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Abstract
This experimental work explores the relationship between the properties and structure of mam-
malian fur from different habitats and the depth of water drop penetration when impacted in suc-
cession. For most mammals, water penetration depth reaches a saturation point, beyond which
it no longer increases, creating a dry insulating air layer near the skin regardless of repeated water
impacts. To understand this phenomenon, we define several dimensionless quantities representing
fur macro-properties, such as guard hair and underfur densities, guard hair and underfur lengths,
contact angles, and equivalent diameters. Additionally, we examine microscopic properties such as
the aspect ratio and roughness of individual fiber scales. We establish connections between these
macro- and microscopic characteristics, the thickness of the dry zone, the depth of water penet-
ration, and the rate at which penetration depth decays exponentially. Our results show that the
distal diameter influences the rate at which the penetration depth of water decays with additional
impacts. Generally, a higher pelage density, larger guard hair diameter, and increased fur rough-
ness contribute to a thicker dry zone. Using digital microscopy, we confirm that mammalian guard
fur is hydrophilic, resisting dynamic water penetration, whereas the finer and denser underfur is
hydrophobic, resisting static penetration. This dual-layer structure allows mammals to resist wet-
ting during a heavy rainfall.

1. Introduction

Mammalian fur has two layers: guard hair and under-
fur. Unlike humans, mammals do not have umbrel-
las and impervious raincoats to keep them warm and
dry during heavy rainfall. Evolution has bequeathed
mammals with various body temperature regula-
tion strategies informed by their environment and
physiology [1]. Semi-aquatic mammals possessing
little to no underfur, such as sea lions and walruses,
use blubber as thermal insulation [2–4]. Others rely
on the extreme packing density of fur to trap an insu-
lating air layer that is stable during submersion [1–
4]. Some mammals possess only one layer of fur.
For instance, large-bodied mammals in hot environ-
ments have sparse hair to increase heat loss and lack
a clear distinction between underfur and guard hairs
[5]. Guard hairs are longer and fatter than the denser,
downyunderfur hairs. [3, 4, 6–8]. The fur is organized

into bundles consisting of one guard hair surrounded
by underfur and varies among mammals [2].

Semi-aquatic mammals such as the beaver, sea
otter, and mink all have coronal scale structures.
Coronal scales completely encircle the hair cuticle and
are stacked up the cuticle towards the distal end of
the hair shaft [9–12]. Terrestrial mammals such as
moose, zebra, and gray wolf all have imbricate scale
structures where the scales are laid in an overlapping
pattern to decrease the wettability of the hairs [13].
Although individual imbricate scales do not encircle
the hair cuticle entirely, the multitude of these scales
in the pattern provides the hair with full coverage
[13]. Spinous scales, observed in mammals such as
cats, seals, andminks, do not individually encircle the
cuticle but are laid in a petal-like overlapping pattern,
providing coverage similar to the imbricate pattern.
[12, 14]. Such microscopic properties of mammalian
fur produce physicochemical forces bywhich the hairs
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interact with each other. Surface interactions of the
hairs passively contribute to the anti-fouling proper-
ties of mammalian fur by trapping a layer of air on
the fur to block out water and through the surface
topography affecting the way water accumulates on
a surface [15–17].

We hypothesize that nano- and micro-structures
influence the water-resistant property of most mam-
malian furs, similar to how the surface topography
of the lotus leaf makes it superhydrophobic [16]. The
medulla, the core of the hair shaft beneath the cuticle,
has a scale-like structure that causes the fur fibers to
interlockwith each other. It is responsible for the abil-
ity of semi-aquatic mammals to prevent contact of
water with mammalian skin [4, 18]. This interlock-
ing mechanism works in conjunction with the hori-
zontal orientation of fur along the mammalian skin,
which points to the posterior of the body [19]. From
previous works, we know that horizontally-oriented
fibers increase water drop spreading across a mam-
mal pelage, reducing penetration, whereas vertical
fibers restrict drop spreading, promoting penetration
[20, 21].

Previous studies have investigated the presence of
an air layer in some semi-aquatic mammals when
fully or partially submerged in water [1, 2, 4]. When
fully submerged, air is trapped between the hair and
the pelt, with hydrostatic and hydrodynamic pres-
sures holding the hair in place. When swimming
on the surface, the air layer is connected to the
atmosphere [1]. These works describe the mechan-
isms by which mammals maintain this air layer and
introduce a ratio that characterizes the ability of fur
to retain air upon initial contact with water [1].
The air layer is only preserved if the physicochemical
properties of the fur-water boundary, influenced by
key factors such as wettability [20], hair size, length,
roughness, density, and arrangement, are sufficient to
resist water pressure [2, 22]. To retain the guard layer,
the guard hairs must be flexible to bend and trap air,
yet stiff enough to resist collapse under hydrodynamic
pressure. [2] The required stiffness is closely related to
mammal size, as larger mammals experience greater
hydrodynamic forces [1]. The water pressure acting
on a swimming mammal is directly influenced by its
size and speed. Larger mammals tend to swim faster,
following the scaling law [23, 24] v∝ L1/2, and as
a result, they experience greater hydrodynamic pres-
sure, which scales [25] as P∝ v2. Whereas the ability
ofmammalian fur to resist water penetration through
pressure when submerged has been widely studies, to
our knowledge, there is a scarcity of published work
on the ability of mammalian fur to resist penetration
through impact momentum during rainfall.

