsely packed fibers arranged in an array. Mammalian fur
can exhibit a wide range of directional orientations ranging from flat
to vertical,13 influencing its interaction with environmental perturba-
tions, such as rainfall. We note that despite popular belief, mammalian
fibers are not circular.14,15 For a drop impacting a single horizontal
fiber, the wedge-like shape has been shown to promote drop
fragmentation.16

There have been numerous studies of drop impacts onto various
surfaces, from single fibers with infinite intrinsic porosity, to porous
materials with intermediate intrinsic porosity, and solid surfaces with
zero intrinsic porosity. Intrinsic porosity is the fraction of void within
the material to the total volume, which, in the case of fiber arrays, may
be recast as an “aspect ratio”.17 AR, the ratio of the area projection of
the spaces in between fibers a to the total area occupied the fibers of
width ‘,

AR ¼ a
‘þ a

: (1)

Solid surfaces have AR ¼ 0; singular fibers AR ¼ 1; and porous
media 0 < AR < 1. Greater values of AR will intuitively result in eas-
ier penetration by an impacting drop. However, Eq. (1) is ignorant of
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drop size, thus insufficient to describe changes in impact behavior.17–22

The inclusion of drop size is captured in a modified aspect ratio, AR,
multiplied by the ratio of fiber-plus-gap unit ‘þ a to the drop size,
D0, as done in previous papers:17,23,24

AR� ¼ AR
‘þ a
D0

¼ a
D0

; for ‘þ a < D0: (2)

The ability of a drop to penetrate an array is now cursorily described
by AR� as used in our previous work on drops impacting horizontal
fibers.17

On porous surfaces, the surface roughness and impact Weber
numberWe ¼ qU2D0=r, where q is the mass density and r is the sur-
face tension of water, govern the splash threshold.25 The Reynolds
number that uses a characteristic length based on surface roughness
multiplied by the substrate porosity enhances drop deposition without
splash.23,25,26 For horizontal fiber arrays, hydrophilic fibers promote
lateral drop spreading, preventing dynamic drop penetration into the
array,17 whereas hydrophobic arrays enhance penetration by promot-
ing drop fragmentation along the penetration direction.17,23 Denser
fibers and staggered configurations reduce penetration compared with
their sparser and aligned counterparts.

While studies done on vertically oriented fiber arrays are limited,
existing research has characterized the behavior of drops on vertically
oriented fibers, such as water collection on the fibers due to the capil-
larity.27–30 In a vertical fiber array absent of gravitational forces, the
contact line dissipation (or contact line friction) is largely responsible
for arresting the drop, and penetration depth is largely influenced by
fiber flexibility.27 For micro-scale arrays, the drop can either remain on
the surface or penetrate the fibers during impact. On hairy surfaces
with millimetric “mesoscale” texture similar to our fiber arrays but
with relatively short fibers, dissipating the kinetic energy of the drop
has been rationalized through a balance of inertia, viscosity, and sur-
face tension.31 When the energy lost by passing through the hair fibers
is equal to the initial kinetic energy of the drop, the drop reaches the
base and is arrested. If the kinetic energy is greater, the drop spreads
and can splash if the ratio of energy loss to kinetic energy is �0:2. For
lower values of kinetic energy and greater viscosity, the drop will not
reach the base or may not penetrate. In this work, we likewise use an
energy balance, but instead of employing energy ratios to classify drop
behavior, we predict the depth of penetration within the fiber array.
Classifying the drop according to the extent of rebound, the presence
of lateral trans-fiber motions, and capillary action, we provide an alter-
native regime map that complements the classifications made in the
previous work.31 Furthermore, we look at the effect of fiber wettability
on the drop penetration dynamics of vertical fiber arrays as inspired by
a result from a previous work17 that hydrophilic horizontal fiber arrays
resist dynamic drop penetration more than their hydrophobic counter-
parts. Here, we explore whether the same is true for vertical fiber
arrays.

