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ABSTRACT: In this experimental study, we combine drop impact
into porous media and onto a single fiber to study drop impact into
fiber arrays inspired by mammalian fur coats. In our 3D-printed
arrays, we vary the packing density, fiber alignment, strand cross-
section, and wettability. Drops impact fibers fixed at both ends,
penetrating over short periods of time by momentum and laterally
spreading throughout the array. Using image analysis, we measure
penetration depth and wetted width into the array. Impact Weber
number and intrinsic porosity define penetration, retraction, and
rebound regimes. On average, at an impact Weber number of ~80,
staggered fibers reduce penetration by 24% in hydrophilic fibers
and 34% in hydrophobic fibers, and the penetration reduction
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percentage is expected to increase with increasing Weber number. Our results indicate that as density grows toward the density of
mammalian pelts, penetration will reach a maximum value independent of drop impact velocity, thereby providing an eftective rain

barrier. Hydrophilicity at the densities we test, 50—150 strands/cm?,

aids fiber array resistance to dynamic penetration by impacting

drops through the promotion of lateral drop spreading and inhibition of drop fragmentation. Conversely, hydrophobic fibers best
resist low-speed wicking. The fraction of a drop that infiltrates hydrophilic and hydrophobic fibers is nearly identical for a fixed
Weber number because lateral spreading restricts the penetration depth into hydrophilic fibers but does not restrict mass infiltration.
Above a critical Weber number, the entire drop mass penetrates fiber arrays regardless of strand wettability.

B INTRODUCTION

The state of being wet in a cold environment is dangerous for
most mammals. Humans have developed raincoats and
umbrellas to protect our nearly hairless skin, but evolution
has bequeathed our furry counterparts with arrays of hairs for
the same task. Fur is a wonderfully multipurpose and
multiscale structure'~* that serves to keep mammals warm
and dry,"”” provide mechanical protection,” and repel
contaminants.”'? Fur thus permits a mammal to regulate its
body temperature'”'” and avoid undesired mass that would
otherwise hinder locomotion."” An understanding of how the
multiscale properties of fur work in concert to reject biofilms
and other inorganic foulers is just now beginning to be
understood,'® but the ability of fur to repel high-speed drops
across its morphological perturbations remains understudied.
Simply, the impact of drops onto fibrous arrays mimicking
those of mammalian fur appears absent in scientific literature.
In this study, we investigate the impact and penetration of
falling drops into simplified fiber arrays inspired by mammalian
fur but produced in our laboratory such that we can fine-tune
fiber properties. Thus, we strive to uncover the mechanics of
drop impact onto such media and shed further light on the
multifunctional wonder that is natural fur.

Mammal fur has a vast diversity in length, density,
coarseness, and curl. The long hair of an orangutan stands in
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contrast to the hydrophobic, lanolin-covered'* curls of a
Scottish Dunface sheep. The most densely packed pelts are
found on semiaquatic mammals such as sea otters'” that have
underfurs topping O(10°) strands/cm?® Otter fur also has the
ability to interlock strands to promote the capture and
retention of air while submerged."” Terrestrial mammals in
hot climates have much sparser pelts, like that of the bushpig13
with O(10) strands/cm? No matter the wettability, density,
length, or coarseness, most furs are simply a porous medium
consisting of fibers arranged locally parallel to one another.
Some furs lie flat, whereas others stand erect. We simplify the
fur system for experimentation by considering only horizon-
tally oriented artificial samples, which are 3D-printed parallel
fiber arrays rigidly affixed at both ends. Our fiber arrays at
0(100) strands/cm? are comparable to that of the gray wolf.'®

The study of drops impacting fibers has been primarily
carried out with singular fibers, cantilevered and fixed.
Cantilevered fibers can capture impacting drops when impact

Received: January 29, 2024
Revised:  May 1, 2024
Accepted: May 1, 2024

https://doi.org/10.1021/acs.langmuir.4c00371
Langmuir XXXX, XXX, XXX=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Gene+Patrick+S.+Rible%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Michael+A.+Spinazzola+III%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Robert+E.+Jones+III%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Rachel+U.+Constantin%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Wei+Wang%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Andrew+K.+Dickerson%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Andrew+K.+Dickerson%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.4c00371&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00371?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00371?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00371?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00371?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00371?fig=tgr1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c00371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf

Langmuir

pubs.acs.org/Langmuir

C

Aligned
Configuration

1=
HE @)oo

Staggered
Configuration

LIl
H ¢
B2 [

Figure 1. 3D-printed fiber array. (a) Oblique view. (b) Top view. Fixing both ends and making the fibers rigid eliminates cantilever beam
dynamics.”” (c) Cross-sectional view of a strand; cross-sectional asymmetry results in distinct orientations with respect to the impacting drop.

velocity is sufficiently low and fiber flexibility is sufficiently
high.'”~*” Outside the capture regime, impacting drops cause
cantilevered fibers to displace as the drop breaks apart, and
displacement is independent of drop momentum within a drop
diameter range of 2.4—3.3 mm and a Weber number range of
100—350.° Thus, fiber properties rather than drop momen-
tum seem to dominate maximal fiber displacement following
drop impact. Single fibers fixed at both ends induce drop
breakup by splitting drops along the axis on impact, resulting in
flat “lobes” projecting downward faster than the impacting
drop.”” Lobes formed by drops impacting wedged fibers are
irregular, in contrast to the parabolic lobes of round fibers.””
Moreover, a wedge-like shape experiences a larger correspond-
ing impact force than its round counterpart, thereby producing
a more lateral separation of the liquid lobes formed by the
impacting drop.”” Such disparity in generated impact force
grows with larger Weber numbers.””

