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ABSTRACT

We experimentally investigate liquid infiltration into horizontally oriented fiber arrays imposed by sequential drop impacts. Our
experimental system is inspired by mammalian fur coats, and our results provide insight to how we expect natural fibers to respond to falling
drops and the structure innate to this multiscale covering. Two successive drop impacts are filmed striking three-dimensional-printed fiber
arrays with varying densities, surface wettability, and fixed fiber diameter. The penetration depth and the lateral width of drop spreading
within fiber layers are functions of drop displacement relative to the liquid already within the array as well as the drop Weber number.
Hydrophobic fibers more effectively prevent an increase in penetration depth by the second impacting drop at low impact Weber numbers,
whereas hydrophilic fibers ensure lower liquid penetration depth into the array as the Weber number increases. Impact outcomes, such as
penetration depth and lateral spreading, are insensitive to impact eccentricity between the first and second drops at high experimental Weber
numbers. As expected, denser, staggered fibers reduce infiltration, preventing the entire drop mass from entering the array. Fragmentation of
the first drop, which is promoted by hydrophobicity, larger inter-fiber spacing, and higher drop impact velocity, limits increases in lateral
spreading and penetration depth of the liquid mass from a subsequent drop.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0281512

I. INTRODUCTION

Unlike synthetic methods of rain-avoidance such as umbrellas
and raincoats, which create a uniform, sealed waterproof barrier,
warmblooded furry mammals have only a porous surface layer to
accomplish the same task. The porous nature of the pelt is critical for
survival, facilitating both thermal insulation1,2 and evaporative cool-
ing,3 allowing the animal to maintain homeostatic body temperature.
While the thermoregulatory application of fur and their ability to
remove water4 is well understood, the dynamics of how mammalian
fur may effectively mitigate rain infiltration is only beginning to be
understood.5,6

The physics governing drop infiltration into porous materials
such as parallel fibers will be useful for developing biomimetic fur-like
materials that are self-cleaning, anti-fouling, and dry quickly.7–9 Fur
can be considered a porous arrangement of organic fiber strands,10 a
slight departure from previous studies, which have considered drop
impacts11–15 and absorption16,17 into porous inorganic substrates.18

When drops impact hairy surfaces, capillary action19–21 causes the
drops to disperse throughout the interstices of a porous material until
a state of equilibrium is reached.22,23 Absorption has a positive

correlation with porosity,17,24 contact area,25 and pore size,26,27 and a
negative correlation with tortuosity.28 Additionally, a higher impact
velocity increases surface spread relative to absorption,29 and non-
cylindrical pore geometries often lead to highly unstable capillary pres-
sure distributions, further restricting capillary flow within a porous
medium.30

From the standpoint of multiple drop impacts onto natural,
porous substances, most existing literature discusses how capillary
action causes absorption and film formation into porous stones.31

Moisture absorption into such a porous substrate depends on the
impact velocity of the first set of impacting drops.31 Thus, capillary
imbibition into perforated porous media after multiple drop impacts is
well understood. A contrasting substrate, a single fiber, has likewise
been the subject of previous studies.5,32 The experimental system at the
center of this study is a superposition of these two contrasting sub-
strates, which more closely mimics the impact of successive drops onto
mammalian fur during rainfall.33 As fur is struck by an impacting
drop, the liquid may either penetrate through the laying fibers and/or
spread laterally.5 To understand how mammalian fur coats interact
with rain, the present study builds on our single drop study5 to
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investigate how a second drop changes the penetration depth and
spread width of the liquid within a three dimensional (3D)-printed
fiber array shown in Fig. 1.

A higher fiber packing density and a staggered fiber arrangement
reduce the penetration depth of a single drop impacting a horizontally
oriented fiber array.5 The penetration depth of impacting drops
appears to plateau to a constant value independent of the Weber num-
ber We ¼ qD0U2=r, where q ¼ 1 g/ml is the liquid density, D0 is
the equivalent diameter of the drop, U is the impact velocity, and r
¼ 72:8 dyn/cm is the surface tension.5 Hydrophobic fibers resist static
penetration, whereas hydrophilic fibers most effectively mitigate
dynamic penetration by dissipating kinetic energy through lateral
spreading.5 Our previous results suggest that the ideal fur configura-
tion to remain dry is to carry hydrophilic guard fur to arrest impacting
drops and hydrophobic underfur to prevent wicking to the skin.5 In
this work, we explore the mechanisms by which horizontally oriented
fibers limit the penetration depth of two sequential drop impacts.