Previous studies on rough porous substrates deal with
AR� ¼ 0� 0:19,23,25,32–35 whereas previous fiber studies consider
AR� ¼ 0:6� 1.27,36–38 Although both the high and low modified
aspect ratios have been studied, the gap 0:2� 0:6 remains under-
studied. Animal fur falls within the unstudied gap. For example, the
gray wolf39 has a fur density of D � 100 strands/cm2 and a shaft diam-
eter of � 0.01 cm,39,40 which translates to an inter-fiber spacing of
0.09 cm. Assuming a drop diameter of 3mm, the modified aspect ratio

is 0.3, which falls in the unstudied range of 0.2 to 0.6 wherein the
observed behavior differs from either extreme. Furthermore, our
choice of drop size places the drop within the natural range of raindrop
size,41 but toward the larger end so that drops have sufficient momen-
tum to penetrate our arrays. Exceedingly large drops are unstable as
rainfall, and smaller drops may be unable to penetrate our arrays due
to low momentum and too small to fragment. In this range, the
impacting drop can slightly rebound upon hitting the fibers, but the
array does not provide enough resistance to halt the momentum of
the impacting drop. The penetrating liquid is subject to capillary forces
from multiple fiber strands. This study investigates drop impact and
penetration of vertically oriented fiber arrays with modified aspect
ratios 0:2� 0:6 pictured in Fig. 1(a), filling in a part of the existing gap
in the literature.

II. EXPERIMENTAL SECTION
A. Fur printing, morphology, and wettability

Our vertical fiber arrays are ablated versions of fiber arrays used
in our previous study on horizontally oriented fibers.17 Translucent
fiber arrays are fabricated with photopolymer resin in a FlashForge
Hunter digital light processing (DLP) resin 3D printer with a layer res-
olution of 25lm and a pixel size of 62.5lm. According to FlashForge,
the cured resin has a tensile modulus of 48MPa and a flexural modu-
lus of 2250MPa. A block of resin anchors fibers at each end to ensure
fiber alignment during production and experimentation, as pictured in
Fig. 1(a). The fiber/block structure is printed such that fibers are paral-
lel to the build plate. Printer resolution and curing dynamics limit the
length and density of the fibers, and we can manufacture without the
fibers clumping into a unified mass during printing. After printing, the
three-dimensional-printed (3D-printed) fibers are cut on one end with
a laser cutter to be cantilevered.

A cross-sectioned experimental fiber is pictured in Fig. 1(a).
Fibers are designed to be square in cross section with a dimension ‘
for the sake of printing, as illustrated in Fig. 1(b), but gravity causes the
resin to flow into a wedge-like cross section during printing in the resin
bath, as shown in Fig. 1(a). Therefore, the fibers have a cross-sectional
width of 3446 26 lm (number of trials N¼ 18) and cross-sectional
length 3946 50 lm (N¼ 18). The unintended wedge-like shape of
mammalian fur fibers allows us to test the influence of cross section
orientation on drop impact outcomes on horizontally oriented fiber
arrays.17

Arrays are printed with three different permutations of inter-fiber
spacing a to generate packing densities of approximately 50, 100, and
150 cm�2, with an average error on a of 3.8%. We are, thus, able to
investigate the effect of fiber density D on the penetration behavior,
not previously explored.31 We produce and test two packing configura-
tions for each packing density, one in which all fibers are aligned in a
square grid (aligned) and another in which fibers in an adjacent row
are shifted laterally by a=2 (staggered), as shown in Fig. 1(b). Although
the fiber alignment affects the drop impact dynamics when the fiber
array is horizontally oriented,17 the radial symmetry of the impacting
drop allows staggered and aligned vertical fibers to be functionally
equivalent. To the impacting drop, staggered arrays are simply aligned
arrays rotated 45�, as shown in Fig. 1(b).