From the viewpoint of an impacting drop, our arrays of fixed
fibers considered in this study form an anisotropic, regular
porous substrate. Images of our test fibers are shown in Figure
1. Drops impacting porous media are ubiquitous in rain
events’  and industrial processes. Dynamics of spreading and
penetration are important in inkjet and 3D-printing, cleanup
processes, coating of porous substrates, irrigation, and in the
manufacture of ceramic structures.’' ~>* Droplet spreading
after impingement and the spreading rate over porous surfaces
are critical to the quality of inkjet printing.” ™*’ An
understanding of the absorption of drops impacting porous
materials enables the development of methods to improve
cleaning techniques and mitigate toxic substance absorption.*®
For instance, environmental applications such as hazard
assessment of accidental release of liquids onto the soil are
mainly concerned with the evaporation rate of the liquid
droplet, which is a function of the area of the wet spot on the
surface of the porous medium that is exposed to the
atmosphere, and of the penetration depth.*’ Liquid drops
penetrating porous surfaces do so via inertia in the first
moments of impact before transitioning to capillary-driven
penetration over larger time scales.’”*****' The dynamic
nature of impact by our drops forces the liquid near or past the
extent that would be achieved by capillary wicking.*”** The
slight amount of wicking we do observe is unaided by fiber

flexibility, as it would be in cantilevered fibers or fur.**** In

addition to drop momentum, the penetration depth d, and
spreading width y behavior of an impinging drop on a surface
depend on liquid density p, viscosity y, and surface tension o,
as well as surface wettability, roughness, and surface

ion.”*™*" On solid surfaces, drops can deposit, rebound,
or splash52 depending on the impact kinetics, liquid properties,
surface characteristics, and temperature.%’53 After reaching
maximum spreading, the drop recedes under surface
tension.””** Recession time depends on several factors such
as the surface shape and drop surface tension.’*® If the
recession is sufficiently vigorous and the solid is super-
hydrophobic,”® drops will jump off the surface.*” However,
during impacts with very high initial kinetic energy, drops
disintegrate into secondary droplets and may splash.*>” Such
splashing can be suppressed or enhanced by changing the
orientation or curvature of the surface, changing the surface
roughness,”” or when drops impact on a moving liquid film or
surface.”®™* Increasing the impact velocity U induces side-
splash, and further increases in velocity lead to omnidirectional
splash, whereas increasing the tangential velocity of the moving
surface promotes side-splashing in the rear edge and
discourages omnidirectional splash.’’ As the surface velocity
increases, the critical impact velocity to induce splashing
decreases.”*

On rough porous substrates, the primary splash parameters
are the impact Weber number We = pDyU?/c (where Dy, is the
drop size) and the characteristic roughness or grit size € of the
substrate.® Splashing occurs when We (e/D,) 2 1.
Absorption, in contrast, is governed by liquid properties as
well as substrate porosity, pore size, and wettability.*"*°~%*
Once the deposited liquid drop is completely depleted from
the exterior surface of the porous medium, further redis-
tribution within the porous medium due to capillary forces is
possible while evaporation occurs at the surface.”

In this study, we allow drops of diameter D, = 2.86 + 0.13
mm to impact arrays of horizontally oriented fibers, producing
impact We = 1—-100. Our system thus lies at the nexus of
porous media and single fibers. We describe our methods of
fiber production, experimentation, and image analysis in the
Experimental Section. Our Results and Discussion is
comprised of three subsections. Impact We and fiber array
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Figure 2. Contact angles of water drops on (a) hydrophilic and (b) hydrophobic fibers. (c) Measured quantities. (d) Experimental setup.

configuration produce various impact classifications that are
presented in the Impact Classifications subsection. We discuss
the governance of drop penetration into the arrays by
consideration of energetics in the Penetration subsection.
Drops spread laterally throughout the fiber arrays as they
exhibit penetration, an extent that is likewise captured by an
energy balance. We allow higher speed drops to impact our
arrays in the Implications for Mammals and Applications
subsection. We draw the work to a close in the Conclusions.

B EXPERIMENTAL SECTION

Fiber Printing and Morphology. Translucent fiber arrays are
fabricated with photopolymer resin in a FlashForge Hunter DLP resin
3D printer with a layer resolution of 25 ym and a pixel size of 62.5
um. According to FlashForge, the cured resin has a tensile modulus of
48 MPa and a flexural modulus of 2250 MPa. A block of resin anchors
fibers at each end to ensure fiber alignment during production and
experimentation, as pictured in Figure la. The fiber/block structure is
printed such that fibers are parallel to the build plate. The fibers are
20 mm long and create a 10 mm X 10 mm array. The array size
ensures that drops do not cross the array boundary over the course of
impact. Printer resolution and curing dynamics limit how small and
densely packed fibers can exist without clumping into a unified mass
during printing. The width of our fiber cross-section / &~ 350 yum, as
shown in Figure 1b. A cross-sectioned experimental fiber is pictured in
Figure lc. Fibers are designed to be square in cross-section with a
dimension / for the sake of printing, but gravity causes the resin to
flow into a wedge-like cross-section during printing in the resin bath.
Therefore, the fibers have a cross-sectional width of 344 + 26 um
(number of samples, N = 18) and a length of 394 + 50 um (N = 18).
We note that, despite popular belief, mammalian fibers are not
circular.'””® The unintended wedge-like shape allows us to test the

influence of cross-section orientation, standard, front/back, and
bottom (Figure 1c) on drop impact outcomes.