II. EXPERIMENTAL SECTION
A. Fur sample printing and morphology

We simplify the fur system for experimentation by considering
only horizontally oriented artificial samples, which are 3D-printed par-
allel fiber arrays rigidly affixed at both ends shown in Fig. 1(a) as done
in a previous study.5 Resin printer resolution and curing dynamics
limit the length and density of the fibers. We can manufacture without
the fibers clumping into a unified mass during printing. The fibers are
10mm long and create a 10mm� 10mm array. The fibers are printed
with a square cross section of width l � 350lm, as shown in Fig. 1(a),
but gravity causes the resin to flow in the resin bath into a wedge-like
cross section of width 3446 26lm (number of samples, N ¼ 18) and
length 3946 50lm (N ¼ 18), as shown in Fig. 1(a). The new wedge
shape more closely resembles the asymmetrical structure of real mam-
malian fur34 and allows us to test the effect of fiber orientation with
respect to the impacting drop indicated in Fig. 1(a). We test three
orientations of the fiber array with respect to the impacting drop as

labeled in Fig. 1(a). While the fiber cross-sectional orientation is an
important factor governing the impact dynamics of the first drop,5 the
impact outcome of the second drop is agnostic to fiber cross-sectional
orientation.

For each packing density, we produce and test two packing con-
figurations, 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(a). Fiber packing density is varied
by adjusting the inter-fiber spacing a with an average error of 3.8% to
form three distinct fiber densities of approximately 50, 100, and
150 strands/cm2. Our highest fiber array density is greater than that of
a Gray Wolf.35 The intrinsic porosity of the array, derived from fiber
width and inter-fiber spacing, can be represented by the dimensionless
aspect ratio representing the ratio of empty area to that consumed by
fibers on the top row,5

AR ¼ a
l þ a

: (1)

Solid surfaces have AR ¼ 0, single fibers AR ¼ 1, and porous media
0 < AR < 1. A higher AR will intuitively result in greater infiltration
but AR neglects the relative size of the impacting drop. 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,5,36,37 D0,

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 done in our previous studies.5,6

Layer-by-layer three-dimensional (3D)-printing produces a tiered
structure, as shown in Fig. 1(a). Raw prints have receding, equilibrium,
and advancing contact angles of hr ¼ 46:36 9:1� (number of trials
N ¼ 3), he ¼ 74:66 6:9� ðN ¼ 3Þ, and ha ¼ 89:26 7:0� ðN ¼ 3Þ,
respectively. We make an array hydrophobic through vapor phase sila-
nization of the samples using fluorosilane.38,39 The resulting contact
angles are hr ¼ 62:96 8:9� ðN ¼ 3Þ, he ¼ 120:36 8:1� ðN ¼ 3Þ, and
ha ¼ 128:86 7:6� ðN ¼ 3Þ. Sessile drops are pictured on both
uncoated and coated samples in Fig. 1(b). The resulting coating is
durable against light, temperature of up to 200�C, and pressure suffi-
cient for air-drying.

In our experiments, we allow a drop to impact our fiber array
from heights h ¼ 7; 18; 33; and120 mm resulting in Weber number
We ¼ 1:3� 92, as shown in Fig. 2(a). Impact velocity U is calculated
by a linear interpolation of temporal drop position from the
moment when the drop bottom enters the video frame to when
the drop contacts the fibers. The impact Reynolds number is Re
¼ qUD0=l ¼ 480� 4500, where l ¼ 1 cP is the dynamic viscosity;
an array Reynolds number Re� ¼ qUa=l ¼ 95� 25005,40 better char-
acterizes the flow in our fiber arrays. After the first drop has settled
within the array, we allow a second drop of the same diameter and
height to impact the fiber array. Using image analysis, we calculate the

drop spread v
^

and penetration depth d
^

p, nondimensionalized by
equivalent drop diameter D0. D0 is measured from the binary drop
shadow and provided by MATLAB. The uncertainty in our pixel/mm
scale conversion is estimated to be less than 4.5%. From measurements,

we compute the nondimensionalized change in spread Dv
^

and pene-

tration depth Dd
^

p as the difference between their final (second drop)

FIG. 1. (a) 3D-printed fiber array in staggered and aligned configurations and in
standard (St), front/back (F/Ba), and bottom (Bo) orientations with respect to the
impacting drop. (b) Contact angle of water on our hydrophilic and hydrophobic fiber
array.
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and initial values (first drop), as labeled in Figs. 2(b) and 2(c). We non-
dimensionalize the temporal coordinate t by the timescale of impact
D0=U , resulting in a dimensionless time s, where s ¼ 0 corresponds to
the first moment of contact of the impacting drop with the topmost
fibers.