We make arrays hydrophobic through vapor deposition, grafting
a heptadecafluoro-1, 1, 2, 2� tetrahydrodecyltrichlorosilane (FDTS)
onto the surface42,43 resulting in receding, equilibrium, and advancing
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contact angles of hr ¼ 62:96 8:9� (number of trials N¼ 3), he
¼ 120:36 8:1� (N¼ 3), and ha ¼ 128:86 7:6� (N¼ 3), respectively.
The FDTS monolayer contributes less than 3nm of thickness to the
fibers.44,45 The hydrophilic samples are modified using oxygen plasma
to create hydroxyl groups on the fiber surface, resulting in no thickness
change and contact angles hr ¼ 68:16 4:7� (N¼ 3), he ¼ 87:36 1:2�

(N¼ 3), and ha ¼ 112:26 6:4� (N¼ 3). The cured mounting blocks
at the fiber array base as shown in Fig. 1(a) provide a flat surface on
which we measure the contact angles of drops; the resulting sessile
drops are pictured on both hydrophobic and hydrophilic samples in
Fig. 1(c). Because the hydroxyl groups are highly reactive, all experi-
ments with hydrophilic fibers in this work were completed within two
days after sample preparation. The fibers are approximately 8mm
long after ablation and create a 10mm � 10mm array as seen by the
impacting drop. The array size ensures that drops do not cross the
array boundary over the course of impact. Because our fibers are lon-
ger than a previous work,31 we are able to study penetration depth
behavior depending on drop properties, fiber properties, and initial
impact conditions. The width of our fiber cross section is ‘ � 350 lm,
as shown in Fig. 1(b).

B. Experimental methodology and principle
measurements

For simplicity, drops of a fixed diameter D0 ¼ 2:646 0:17 mm
(N¼ 111) are released from a needle positioned at heights h ¼ 3; 12;
and 24mm above a fiber array with impact Reynolds number
Re ¼ qUD0=l ¼ 376� 1980, where l is the dynamic viscosity of
water. A modified Reynolds number Re� ¼ qUa=l ¼ 99� 1025
based on the inter-fiber spacing17,46 better characterizes the flow in our

fiber arrays. The Ohnesorge number is Oh ¼ l=
ffiffiffiffiffiffiffiffi
qra

p
¼ 2:9� 10�3 � 5:3� 10�3. Impacts are filmed with two, synchro-
nized Photron Nova S6 cameras at 3000 fps, with a resolution of
approximately 25 pixels/mm. An oblique view camera is used to verify
impact location from above the fiber but does not provide quantitative
data. Between trials, samples are dried with compressed lab air and
never contacted human skin. Videos captured by a front view camera
normal to the fiber array sample are binarized in MATLAB with no
imposed dilation or erosion. From binarized video frames, we measure
drop diameter D0, drop velocity U, penetration depth dp, and the drop
width v (v ¼ D0 pre-impact) labeled in Fig. 1(d).

C. Dimensionless parameters

The principle quantities measured during and following impact
are normalized by spherical drop diameterD0 to form

�dp ¼ dp=D0; and �v ¼ v=D0: (3)

We nondimensionalize time t by the timescale of impact such that the
dimensionless inertial time s ¼ tU=D0. The moment of drop contact
corresponds to s ¼ 0. We also denote three distinct moments during
the infiltration of the fibers. The first is when the drop reaches its wid-
est lateral extent to achieve vm and �vm ¼ vm=D0, a wetting position it
may or may not hold steadily. The second is when the drop penetrates
deepest into the array to achieve dp;m and �dp;m ¼ dp;m=D0. In vertical
fibers, �dp;m is equal to the steady-state penetration depth, which is not
always true in horizontal fiber arrays.17 The third is when the drop
achieves its final resting position where neither wetted width nor depth
measurably changes in the timescale of our videos. We denote steady-

FIG. 1. 3D-printed vertical fiber arrays. (a)
Freshly printed fiber arrays are ablated to
be cantilevered and undergo surface treat-
ment to change wettability. The red arrow
denotes the printing direction. (b) Fiber
strands of a sample are arranged in an
aligned or staggered configuration. (c)
Contact angles of water drops on hydro-
phobic (top) and hydrophilic (bottom) sam-
ples. (d) Dimensional impact parameters:
drop diameter D0, impact velocity U, pene-
tration depth dp, and lateral spread v.
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state values of time-dependent quantities such as lateral deformation
by an “s” subscript: �vs.