Arrays are printed with three different permutations of interfiber
spacing a to generate packing densities of approximately 50, 100, and
150 cm™, with an average error on a of 3.8%. We produce and test
two packing configurations 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 Figure lc. Fiber size and spacing, / and 4, determine the
intrinsic porosity of the array.”' The ratio of empty area to that
consumed by fibers on any single row of the array is given by

=l+a (1)

an intrinsic porosity which we call the “aspect ratio” of the array. Solid
surfaces have AR = 0; single fibers AR = 1; and porous media 0 < AR
< 1. Greater values of AR will intuitively result in easier penetration by
an impacting drop. However, eq 1 is ignorant of drop size and thus
insufficient to describe impact classification transitions,'*>"**>7>7
The inclusion of drop size is captured in a modified aspect ratio, AR

multiplied by the ratio of fiber-plus-gap unit / + a to the drop size,”"”
Dy
!
ARF= AR % = % fr  14a<D,
Dy D, (2)

The ability of a drop to penetrate an array is now cursorily
described by AR*.

Augmenting Fiber Wettability. The cured mounting blocks at
the fiber terminus (Figure 1b) provide a flat surface on which we
measure the contact angles of drops. Raw prints have receding,
equilibrium, and advancing contact angles of 6, = 463 + 9.1°
(number of trials N = 3), 6, = 74.6 + 6.9° (N = 3), and 6, = 89.2 +
7.0° (N = 3), respectively. We make an array hydrophobic through
vapor phase silanization of the samples using fluorosilane.”®”” The
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resulting contact angles are 0, = 62.9 + 8.9° (N = 3), 6, = 1203 +
8.1° (N = 3), and 6, = 128.8 + 7.6° (N = 3). Sessile drops are
pictured on both uncoated and coated samples in Figure 2a,b.

Experimental Methodology and Principle Measurements. A
schematic diagram of the experimental setup is shown in Figure 2d.
For simplicity, drops of a fixed diameter Dy = 2.86 + 0.13 mm (N =
444) are released from a needle positioned at heights h = 7, 18, 33,
120, and 1916 mm above a fiber array with impact Reynolds number
Re = pUDy/p = 730—4300 for the first four needle heights wherein
the observed flow of the drop within the fiber array is laminar; a
modified Reynolds number Re* = pUa/u = 100—2500 based on flow
in pipes’® better characterizes the flow in our fiber arrays. For the fifth
needle height discussed in Results and Discussion, the observed flow
is no longer laminar with Re & 14,500 and Re* =~ 5500. The impact
Ohnesorge number O = u/ /poa = 2.9 X 10° — 53 % 107, Im-
pacts are filmed with two synchronized Photron Nova S6 cameras at
3000 fps, with a resolution of approximately 25 pixels/mm. The
oblique view camera is used to verify impact location but does not
provide quantitative data. Between trials, samples are dried with
compressed laboratory air and never contact human skin. Videos
captured by the front view camera are binarized in MATLAB with no
imposed dilation or erosion. From binarized video frames, we measure
drop diameter D, temporal drop position, drop velocity U,
penetration depth d,, the drop width ¥ (¥ = D, preimpact), and the
height of liquid above the array (dome height) d,, labeled in Figure
2c.

Dimensionless Parameters. In the following analysis of drop
impact onto fiber arrays, a number of dimensionless groups arise upon
nondimensionalization of our governing equations and for the sake of
convenient comparison. The principle quantities measured during and
following impact are normalized by spherical drop diameter D, to
form

d, =d,/Dy, X =x/D,, and d, =d,/D, (3)

We nondimensionalize time ¢ by the time scale of impact such that
the dimensionless inertial time 7 = tU/D, The moment of drop
contact corresponds to 7 = 0. We also denote three distinct moments
during the infiltration of the fibers. The first occurs at 7 = T, when the
drop reaches its widest lateral extent to achieve y,, and ¥, = ¥m/Dy, 2
wetting position it may or may not hold steadily. The second occurs
at 7 = T, when the drop penetrates deepest into the array to achieve
dym and dy, = d,/Dy, a position that likewise may be held
ephemerally. The third is the drop final resting position where neither
wetted width nor depth measurably change in the time scale of our
videos. Nomenclature of the various quantities and mathematical
symbols used in the study is provided in Table 1 for convenience.

B RESULTS AND DISCUSSION

Impact Classifications. Fiber spacing AR¥, configuration,
cross-sectional profile, contact angle, and drop impact velocity
U collectively govern the expression of eight identifiable impact
classifications, as shown in Figure 3 and Movie S1. Impact
classifications can further be subdivided into three major
clusters: jet-like rebound, little jet-like rebound, and no
rebound. The distinction between jet-like rebound and little
jet-like rebound is made by the qualitative prominence of the
jet formed as the cap of the drop rebounds upward. While
small, the jet formed at 7 = 2.21 ms in the sixth row of Figure 3
is the most prominent supersurface feature. The jet in the
seventh row at 7 = 1.19 ms is less prominent than the
spreading rim. A distinction is also made between impacts
where the drop breaks into fragments and those where the
drop remains intact. Impact classifications without fragmenta-
tion reach steady-state in a relatively shorter time. For example,
the fragmenting, penetrating drop on the sixth row of Figure 3
has an impact sequence approximately 20X longer than the

Table 1. Nomenclature

symbol definition
p liquid density
u dynamic viscosity
D, drop diameter
drop impact velocity
c surface tension
We impact Weber number
1 cross-sectional length, refer to Figure 1
a fiber spacing, refer to Figure 1
fiber aspect ratio,
AR a/(l + a)
AR¥* modified fiber aspect ratio, a/D,
d, drop penetration depth, refer to Figure 2
X drop spread width, refer to Figure 2
dy, drop dome height, refer to Figure 2
7 = tU/D, dimensionless inertial time
T, instant of maximum spread
T, instant of maximum penetration
ky, ky, ks Ky penetration coefficients, refer to eqs 22 and 23
O steady-state value, [] is a placeholder
Ogm maximum value, [] is a placeholder
L normalized length value []/D,, [] is a placeholder

impact on the second row. A profile of all impact
classifications, capturing the transient jet and fragmentation
that arise during impact, is captured in the normalized heat
maps in the leftmost column of Figure 3. The red-most colors
indicate a higher incidence of drop spatial residence, whereas
the blue-most colors indicate the most transience. The heat
maps of Figure 3 are made from every frame of a single video
and provide, in a single image, the characteristic behaviors of
an impact sequence.