A schematic diagram of the experimental setup is depicted in
Fig. 3. An electronic syringe pump dispenses drops from a needle. Two
high-speed cameras (front view and oblique view) simultaneously cap-
ture the drop impact, illuminated by back and side lights. Videos from
the front view camera are used for experimental measurements,
whereas the videos from the oblique view camera are used to ensure
impact locations are within the array bounds.

III. RESULTS AND DISCUSSION

We perform 432 sequential drop impact trials onto horizontal
fiber arrays, measuring the change in penetration depth and liquid
spreading width. 216 trials were performed with aligned arrays and
216 with staggered arrays. We present data for aligned arrays in the

manuscript and include staggered array data in the online supplement.
Fiber alignment is relevant only in discussion of supersurface retention
(Sec. III A). More broadly, array density, wettability, and drop impact
velocity and location collectively influence drop impact behavior.

A. What promotes supersurface drop retention atop
the fiber array?

We categorize the liquid state after the first and the second drop
according to the degree of supersurface retention and fragmentation,
as shown in Fig. 4. We plot the aligned fiber impacts classified accord-
ing to the initial degree of supersurface retention across the modified
aspect ratio AR� of the fiber arrays and the Weber number We in
Figs. 5(a) and 5(b). The penetration depth of the drop into the array

nondimensionalized by the D0, d
^

p, is given by the color gradient. The
resulting supersurface retention after the impact of the second drop is
shown in Figs. 5(c) and 5(d). Staggered fibers produce very similar
behaviors, which are not shown for the sake of brevity but included in
Fig. S1. Brighter colors correspond to higher penetration depths, quan-
tized according to the number of fiber rows penetrated. The final state
of the second drop is very likely equivalent to the post-impact state of
the first drop, summarized in Figs. 6(a) and 6(b), which include all our
experiments. Thus, the state of the initial liquid within the array prede-
termines the state of subsequent impacting drops. Hydrophobicity and
density of fiber arrays promote supersurface retention. When We <
10 and AR� < 0:35, all of the drop masses are retained on the top fiber
row of hydrophobic arrays. At higher We, partial retention (�) is
more likely when the fibers are sparser, AR� > 0:35, regardless of wet-
tability. Total (�) and partial (�) supersurface retention can be com-
bined into one classification to compare any supersurface retention vs
those impacts that exhibit none. With this scheme, staggered fibers
marginally improve total supersurface retention (30% of impacts) than
their aligned counterparts (23% of impacts), as seen by comparing
Figs. 6(c) and 6(d) with Figs. 6(e) and 6(f).

B. What promotes double-drop spreading along
fiber axes?

While first and second drops are always released from the same
location, we observe stochastic variation in their impact location, a var-
iation that increases with release height. Intuitively, lateral displace-
ment of the impact axes between the first and second drops d would
promote an increase in the final lateral spread of liquid mass within

the array Dv
^
. However, the outcome of Dv is more nuanced and

dependent on We. We summarize our observations in Table I. We
provide image sequences corresponding to each case in Table I, as
shown in Fig. 7 (Multimedia view). At our lower experimentalWe val-

ues, Dv
^

> 0 for aligned and misaligned second drops as photographi-
cally depicted in Figs. 7(a) and 7(b). Drops do not fragment at lowWe,
and so the liquid mass in the array grows by the addition of the second
drop. At higher We, fragmentation is promoted, and drop alignment

d � 0 results in Dv
^

> 0, which is true for both the non-fragmented
case shown in Fig. 7(c) and the fragmented case shown in Fig. 7(d).
However, when d > 0 and the initial liquid in the array is fragmented,
the impacting drop momentarily fills voids left by the first drop by
adhering to the smaller fragments trailing the now static first drop
mass. The penetrating second drop is pulled toward the existing liquid

FIG. 3. Experimental setup. A front view camera measures penetration depth and
lateral spreading while an oblique view camera ensures the drop’s impact within
array bounds.

FIG. 2. (a) Tracking the position and measuring the diameter of impacting drop. (b)
Tracking the spread of the liquid within the array as a drop impacts an already wet-
ted array. (c) Tracking the penetration depth of the liquid within the array as a drop
impacts an already wetted array.
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fragments within the array, resulting in a nearly zero Dv
^
, as shown

in Fig. 7(e), or sometimes, a reduction in v, as shown in Fig. 8(a)
(Multimedia view). In hydrophobic fibers, a reduction in v is possible
for fragmented drops, whereas a reduction in dp is possible for
non-fragmented drops, as shown in Fig. 8(b) (Multimedia view).