III. RESULTS AND DISCUSSION
A. Anisotropic fiber misalignment induces
lateral drop motion

In a previous study on a drop impacting horizontally oriented
fiber arrays, we identified eight impact classifications based on the
occurrence of vertical “jet-like rebound,” fragmentation, bouncing, and
capillary spreading of the impacting drop.17 In the range of We values
we investigate, we observe no drop fragmentation, bouncing, or lateral
capillary spreading in vertical fibers. The anisotropic misalignment of
the fibers coupled with the stochastic location of impact on the fiber
arrays results in lateral trans-fiber drop motion, which we classify into
two categories. A “wave” is a lateral oscillation as shown in Fig. 2(b),
and a “bisection” is the splitting of the drop into two components that
have seemingly disconnected motion as depicted in Fig. 2(b) and may
or may not be a unified mass. Wave and bisection can occur simulta-
neously as shown in Fig. 2(c). The anisotropy that occurs haphazardly
in areas of our fiber arrays is not quantified, although it is promoted by
fiber density. As with horizontally oriented fibers,17 fiber spacing AR�,
configuration, cross-sectional profile, contact angle, and drop impact
velocity U collectively govern the expression of such impact
classifications.

Eight impact classifications for drops impacting vertically ori-
ented fibers are shown in Fig. 3 (multimedia available online). The
advancing contact angles in Fig. 3 for dense arrays appear hydrophilic
due to shadowing, but upon closer inspection, the advancing angles
are indeed > 90� as shown in Fig. 4 (multimedia available online). In
horizontally oriented fibers, axial capillary action promotes the lateral
spreading of drops within the fibers, thereby reducing penetration.17 A
plot of normalized maximum penetration depth vs dimensionless time
is shown in Fig. 5(d) for a drop that impacts the base of the array. We
predict that in the hypothetical penetration depth, the drop would
achieve with long fibers by assuming the drops decelerate at a constant
rate (Sec. III B). When the fibers are vertically oriented to the penetrat-
ing drop, axial capillary action is vertical and promotes penetration
while preventing spreading. Consequently, we observe drops reaching
the bottom of the fiber array samples where the fiber strands attach to
the base, as shown in Fig. 5(d) (multimedia available online). When
the drop reaches the base of the samples, the drop can spread laterally
either through momentum dissipation or capillary action at the base of
the fiber array. We plot AR� vs We for aligned (A) and staggered (S)
fibers in Figs. 5(a) and 5(b). We classify impacts according to the pres-
ence or absence of trans-fiber drop motions, the presence or absence
of capillary action, and the sharpness of rebound. The various impact
classifications cluster in parameter space. Lateral wave-like motion
(blue and magenta symbols) is more likely to occur in lowerWe values
and is promoted by hydrophobicity. Bisection (red and magenta sym-
bols) and capillary action (⊲; ., ►) are more likely to occur at lower
AR� and are promoted by hydrophilicity. A solid right triangle (►)
indicates capillary penetration, whereas a hollow left or right triangle
(⊲ or .) indicates spreading at the array base due to capillary action,
momentum dissipation, or a combination of both mechanisms. The
product of We and AR� is a useful indicator of drop impact behavior
as observed in previous studies on drops impacting porous media and
textile fibers.23,24 In textile fibers, for example, the critical mesh size to
prevent penetration is inversely proportional23 to the We, where the
textile mesh size is analogous to AR� in this work. Although some
impacts exhibit a pronounced drop rebound above the surface
(“rebound” �), some impacts show a subtle rebound (“little rebound”
� and �), whereas other impacts exhibit no rebound at all (“no
rebound” � and �). In vertical fibers, rebound is promoted by low
AR�We as shown in Figs. 5(c)—a similar behavior is observed of drops
impacting horizontally oriented fibers.17 The likelihood of rebound is
independent of fiber wettability in the range of fiber densities we
tested. Verifying whether fragmentation can occur at higher We for a
certain range of AR� and if certain liquid or fiber properties promote
drop fragmentation in vertical fiber arrays is an area for future work.