Impact image sequences provide an intuition that deeply
penetrating drops do not have as prominent a dome as those
that penetrate slightly or not at all. Therefore, we expect
steady-state penetration depth d,, and steady-state dome
height d;, ; to be negatively correlated, as explored further in the
Supporting Information. Furthermore, drops that spread a
greater lateral distance J, are limited by volume conservation to
penetrate,”" as explored further in the Supporting Information.
We plot d,, versus }, for hydrophilic fibers and find that
nonfragmenting drops behave as predicted, as shown in Figure
4a. A triangle (A, /\) represents impacts where the drop
forms an upward rebounding jet upon recession, whereas a
circle (@, O) represents impacts where such behavior is
absent. A square (I, [J) represents impacts where little
rebound is present. Solid symbols (Jll) represent drops that do
not break up, and symbols with a black outline ([J) represent
fragmented drops. We plot dj, ; versus ¥, for hydrophobic fibers
in Figure 4b and find that bouncing drops with zero final
penetration cluster at around (0.85, 1.1), which indicates that
they are nearly spherical, d,; S 1 S ¥, with a slight oblation
under gravity. Further considerations of impact characteristics
are given in the Supporting Information. The geometric
measurements taken after impact show that impact classi-
fications cluster in the post-impact parameter space but
provide, at best, a convoluted prediction of the initial
conditions of impact.

By considering an impact Weber number and modified
aspect ratio AR*, we find a superior predictor of impact
behavior. We plot AR* versus We for aligned fibers (A) in
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Figure 3. Image sequences of observed impact classifications, arranged in increasing We. The leftmost column 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 rebound. Dimensionless time stamps in each frame (7) are color-coded based on dimensional time. Refer to Table 2 for fiber

configuration and orientation abbreviations.

Figure S. Staggered fibers (S) exhibit very similar grouping in
the AR* — We space but are excluded in Figure 5 for the sake
of clarity. Rebound is more likely to occur in lower AR* and
We values. Hydrophobicity induces drop bouncing at
sufficiently low We, as shown in Figure Sb,d, but at higher
We, fragmentation is promoted by hydrophobicity. Fibers with
their wedge-like surface facing the drop, in bottom orientation
(Bo, Figure 1c), likewise promote drop fragmentation.
Fragmentation allows child droplets to penetrate further into
the array than intact drops. We explore the relation between
fragmentation and penetration in more detail in Hydro-

phobicity Promotes Penetration through Fragmentation. The
penetration of fiber arrays by impacting drops and drop
fragmentation is, unsurprisingly, greatest for the least dense
arrays and fastest drops.

Penetration. Dense, Staggered Fibers Inhibit Penetra-
tion. By applying the conservation of energy on the drop
before and after impact, a relationship between the maximum
penetration depth d,,,, and We may be attained. A pre- and
post-impact energy balance takes the form

Ex + Eq + E, = Eg + E, + E} (4)
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Figure 5. Modified fiber aspect ratio and Weber number drive impact classification. (a—d) Modified aspect ratio versus Weber number plot of
aligned fiber arrays. All subplots in the higher row use fibers in standard orientation, whereas all in the lower row use fibers in bottom orientation.
All subplots in the left column use hydrophilic fibers, whereas all in the right use hydrophobic fibers. Refer to Table 2 for classification
abbreviations. The Supporting Information contains AR* versus We plots for staggered fibers, Figure S1, and orientations are not shown here,
Figure S2.

where Ex = zpDy*U?/12 is the kinetic energy at impact, Eg =
47Dy’c is the surface energy of a spherical drop, and Ej is the
initial gravitational potential energy of the impacting drop,
whereas Eg' is the total final surface energy of the penetrated
drop or fragments, Ep’ is the energy dissipated during impact,
and E;’ is the final gravitational potential energy of the
penetrated drop or droplet fragments. One centimeter tall
arrays ensure that Ep =~ Ep'.

Viscous dissipation during impact can be decomposed into
two components, (1) shear forces on the vertically extruded
liquid and (2) spreading of the drop bulk laterally on the

topmost fiber row. On a no-slip surface, viscous dissipation

occurs as the liquid undergoes shear within the boundary
layer’” with the time-scale of deformation 7 ~ Dy/U equal to
our inertial time.** Using stagnation point flow, the boundary
layer can be approximated to be of thickness’¥*"®!
8 = 2D,/~/R. The viscous dissipation per unit mass is ® =
u(0v;/0x; + 0Uj/0x,-)0l)i/0x]- ~ pU*/8%. The volume of the
boundary layer is approximated by considering the deforma-
tion of a drop into n rectangular plates that vertically extrude
between stacked fibers. We model this process as the flattening
of a drop of diameter D, to rectangular plates of width y, and
length d,, as illustrated in Figure 6a, and thickness equivalent
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Figure 6. Graphical accompaniment to penetration depth model.
Fibers are assumed square in our model. The view of fibers shown in
each panel is indicated by the lightly colored planes in each inset. (a)
Front and back view of the fiber array with the penetrated drop as
seen by the camera. (b) Top and bottom view of the fiber array with
the penetrated drop. AR is the fraction of drop projection that is in
contact with air, whereas 1 — AR is the fraction that is occupied by
fibers. (c) Cross-sectional view of the penetrated drop within the fiber
array. The liquid body interacts with 4 sides of each fiber strand it
encapsulates. Strands on the periphery are assumed to be wetted on 2
sides (1 complete side and 2 half-sides). (d) Cross-sectional view of
the fiber array with the penetrated drop. The total intersection area of
the horizontal plates and vertical plates, shown in yellow, is jna®.