We present a more global view of how fragmentation influences
Dv

^
across d in Figs. 9(a) and 9(b). A figure corresponding to Fig. 9 for

staggered fibers is shown in Fig. S2. Color-coded data points show that
as a drop fragments into more parcels, Dv

^
is kept low, even for rela-

tively extreme d values, an observation that is more pronounced for

FIG. 5. Aligned fiber impacts classified
according to the degree of supersurface
retention and plotted across the modified
aspect ratio AR� and Weber number We.
Brighter colors correspond to higher pene-
tration depths, refer to Fig. 4. (a) and (b)
Impact classifications after the first drop.
(c) and (d) Impact classifications after the
second drop.

FIG. 4. Classifications of the degree of supersurface retention and fragmentation of liquid within the array. “Whole” when the liquid within the fiber array is not fragmented and
occupies the topmost inter-fiber space; (0) the liquid is not fragmented, but the topmost inter-fiber space is not occupied; (1) a single fragment is visible above the main liquid
body within the array; (2) two fragments are visible; (3) three fragments are visible; (4þ) the liquid within the array has split into four or more visibly separate bodies. Liquid
within the array in each panel consists of the first impacting drop.
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hydrophilic fibers. The observation of low Dv
^

imposed by fragmenta-
tion is a result of the void filling and parcel coalescence shown
in Fig. 7(e). We plot Dv

^
vs We in Figs. 9(c) and 9(d). The change

in spread Dv
^

is independent of We, and drops are more likely to

fragment at high We, as expected. In hydrophobic fibers [Figs. 9(b)
and 9(d)], the effect of fragmentation is less pronounced, and Dv

^
< 0

occurs more likely at highWe.
Second drop displacement perpendicular to both impact and

fiber axes, out-of-plane of the front camera, reduces spreading along
the fiber axes by virtue of conservation of mass. In contrast, d does not
affect the trans-fiber spreading because of the fiber-imposed restriction
on out-of-plane motion.5

C. What promotes double-drop penetration into
the array?

A greater lateral distribution of liquid mass ensures that penetra-
tion depth is unlikely to increase when d > 0 (Fig. 7 and Table I),
as shown in Figs. 10(a) and 10(b). A figure corresponding to Fig. 7
for staggered fibers is shown in Fig. S3. Second drop displacement

FIG. 6. Percentage of infiltration types
after the first drop (blue) and second drop
(red) for (a) and (b) combined experi-
ments, (c) and (d) aligned fibers, and (e)
and (f) staggered fibers. Refer to Fig. 4.

TABLE I. Change of spread and penetration as a function of second drop displace-
ment and Weber number. An upward arrow " indicates an increase, a hyphen (-)
indicates no change, and a downward arrow # indicates a decrease.

We d Dv
^

Dd
^

p

�1� 30 �0 " "
�1� 30 >0 " (not fragmented) - or # (fragmented) � � �
�60� 100 �0 " � � �
�60� 100 >0 � � � � � �
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FIG. 7. Displacement of drop relative to liquid within the array inhibits increase in liquid spread and penetration depth. (a) d � 0 at We � 20. (b) d > 0 at We � 20.
(c) d � 0 at We � 60� 80 without fragmentation. (d) d � 0 at We � 60� 80 with 4þ fragmentation. (e) d > 0 at We � 60� 80. Multimedia available online.

FIG. 8. (a) Hydrophilic fibers allow for
Dv

^
< 0 at high We. (b) Hydrophobic

fibers allow for Dd
^

p < 0 at low We.
Multimedia available online.
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FIG. 9. Change in spreading of liquid
mass within the aligned array imposed
by the second drop. (a) and (b)
Dimensionless change in spread vs the
dimensionless horizontal displacement
of the second drop relative to the first
drop. (c) and (d) Dimensionless change
in spread vs the impact Weber number.
Colors indicate the degree of fragmenta-
tion, refer to Fig. 4. Plots on the left
column correspond to hydrophilic fiber
arrays, and those on the right column
correspond to hydrophobic fiber arrays.