A high AR�We is enabled by sparser arrays and faster impact
speeds resulting in reduced resistance to inertial liquid penetration so
that only the inertial part of the impact is observed before the drop hits
the bottom of the fiber array. Solid symbols (�) represent impacts
where the drop did not reach the bottom of the fiber array, whereas
hollow symbols (w) represent impacts where the drop penetrated to
the bottom of the fiber array. Because of the length limitations of our
fiber array samples, vertical capillary action is not observed for higher
AR�We in our experiments, but we posit that it will be present at a lat-
ter s for longer fibers. When considering only impacts that did not hit
the bottom of our fiber arrays, vertical capillary action can occur when-
ever the Bond number Bo ¼ qga2=r � 0:11, represented by the little

FIG. 2. Illustration of trans-fiber motions: (a) Normal, (b) Wave, (c) Bisection, and
(d) WaveþBisection. Image sequences from left to right.
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FIG. 3. Image sequences of observed
impact classifications. The leftmost col-
umn shows normalized, temporal heat
maps that quantify drop residence time
and provide a characteristic image for
each impact. Impact classification names
are highlighted with a color based on verti-
cal rebound motion or lateral trans-
fiber motions wave and rebound.
Dimensionless time stamps in each frame
(s) are chosen to show the entirety of the
impact and are not linearly spaced in time.
Multimedia available online.
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rebound, capillary action (LRC) impacts (►) in Figs. 5(a) and 5(b).
Impact classifications that do not exhibit vertical capillary action reach
steady-state in a relatively shorter dimensionless time. For example,
the drop on the seventh row of Fig. 3 has an impact sequence that is
more than 50� longer than the impact on the sixth row. A profile of
all impact classifications, capturing the transient rebound, capillary
action, and lateral trans-fiber motions that arise during impact is cap-
tured in the normalized heat maps in the leftmost column of Fig. 3.
The reddest colors indicate a higher incidence of drop spatial resi-
dence, whereas the bluest colors indicate the most transience. In our
vertically oriented fiber arrays where the strands lean and obscure one
another, especially at higher D, the heat maps allow us to distinguish
water from fiber.

The entire drop resides within the fibers at steady state.
Moreover, �vm typically occurs close to the tip of the fibers in the first
few moments after the drop first touches the tip of the fibers (s < 1),
as shown in Fig. 6(a) (multimedia available online). Although we do

FIG. 4. The advancing contact angles appear hydrophilic in our fiber arrays (left)
due to shadow, but a closer inspection shows they are > 90� (right). Multimedia
available online.

FIG. 5. (a,b) Modified aspect ratio AR� vs We plot for observed impact classifications. Solid symbols (e.g., �) represent impacts where the drop did not reach the bottom of
the fiber array, whereas symbols with a black outline (e.g., w) represent impacts where the drop penetrated to the bottom of the fiber array. The legends above panels (a) and
(b) apply to both. (c) Occurrence of drop rebound in the AR �We spectrum in vertical fibers. (d) When the impacted drop reaches the base of the fiber array, a theoretical
�dp;m can be predicted for when the fibers had “infinite” length by assuming a constant drop deceleration model. Multimedia available online.
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not investigate the temporal occurrences in drop evolution in this
paper, we collectively classify each impact based on qualitative behav-
iors exhibited by the impacting liquid body until steady state is
reached. By considering We and AR�, we find a superior predictor of
impact behavior.17 As in horizontally oriented fiber arrays,17 the pene-
tration of fiber arrays by impacting drops is, unsurprisingly, greatest
for the least dense arrays and fastest drops.

B. Liquid penetration decelerates at a constant rate

We plot the penetration depth vs time of a drop impacting an
array of density 50 strands/cm2 at We ¼ 15:5 in Fig. 5(d). In our
experiments, we measure a constant deceleration of the penetrating
liquid front due to drop interaction with the fiber shafts as shown in
Figs. 6(b) and 5(d) (multimedia available online). Thus, when the drop
reaches the base of the array, it is possible to predict the maximum
penetration depth that would have been achieved by the drop body if

the fibers had sufficient length. As fiber density increases, drops are
more prone to rebound, as seen in Fig. 6(b), contributing to a greater
impact force. When the rate of liquid ingress reaches a maximum at
s < 1, the majority of the liquid mass resides above the array. Such
mass rebounds as shown in Fig. 6(b), or its downward motion deceler-
ates as shown in Fig. 6(c) (multimedia available online).