to the interfiber spacing a. Each liquid plate experiences shear
on two sides from fiber contact according to the fraction 1 —
AR, as shown in Figure 6b. Thus, for each rectangular plate, the
volume of fluid over which dissipation takes place can be
approximated® by Q ~ X:d,5(26)(1 — AR); the boundary
layer on each side of the liquid plate that is interacting with
assumed square fibers is highlighted in pink in Figure 6¢, and
the area of each plate is illustrated in Figure 6a. The dissipation
Ep," within the drop due to shear-induced by no-slip is

Ep, = nf f@dszdmncpgf

0o Jo (%)
Substituting the @, €, and 7 and simplifying in terms of R
Epy ® n){SdP'S/AU\/E(l — AR) (6)

The remainder of the dissipation Ep, arises from vortical
motions as the drop spreads laterally across the topmost
fibers.”” On a solid surface, Ep, is equal to half of the initial
kinetic energy.”” For a porous medium, E},, only occurs on the
areas occupied by solid fibers 1 — AR, as illustrated in Figure
6b, and not on the empty spaces so that

1
E,, % —(1 — AR)E
b % (1= AR )

When AR — 0 in eq 7, formula for the case of solid surface is
recovered. The total dissipation is

Ep = Ep, + Ep, (8)
Using eqs 6 to 8, we find that Ep is at least 1 order of

magnitude lower than the total preimpact energy Ex + Eg so
that Ep, can be neglected. On a solid surface, half of the kinetic

energy is dissipated mostly as the drop deforms and flattens;
however, within a fiber array, there is reduced perpendicular
redirection of drop motion such that a greater fraction of the
initial kinetic and surface energy is converted into surface
energy as the drops attach to greater total surface area within
the fiber array. Thus, eq 4 can be simplified

Ey + Eg & Eg 9)

which is perhaps unsurprising in light of the magnitude of
impact Re* =~ 100—2000.

Nonbouncing, nonfragmented drops that fully penetrate
have a total surface area that is proportional to the final
penetration depth d, , final spread width y,, and the number of
rectangular plates n. The surface energy due to the interaction
of the liquid with the fiber surfaces within the array is
approximately 4n)(sdp’s(l — AR)o(1 — cos 0); the factor 4
accounts for the 4 sides of every fiber strand, as shown in
Figure 6¢, and 1 — AR is the fraction of the fiber in the plate
area y,d,.. On the front and back sides (camera view) of the
penetrated liquid illustrated in Figure 6a, the surface energy
due to the interaction of the liquid with air is nyd, ARc on
each side. On the top and bottom sides of the penetrated liquid
illustrated in Figure 6b, the surface energy due to liquid—air
interaction is nay,c on each side. On the left and right sides
(axial view) of the penetrated liquid illustrated in Figure 6d,
the surface energy due to liquid—air interaction is
[nad,  + jan(l + a) — jna’lo = nad, (2 — AR)o on each
side, where j=4d / (I + a) is the number of levels within

the fiber array that is penetrated by the water drop. Thus, eq 9
becomes

“d 3rp2 2

—pDy"U™ + nDjo

12,0 0 0

~ 4nyd, (1 — AR)o(1 — cos 0) + 2nyd, ARc
+ 2nay,0 + 2nad, (2 — AR)o (10)
and is derived assuming square fibers. Rearranging eq 10
L pD,*U* + nDio
12

~ 20n{[2(1 — cos O)y d

d, .+ ad, J(1 — AR)

+ x,d, AR + a(dp,S +2.)} (11)
which may be reasonably approximated by neglecting a(d,,, +
xs) and, since ad,; < 2(1 — cos @)y, can further be
simplified to
4 32 2
—pDy"U” + nDjo
12,0 0 0
~ 20x,d, [2n(1 — cos 0)(1 — AR) + AR] (12)

and rewritten as

%pDOZ'UZ + nDlo

1
R 4 d (1 - 6)q1 — |1 - ————  |AR
vy 1 = cosft =1 - ot

(13)

which is approximately
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Figure 7. Normalized penetration depth. (a,b) Normalized maximum penetration depth versus normalized steady-state penetration depth. (c,d)
Normalized maximum penetration depth versus Weber number in fibers in standard orientation. (e,f) Averaged curves for aligned and staggered
fibers in e and f. Dashed lines represent power law curve fits generated using eq 24. Fiber density (D) numbers in strands/cm? St = standard, F/Ba
= front/back, Bo = bottom; A = aligned, S = staggered; refer to Table 2. All subplots in the left column use hydrophilic fibers, whereas all in the

right use hydrophobic fibers.