FIG. 10. Change of penetration depth
within the aligned array imposed by the
second drop. (a) and (b) Dimensionless
change in penetration depth vs the dimen-
sionless horizontal displacement of the
second drop relative to the first drop.
(c) and (d) Dimensionless change in pen-
etration depth vs impact Weber number.
Colors indicate degree of fragmentation;
refer to Fig. 4. Plots on the left column
correspond to hydrophilic fiber arrays, and
those on the right column correspond to
hydrophobic fiber arrays.
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perpendicular to both impact and fiber axes, not strictly observable
with our experimental setup, reduces penetration depth by virtue of
conservation of mass—the fiber configuration limits out-of-plane
motion.5,6 Second drops producing d � 0 push liquid beyond the exist-
ing static mass much like the expulsion of balls from Newton’s cradle,
an expulsion that is nonintuitively less dramatic at high We. At high
We, the first drop fragments as shown in Figs. 7(d) and 7(e). The sec-
ond impacting drop also fragments, and its fragments coalesce with the
parcels of liquid waiting in the array. The result is almost no change in
the penetration depth. Thus, an increase in penetration depth is only
promoted when d � 0, and the liquid in the array is not fragmented.
Since hydrophilic fiber arrays limit the penetration depth of the first
drop compared with their hydrophobic counterparts,5 then, by exten-
sion, hydrophilic fibers limit the penetration of successive drops. Such a
property is important for a fibrous, fur-like, raincoat in heavy rainfall.

The change in penetration depth is independent of We as shown
in Figs. 10(c) and 10(d). At We� 60, there is almost zero change in
penetration. At low We, hydrophobic fibers allow for a reduction of
penetration depth through a combination of rebound and surface ten-
sion, pulling up the liquid that is already within the array as shown
in Fig. 8(b).

The antithesis of array penetration is drop rebound, an easier
metric to observe for arrays that provide little to no visual access. The
degree of rebound, though not strictly quantified here, corresponds to
a range of rebound behaviors. We classify rebound types according
to the shapes they produce and their qualitative height, as shown in
Fig. 11 (Multimedia view). In cases where multiple sequential
rebounds occur after impact, only the first rebound is classified.

HigherWe and AR� enhance drop penetration and fragmentation
while reducing rebound, as mentioned in our previous work5 so that
an increase in We may be compensated by a decrease in AR� and vice
versa. The product of We and AR� is, thus, a useful metric by which to
describe drop fragmentation, penetration, and rebound. A similar
approach has been done in other investigations.6,36,37 A plot of AR�We

color-coded by rebound type is shown in Fig. 12(a). Rebound is pro-
moted in hydrophobic fibers with the jet-to-bulb transition in the
rebound shape shown in Fig. 11 (“jet-bulb”) occurring at low AR�We.
The jet-like rebound, with a sharper rebounding jet that does not pro-
duce a round bulb, appears in both hydrophilic and hydrophobic
fibers. In a previous study,5 we found that rebound is promoted by
higher fiber density and lower impact speed for a single impacting
drop, an observation that remains true for a second, sequential drop.
Rebound and other impact behavior of the second drop are influenced
by the distribution of the liquid that is already within the array; the sec-
ond drop mimics the rebound behavior of the first, as discussed earlier.
At lowWe, liquid mass retention atop the array is prominent, promot-
ing jet-like and jet-bulb rebound. The more the drop rebounds, the
less it penetrates, as shown in Fig. 12(b).

At low We, rebounding drops can pull the liquid within the fiber
upward as the drop rebounds in hydrophobic fibers, resulting in

Dd
^

p < 0, as shown in Fig. 12(c) and as pictured in Fig. 8(b). Such a
reduction does not occur in our hydrophilic fibers where the contact
lines are pinned.

IV. CONCLUSIONS

In this study, we take the canonical topic of a single impacting
drop further by studying the impact outcome of a second drop impact-
ing an already wet fibrous array. The final state of a second drop
impacting onto a fiber array is predetermined by the state of the liquid
within the array. The change in penetration depth and spread of
the liquid within the array occurred when a second drop impacts is
poorly correlated with We. Hydrophobicity promotes supersurface
retention and enables a decrease in spread at high We and a decrease
in penetration depth at low We. In contrast, hydrophilic fibers limit
the penetration depth of successive drops at highWe. Such characteris-
tics explain why it would benefit mammals or engineered systems
coated with fur-like structures to carry a hydrophobic underfur and

FIG. 11. Rebound classifications. Impacts are classified according to the shape of the rebounding jet. Each frame is timestamped by dimensionless time s. Multimedia available
online.
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hydrophilic guard fur, allowing water-proofing even during a heavy
rainfall.

SUPPLEMENTARY MATERIAL

See the supplementary material for three figures showing data
corresponding to drop impact onto staggered fibers.
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