C. Penetration depth is characterized by an energy
balance

Conservation of energy can be used to relate the maximum
penetration depth �dp;m to We. Since aligned and staggered fibers
are equivalent to the impacting drop (Sec. II), we only consider
aligned fibers in our model. A pre- and post-impact energy bal-
ance takes the form:

EK þ ES ¼ E0
S þ E0

D1 þ E0
D2; (4)

FIG. 6. Image sequences depicting vari-
ous characteristics of drops impacting ver-
tically oriented fiber arrays. (a) Drop
maximum spread at the tip of the fibers at
s ¼ 0:4 before lateral drop spread ensues
after the drop hits the bottom of the fiber
array when s > 3:4. (b) Constant deceler-
ation of liquid front within vertically ori-
ented fiber arrays due to fiber friction and
rebound above the fiber due to impact
force. (c) Deceleration of drop above the
fiber array due to impact force. Multimedia
available online.
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where EK ¼ pqD3
0U

2=12 is the kinetic energy at impact and ES
¼ pD2

0r is the surface energy of a spherical drop. After impact, E0
S is

the total final surface energy of the penetrated drop or fragments, E0
D1

is the energy dissipated due to shear forces during impact, and E0
D2 is

the energy dissipated as the drop bulk spreads laterally on the tip of
the fibers as discussed in our previous study.17 The difference in poten-
tial energies before and after impact can be neglected in 1-cm tall
arrays. Equation (4) applies rigid arrays of any density and for any
impact type in which potential energy changes are negligible. In fibers
that bend under the weight and capillary forces of a liquid body, the
elastic energy can be quantified47 and must be included in the energy
balance. Although our fibers become slightly non-vertical after laser
ablation, they do not bend under the force of the impacting drop as
shown in Fig. 6(a) (multimedia available online) so that the elastic
energy can be neglected.31

Viscous dissipation during impact can be derived using the
same approach employed in a previous study on drop impacting
hairy surfaces.31 Upon impact, the spherical drop deforms into a
cylinder intersected by fibers. For every fiber strand within the cylin-
der, the liquid body experiences shear on four sides of a square
fiber. Each side of the fiber interacts with the liquid and is highlighted
in pink in Fig. 7(a). The dissipation within the drop due to shear stress
is31 E0

D1 ¼
Ð s
0

Ð
XUdX dt � UXs, where the viscous dissipation func-

tion is U � lU2=a2, the volume of fluid over which dissipation takes
place is X ¼ pD3

0=6, and the timescale of dissipation upon impact is
s � dp;m=U so that

E0
D1 �

pD3
0

6
l
Udp;m
a2

: (5)

The vortical motions resulting in energy dissipation E0
D2 occur as a

result of an abrupt change of momentum when the impacting drop is
forced to spread in the direction orthogonal to the impact velocity.48

For a porous medium, E0
D2 only occurs on the areas occupied by solid

fibers at the topmost surface that first intercepts the drop shown as
squares with red outline in Fig. 7(b). The areas occupied by the solid
fibers in the circular projection of the drop is ‘2Dpv2s=4. Therefore,

48

E0
D2 �

1
2
‘2DEK: (6)

When ‘2D ! 1 in Eq. (6), the case of solid surface is recovered.
The front view projection of the liquid body that penetrated