%pD(fUZ + ﬂD(,Za ~ 4noy,

N

d, (1 — cos 0)(1 — AR)
(14)

It has been shown that the sgreading of a drop impacting

single fibers” and solid surfaces®” obeys

X, = CIWel/4 + D, (15)

where ¢ is a positive constant. Moreover, from geometry
n o Dy/(I + a) (16)

Combining eqs 14 to 16

b2
EpDOSU2 + ITDgO'

D,
0 o(cWe'/* + Dy)d, (1 — cos 0)(1 — AR)

x 4
I+ a
(17)
Using our definition of We and rearranging eq 17
D, We
48(1 — cos 0)(1 — AR)c, Wwe!/* + 2o
a
+ Dy x dp's
41 = cos 0)(1 — AR)cl(Wel/4 + &) I+a
o (18)
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Figure 8. Characteristic penetration depth. (a,b) Characteristic maximum penetration depth versus Weber number in fibers in standard orientation.
(c,d) Averaged curves for aligned and staggered fibers in e and f. Dashed lines represent power law curve fits generated using eq 24. Fiber density
(D) numbers in strands/cm? St = standard, F/Ba = front/back, Bo = bottom; A = aligned, S = staggered; refer to Table 2. All subplots in the left
column use hydrophilic fibers, whereas all in the right use hydrophobic fibers.

For dynamic drop impacts at high We values when We'/* >
Dy/c,, the leftmost term in eq 18 is dominant, and eq 18 is
approximately equivalent to

D,
48(1 — cos 0)(1 — AR)c,

4, Oes

I+a

(19)

An estimate of Dy/c, = 2.7 for nonwedged fibers with //D, =
0.4 can be found on a previous drop impact onto pine needle
fibers.”” Such an estimate can be used as a preliminary basis,
but further experiments should be conducted to obtain a better
estimate for Dy/c; for lower //D, values. Using such an
estimate, the previously mentioned condition for eq 19 is thus
satisfied when We'/* > 2.7, or equivalently, when We > 53.
Otherwise, for static drops at low We values when We'/* <
Dy/c,, the rightmost term in eq 18 is dominant and eq 18 is
approximately equivalent to

for We > 53

dy s
4(1 —cos)(1 —AR) I+a

T

for We < 7.3

(20)

a validity condition that appears by comparing the magnitudes
of the dynamic (eq 19) and static (eq 20) components of
penetration. Therefore, the retention of both static and
dynamic components is appropriate for 7.3 < We < S53.

We now introduce a “characteristic penetration depth” that
is relative to the fiber size and spacing

dy = Do
I+a PI+a (21)
Combining egs 19 and 20, we may write
d
ps 3/4
=kWe'" + k
I+a 2 (22)

where the two non-negative coefficients are k; ~ (zD,)/[48(1
—cos 0)(1 — AR)¢;] and k, ~ 7/[4(1 — cos 0)(1 — AR)]. The
coeflicient k, represents the strength of kinetic energy, and the
static coefficient k, represents the initial surface energy
together with auxiliary effects such as capillary-driven
penetration and the penetration of fragments through the
fiber interstices. Similarly, from eq 21

d

b = kWt + k,

(23)
with non-negative coefficients ky = k(I + a)/Dy ~ #(l + a)/
[48(1 — cos 8)(1 — AR)¢,] and k, = ky,(I + a)/Dy ~ n(l + a)/
[4(1 — cos 8)(1 — AR)D,]. The negative correlation between
AR and the penetration depth coeflicients k; and k, imply that
denser fibers inhibit penetration. As AR — 0, fiber density
increases: the interstitial spaces within the array shrink so that
the array becomes more solid, and the penetration depth
coeflicients approach a minimum value. Conversely, as AR — 1
fiber density decreases, the array behaves as single fiber, and
the penetration depth coeflicients approach infinity. At low
velocity, we expect k, > k;We¥* for hydrophilic fibers where
capillarity is significant. In static drops, We = 0 but penetration
can still occur due to capillary action (k, > 0).
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To this point, we have considered penetration depth as the
maximum achieved by impacting drop. However, drops often
retract such that their final resting depth d,; < d, . For
hydrophilic fibers, d,;/d,, = 0.90, whereas d,,;/d, ., = 0.84 for
hydrophobic fibers, as shown in Figure 7a)b. The lower d,/
dy,m ratio in hydrophobic fibers is a result of more prominent
vertical drop retraction at low We, often resulting in the drop
bouncing and subsequently a zero final resting depth.
Nevertheless, the linear functions fit to the data in Figure 7
have very similar slopes for hydrophilic (1,020) and hydro-
phobic fibers (1.018). Therefore, the use of d,,, or d, as well

as of dp,m/(l + a) or dp,s/(l + a) is nearly equivalent. Thus
d

m oy
PRy P ke wer* +k, and
I4+a I+a

Ay ~ d, = kW + &, (24)

pm

We plot the normalized maximum penetration depth (uip,m
versus We for all fiber densities and alignments in Figure 7c¢,d,
whereas the characteristic maximum penetration depth
d,m/(I + a) is plotted versus We in Figure 8ab. Symbols

with blue spectrum colors represent impacts with aligned
fibers, whereas staggered fiber impacts are of the red spectrum.
Orientation is differentiated by symbol shape: standard (St)
orientation by \/, front/back (F/Ba) orientation by [, and
bottom (Bo) orientation by /\, refer to Table 2. When using