within the fiber array is rectangular, as illustrated in Fig. 7(c). The
impacting drop initially has a circular top view projection when it
impacts the fibers as shown by the blue solid circle in Fig. 7(b), and so
the penetration depth along the centerline of the drop is necessarily
greater than at the edges. Simultaneously, the top-down profile of the
drop at steady-state conforms to the fiber array structure so that it
resembles a rectangular prism, outlined by the dashed rectangle in
Fig. 7(b). We, thus, approximate the final shape of the drop as a rectan-
gular prism. For a hexagonal array structure, the steady-state shape of
the drop will be cylindrical.31 An image sequence experimentally
showing such a transition is shown in Fig. 7(d). The number of strands
within the rectangular prism comprised by the liquid body is Dv2s .
Each square strand has an area 4‘dp;m that is interacting with water as
shown in Fig. 7(a). The total surface energy due to the interaction
of the liquid body with the fiber strands is 4‘dp;mDv2srð�cos heÞ.
On the sides of the liquid, the area interacting with air is ARvsdp;m
colored blue in Fig. 7(c). On the top or bottom surface of the liquid,
the area interacting with air is ð1� D‘2Þv2s [fiber strands within the
blue dashed square in Fig. 7(b)]. Thus, the total surface energy after
impact is

E0
S ¼ 4‘dp;mDv

2
sr �cos heð Þ þ 4ARvsdp;mrþ 2 1� D‘2ð Þv2sr: (7)

The value of E0
D1 þ E0

D2 	 E0
S is by two or more orders of magni-

tude for the range of U we test so that E0
D1 and E

0
D2 can be neglected in

an energy balance. When the fibers are vertical, spreading is restricted

FIG. 7. Graphical accompaniment to the penetration depth model. The view of fibers shown in each panel is indicated by the lightly colored planes in each inset where an inset
appears. (a) Cylindrical model of impacting drop before achieving steady state. (b) Top view of cylindrical impacting drop. (c) Side view of impacted drop. (d) Image sequence
showing the transition of the area projection of the drop from circular to rectangular.
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so that vs � �D0 as demonstrated in Fig. 6(a). The energy balance in
Eq. (4) can be written as

p

48 �2‘DD0 �cos heð Þ þ �
a

‘þ a

� �qD0U2

r

þ p� 2�2 þ 2�2D‘2

4 �2‘DD0 �cos heð Þ þ �
a

‘þ a

� � � dp;m
D0

: (8)

In our fiber arrays, � � 0:7. Fiber density may be expressed as a
function of a and ‘. For a square aligned fiber array of area A, one side
of the square is of length

ffiffiffiffi
A

p
as illustrated in Fig. 7(b). The fiber array

can be subdivided into repeating square units of length ð‘þ aÞ shown
as purple boxes in Fig. 7(b) so that the total number of rows in a fiber
array is

ffiffiffiffi
A

p
=ð‘þ aÞ. Each repeating unit contains a single fiber strand

as shown in Fig. 7(b). Thus, the total number of strands in A is
A=ð‘þ aÞ2 so that D ¼ 1=ð‘þ aÞ2. Rewriting Eq. (8) in terms of We
and nondimensionalizing by Eq. (3)

�dp;s � k1Weþ k2: (9)

The dynamic coefficient

k1 ¼ p ‘þ að Þ
48 �2D0

‘

‘þ a
�cos heð Þ þ �a

� � ; (10)

and the static coefficient

k2 ¼
p� 2�2ð Þ ‘þ að Þ þ 2�2

‘2

‘þ a

4 �2D0
‘

‘þ a
�cos heð Þ þ �a

� � : (11)

The behavior of k1 and k2 is dependent on strand wettability and
the range of a or equivalently, D. For hydrophilic fibers, it is possible to
choose a contact angle for which the denominators of Eqs. (10) and (11)
become zero, a vulnerability with denser fibers. The asymptotic quirk of
our model can be mitigated, if needed for denser fibers, by imposing con-
servation of volume, pD3

0=6 ¼ v2sdp;m � 1� ½‘2=ð‘þ aÞ2

� �

v2s ‘
2dp;m,

on Eq. (7). Doing so makes a prediction of penetration depth [Eq. (9)]
that is slightly nonlinear and implicit.

Because of length limitation of our fiber arrays, we employ the
constant deceleration model discussed in Sec. IIIB to predict the maxi-
mum penetration depth dp;m for impacts where the liquid body
reached the bottom of the fiber array. The predicted dp;m, an extrapo-
lation, is highly sensitive to the temporal position of the drop leading
to the collision of the drop with the base of the fiber array, resulting in
large standard deviations in our predicted data.