Table 2. Legend Labels

abbreviation definition
D fiber density in strands/cm”
A aligned fiber configuration, refer to Figure 1
S staggered fiber configuration, refer to Figure 1
St “standard” fiber orientation, refer to Figure 1
F/Ba “front/back” fiber orientation, refer to Figure 1
Bo “bottom” fiber orientation, refer to Figure 1
JLR jet-like rebound, refer to Figure 3
LJLR little jet-like rebound, refer to Figure 3
NR no rebound, refer to Figure 3
JLR, CS jet-like rebound, capillary spreading, refer to Figure 3
JLR, B jet-like rebound, bounce, refer to Figure 3
PDF penetrated drop fragmentation, refer to Figure 3

the characteristic penetration depth, as shown in Figure 8, the
effect of the staggered configuration in lowering the value of
dym/ (I + a) is emphasized so that the normalized penetration

depth d,,, is the appropriate variable to use when comparing
penetration depth across different fiber types. As expected,
denser fibers have lower penetration depth coefficients k;, k, or
ks, k,, as shown in Figures 8a,b and 7c,d. Considering that the
fiber density used in this work is 2 to 4 orders of magnitude
lower than typical animal furs,"> we posit that as fur density
grows past what we can manufacture, toward the density of
typical animal furs, the penetration depth of falling drops into
fibrous arrays will approach a functionally zero penetration
depth. Thus, we expect the skin of many mammals to remain
dry in the most violent rainfall.

To isolate the influence of configuration on penetration
depth, we average the d,, ,./(/ + a) and Elpym for each Weber
number in Figures 8a,b and 7¢,d and plot the result in Figures

8c,d and 7ef. For both wetting conditions, penetration is
inhibited by the staggered fiber configuration, as expected.

Such greater resistance to penetration of staggered fibers is
reflected by a lower k; and k, in Figure 7. On average, at We =
80, staggered fibers reduce penetration by 24% in hydrophilic
fibers and 34% in hydrophobic fibers, and the penetration
reduction percentage is expected to increase with increasing
We, as evidenced by Figure 7e,f. Mammals benefit from such
wetting-resistant properties of staggered fibers. Hair follicles of
mammalian furs classified as having single follicles versus
compound follicles are typically arranged in staggered
rows.””~** In mammals where a primary single follicle coexists
with several secondary compound follicles, the primary and
secondary follicles are arranged in staggered rows as in rats and
mice.*”*" The primary follicle may instead be randomly
distributed within the finer secondary follicles.*>*>*”

Hydrophobicity Promotes Penetration through Fragmen-
tation. With an average dynamic coefficient (k; = 0.0746) that
is 32% higher than their hydrophilic counterpart (k; = 0.0565),
hydrophobic fibers experience greater penetration depths at
higher drop velocities than hydrophilic fibers, as shown in
Figure 7¢,d. In contrast, hydrophilic fibers experience greater
penetration depths at lower drop velocities with an average
static coefficient (k, = 0.581) that is 36% higher than their
hydrophobic counterpart (k, = 0.427). At low We, the reduced
capillarity in hydrophobic fibers prevents low-speed wicking.
However, at higher We, capillarity in hydrophilic fibers
encourages the drop to spread laterally, thereby inhibiting
penetration. Aligned fibers of density 49 strands/cm” have
higher k, in hydrophobic fibers than their hydrophilic
counterpart due to early fragmentation starting at low We
values, as can be verified in Figure Sab. Fragmentation is
enhanced by a combination of fiber hydrophobicity and low
fiber density and is captured in k,. We therefore posit that
hydrophobic fur will resist water penetration more effectively
when brushing by a wet plant, whereas hydrophilic fur
performs better when drops are inertial. The lower k, of
hydrophobic fibers allows for a functionally zero final
penetration depth if the We is sufficiently low, in which cases
drops bounce (Figure 3). A critical Weber number We, at
which the penetration depth of hydrophobic fibers exceeds that
of their hydrophilic counterparts is printed on the plots of
Figure 9, a critical value that is dependent on array properties.
We aggregate We,_ and plot versus array density D in Figure 10.
Staggered fibers have higher We_ than their aligned counter-
parts, and the disparity in We, is reduced by wedgeness as the
orientation changes from standard to front/back and bottom.
Such disparity tends to decrease with increasing density in the
standard and bottom orientations, where symmetry exists in
the sagittal plane of the fiber strand cross-section (Figure 1). In
contrast, where such sagittal symmetry does not exist such as in
the front/back orientation, the disparity grows with increasing
density. Interestingly, We, is independent of fiber orientation
and is not correlated with density.

Drop fragmentation increases the penetration depth of water
on fiber arrays, as shown in Figure Sa. Thus, understanding the
basis of drop fragmentation will provide insights into the
factors that aid and inhibit penetration. Higher We and AR*
enhance drop penetration and fragmentation, as mentioned in
Impact Classifications and as shown in Figure Sc,d, 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
indicator of drop impact behavior. A similar approach has been
used in previous works.”*”* In textile fibers, for example, it was
found that the critical mesh size to prevent penetration is
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Figure 9. (a—f) Normalized maximum penetration depth in hydrophobic fibers versus the same quantity in hydrophilic fibers. Vertical lines
indicate the critical We where the penetration depth in hydrophobic fibers starts exceeding the corresponding value in hydrophilic fibers. We
interpolated from experimental data points of hydrophilic (We_,y;) and hydrophobic (We. ) fibers. Fiber density (D) numbers in strands/ cm?; A

= aligned, S = staggered; refer to Table 2.

inversely proportional’® to the We, textile mesh size is
analogous to AR* in this work. Hydrophobic textiles are
known to break water drops into secondary droplets.”’

In our work, it can be seen that hydrophobicity enhances
fragmentation at higher drop velocities when fibers are aligned
as evidenced in Figure S, allowing hydrophobic fibers to
experience greater penetration depth by impacting drops, as
shown in Figure 9. Fragmentation becomes more likely as We
AR¥ increases, as illustrated in Figure 11. Solid symbols () in
Figure 11 represent drops that do not break up, and symbols
with a black outline ([]) represent fragmented drops.
Moreover, the critical We AR* value beyond which

fragmentation begins to occur increases from around 3 to 5
as the configuration changes from aligned to staggered, as
shown in Figure 1la—d, demonstrating how the staggered
configuration helps prevent drop fragmentation and reduce
penetration. The wedge-like shape in the bottom orientation
also promotes drop fragmentation when fibers are aligned
regardless of fiber hydrophilicity, as shown by comparing
Figure Sa,b with Figure 5c,d, and generally in hydrophilic fibers
regardless of fiber alignment, as shown by comparing Figure
11e with Figure 11i, an observation consistent with impacts
onto single, wedged fibers.”’ However, a wedge-like shape also
promotes capillary spreading, which, as discussed in Hydro-
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phobicity Promotes Penetration through Fragmentation,
inhibits penetration. Thus, the influence of the cross-sectional
shape of an array on the penetration depth is complex and an
area for future work.

Implications for Mammals and Applications. We posit
that hydrophilic fibers resist raindrop infiltration more
effectively than hydrophobic fibers based on our laboratory
observation that hydrophobic fibers encourage fragmentation
and inhibit spreading, thereby increasing the penetration depth
of impacting drops. To this point in the study, we have
considered drop velocities ranging from ~0.25 to ~1.5 m/s.
However, raindrops can fall as fast as 9 m/ s.%® While we are
unable to generate 9 m/s drops in the lab, we film drops at >5
m/s to explore drop behaviors when drops impact with

sufficient energy to shatter. Image sequences of such high-
speed impacts onto arrays of each wetting condition are shown
in Figure 12a,b and correspond to Movie SS. Hydrophilic
fibers arrest the drop, thereby inhibiting full penetration of the
array. Hydrophobic fibers allow the drop to break into
secondary droplets and penetrate to the floor of the array.
Our results suggest that guard hair in animal fur should be
hydrophilic to be most effective at resisting infiltration by
impacting drops, but data on fur wettability remains scarce.
Sheep wool, which is known to be hydrophobic due to the
lanolin secreted by the sebaceous glands of wool-bearing
animals,”” may stand as a clear exception due to the unique
arrangement of curly wool fibers. Wool strands are intricately
interlocked, thereby leaving no continuous path for liquid
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Figure 12. High-speed impact image sequences. Drop impacting (a) hydrophilic and (b) hydrophobic fibers at >5 m/s.

travel—hydrophobicity aids wools in resisting both static and
dynamic water drop penetration. Moreover, we posit that
animals that possess underfur, which is typically denser and
shorter than guard hair, benefit from hydrophobic underfur to
resist wicking to the skin. In nature, animal underfur strands
are an order of magnitude thinner’ and orders of magnitude
denser”’ than guard hair strands. A hybrid composition—a
hydrophilic outer layer and hydrophobic inner layer—may
perhaps be optimal for resisting water infiltration and is an area
for future work.

Our results may prove useful for applications in moisture
and rainwater capture,”” filtration of liquid sprays,” spray
cooling,”*”* and engineering surfaces that are resistant to water
penetration but allow for gas exchange. The measurement of
penetration depth into arrays similar to ours may be used to
define distributions of drop size and velocity in rainfall and
other types of sprays.

Future researchers may choose to improve our experimental
system to more realistically mimic natural fur. Enhancement
may include cantilevered fibers and the incorporation of an
impact angle to investigate how the direction of the array
governs penetration and spreading dynamics. Improvements in
additive manufacturing will enable future arrays to approach
the density of animal furs and incorporate the natural elliptical
profiles they exhibit.'” The number of drops in sequence at a
single location is yet another variable that may be explored. We
hypothesize that increasing the number of drops impacting a
single location nonlinearly increases mass infiltration to a
steady depth by saturating the outer layers of the array. The
final step in complexity is the incorporation of locomotion
dynamics on penetration and shedding of drops. Drop impacts
on moving surfaces can be very different from impacts on static
surfaces, as the degree of drop deformation and splashing is
enhanced by surface tangential velocity."”**** Finally, we
recommend improving the range of Ohnesorge numbers by
adding glycerin, alcohol, and other inertial fluids to the water
drops.

B CONCLUSIONS

In this paper, we establish that horizontally oriented hydro-
philic fiber arrays provide greater resistance to dynamic
penetration by falling drops than hydrophobic fibers, at the
array densities tested, by promoting lateral drop spreading and
inhibiting drop fragmentation. Hydrophobic fibers are superior
in preventing static and low-speed infiltration. Using
conservation of energy, we obtain a linear relationship between
the normalized penetration depth of impacting drops and their

Weber number. A dynamic penetration coefficient k, captures
the influence of kinetic energy, and a static coeflicient k,
captures auxiliary effects such as wicking. The k; of
hydrophobic fibers is higher than their hydrophilic counter-
parts, whereas the k, of hydrophobic fibers is relatively lower.
At impact velocities approaching those of raindrops, drops
impacting hydrophobic arrays shatter into many small droplets
that deeply penetrate the array. The difference in drop
behaviors between our two wetting conditions will change with
array density beyond that which we tested here. Denser
hydrophobic arrays, for example, are more likely to induce
complete rebound. Drops that do shatter will do so radially
rather than into the array.

As expected, fiber density and staggering increase array
resistance to penetration. Denser and staggered fibers have
lower penetration depths d, compared with sparser and aligned
fiber counterparts. Restriction in vertical drop motion prevents
variations in d, so that steady-state and maximum penetration

P
depths are nearly equivalent. Lateral spreading y restricts d,, in

hydrophilic fibers.
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