Penetration depth values are measured before capillary creep that
occurs on the timescale of multiple seconds. A plot of �dp;m vs We fol-
lowing Eq. (9) and the corresponding test for linearity Pearson correla-
tion coefficient r values are shown in Fig. 8. Penetration depth
increases linearly with We when the fibers are sparse. At higher fiber

FIG. 8. Normalized maximum penetration depth vs Weber number. Solid symbols (�) use the experimentally measured penetration depth for cases wherein the penetrated liq-
uid did not reach the bottom of the fiber array, whereas hollow symbols (�) use the penetration depth value predicted by the constant deceleration model for cases, wherein
the penetrated liquid reached the bottom of the fiber array. Linear coefficients k1 and k2 according to Eq. (9) are provided in fiber densities where the Pearson correlation coeffi-
cient is r > 0:8. Fibers are either aligned (A) or staggered (S) and have a packing density D.
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densities, a lower a makes the viscous dissipation E0
D1 significant such

that it must be included in an energy balance. Thus, our model predicts
a nonlinear relationship between penetration depth and We at higher
fiber densities. When fiber density produces Oh� 4� 10�3, we exper-
imentally confirm that �dp;m non-linearly decreases with We with a
Pearson correlation coefficient r < 78%. As expected, experimental
hydrophilic fibers have a higher static coefficient k2 than their
hydrophobic counterparts due to enhanced capillary effects. We plot
experimental vs model values of �dp;m in Fig. 9. Generally, our model
under-predicts penetration depth, particularly for sparse, hydrophilic
fibers. For these conditions, drops penetrate to the fiber base, and so
the experimental value we report may be an overestimation. The
remaining under-predictions of our model are likely a result of the
assumption that the drop remains tied to the fiber tips when calculat-
ing the post-impact surface energy in Eq. (5). However, if the drop
falls past the fiber tips, the reported �dp;m is necessarily greater than
the model value. Our model of surface energy is also limited when
‘2D ! 1 and [intuitively] dp;m ! 0 in the case of a solid surface.

Our results suggest that hydrophilic vertical fibers are function-
ally poor for water repellency, even though hydrophilic horizontal
fibers form a dynamic drop barrier under certain conditions, as
shown in our previous work.17 The rebound of drops, which we show
to be promoted by fiber packing density, is a mechanism to repel
water. In colder environments where staying dry is needed for ther-
moregulation, animals carry denser fur than animals in hotter envi-
ronments where wetting of the skin and the resultant evaporation is a
means of cooling.49,50 We investigate drop impacts with U < 0:7 m/s,
We < 20 and show that the penetration depth increases linearly with
We whenever Oh�4� 10�3. Since vertical fibers prevent drop frag-
mentation, we expect our results to extend to impact speeds of rain-
drops. The penetration depth of impacting drops is greater in
vertically oriented fibers than in horizontally oriented counterparts.
Our work provides possible physical causality for why fur lays flat on
the animal body, oriented horizontally with respect to falling rain,
except during discrete social events.51–54

IV. CONCLUSIONS

Drops decelerate at a constant rate within vertical fiber arrays.
Conservation of energy provides a linear relation between drop pene-
tration depth into vertical fibers and the Weber number, a relationship
that is experimentally validated for sparse fibers of various packing
density, fiber alignments, and wettability. When fiber density produces
Oh� 4� 10�3, penetration depth decreases forWe� 10. Anisotropic
misalignment in vertical fibers induces lateral drop motions, which are
promoted by a lowWe, and high fiber packing density or equivalently
a low AR�. Like with horizontal fibers, a lower AR�We promotes drop
rebound upon impact. In hydrophobic fibers, the penetration depth
decreases with increasing fiber packing density, as expected. Capillary
action in vertical fibers promotes penetration and prevents spreading.
A penetration model based on kinetic and surface energies well-
predicts the magnitude of penetration into vertical fibers, a prediction
that is linear with Weber number for sparse fibers. Future works could
consider longer and denser arrays as well as higher drop impact
speeds.
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