In our previous works, we have fabricated fur-
like fiber arrays with tunable properties to isolate
the parameters that govern water repellency and
air retention in mammalian fur during rainfall [20,
21, 26, 27]. Horizontally oriented fibers are better

at resisting liquid penetration than vertical fibers
[21], a finding that provides insights into the ori-
entation of the fur of mammals living in differ-
ent environments from deserts to rainforests. When
the fiber arrays are horizontally oriented, hydro-
philic fibers resist the penetration of impacting drops,
whereas hydrophobic fibers prevent wicking of static
drops [20]. From such findings, we hypothesized that
mammalian guard hairs are hydrophilic, serving to
absorb the initial kinetic energy of raindrops and
channel the liquid downward toward the underfur,
which would be hydrophobic, serving to prevent
wicking of close-to-static liquid from the guard fur.
We confirm such a hypothesis in this work as dis-
cussed in section 3. In sequential drop impacts, a
second drop penetrates less than the first drop [26].
At high Weber numbers, the second drop produces
almost zero additional penetration. Thus, we hypo-
thesize the existence of a dry zone where penetration
eventually ceases and no additional drops reach the
mammalian skin—a major point of investigation in
this work.

Although informative, synthetic fur-like struc-
tures do not capture the full diversity of densities,
thickness, and combinations of morphologies found
in actual mammalian fur. Mammalian furs are gener-
ally much finer and denser than the fibers we are able
tomanufacture and thus provide a regime that cannot
be tested with synthetic, tunable samples. The lim-
ited fidelity of the shapes and structures that can be
achieved in artificially fabricated fur samples makes
them insufficient to directly confirm the presence or
persistence of insulating air layers in furry mammals.
This study utilizes biological fur samples which have
densities that are far greater than what can be manu-
factured in lab.

In this work, we explore the influence of various
properties of actual mammalian fur on the penetra-
tion depth of sequential impacting drops. Our work
aims to simulate rain in a controlled manner using
sequential drops and further prove the existence of a
dry zone above the skin of most mammals during a
heavy rainfall. We identify how the dry zone changes
for mammals native to different habitats as the num-
ber of drops is increased. We show that the depth of
liquid penetration, dry zone thickness at saturation,
and rate of saturation relative to the number of drops
are correlated with the physical properties of mam-
malian fur. Our findings may prove useful in creating
fur-like surfaces that resist water penetration or hairy
surfaces that capture moisture and rain [28].

Beyond biological fur studies, several of our
recent works have used idealized synthetic fiber
arrays to isolate the physical mechanisms governing
drop-fiber interactions. Synthetic horizontally ori-
ented fibers [20], vertically oriented arrays [21], and
sequential-impact studies [26] have clarified how
density, spacing, and wettability regulate spreading,
capillary retention, and penetration. Most recently,
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we showed that fiber cross-sectional shape alone
influences penetration: circular cross-sections sup-
press lateral spreading and deepen penetration even
when the fibers are hydrophilic [27]. However, such
idealized arrays cannot replicate the hierarchical
roughness, extreme packing densities, mixed guard-
underfur layers, or natural tapering found in real pel-
age. The present study fills the gap by showing that
actual mammalian pelts exhibit a limiting penetra-
tion depth and a persistent dry insulating zone across
species, behaviors not captured in synthetic arrays. In
this work, we connect synthetic-array physics to the
complex, evolved fluid-fur architectures ofmammals.

2. Methods

2.1. Experimental setup
We measure the penetration depth into fur after the
impact of n= 2,4,7, and 10 drops with a diameter
of 2.86 ± 0.13mm from a fixed height to achieve a
velocity of 5.48 ± 0.015m s−1, as shown in figure 1.
The drops are released at one-second intervals, which
allows each drop to reach a quasi-steady state before
the next impact [20, 29] and ensures that neither
evaporation [30] nor wicking [31] significantly alters
the retained liquid. The number of trials for each
value of n is N = 3. Upon release from the needle, a
shielding tube minimizes ambient airflow effects and
ensures that all drops impact the same location on the
fur. Following drop impact, two 0.64mm diameter
needles spaced 1mmapart are inserted through a hole
in the base of the fur pelt and translate upward at
4.16 ± 0.05mm s−1 until encountering water, con-
trolled using a linear actuator driven by an Arduino
Mega 2560 microcontroller, resulting in a measure-
ment precision of 10µm.Contact withwater closes an
electrical circuit and halts the needlemotion. The dis-
placement of the needles, recorded by a digital caliper
rigidly coupled to the actuator, gives the penetration
depth from the skin to the liquid front.

To ensure both accuracy and repeatability, the
zero position of the needles is re-established before
each trial by gently bringing the tips into contact
with the skin side of the pelt, providing a consist-
ent reference plane. The needles are guided so that
they translate normal to the pelt surface, and the rigid
coupling between the caliper and actuator ensures
that the measured displacement corresponds exactly
to the penetration depth. All experiments were per-
formed using the same drop generator, needle geo-
metry, release height, and timing protocol so that the
drop diameter D0 and impact velocity U remained
constant within the stated uncertainties. The drops
were always released vertically and shielded from air
currents to maintain consistent impact location and
trajectory, and the fur samples were clamped to a rigid
support to preventmotion or sagging during repeated
impacts. For each species and each value of n, we

conducted three independent trials and report the
mean penetration depth with error bars representing
one standard deviation. The small scatter in the data-
typically comparable to or smaller than the symbol
size in the plots-demonstrates excellent repeatability
of the experimental protocol.

The chosen drop parameters are intended to rep-
resent practical rainfall conditions in a controlled
and repeatable way. The drop diameter D0 = 2.86 ±
0.13mm lies within the typical range of raindrop
sizes encountered in moderate to heavy rain, and
the release height is selected so that the impact velo-
cityU= 5.48 ± 0.015ms−1 is comparable to the ter-
minal velocity of millimeter-scale raindrops, but not
all raindrops. The one-second interval between drops
allows each impact to relax toward a quasi-steady con-
figuration before the next drop arrives, mimicking
a locally intense sequence of impacts rather than an
isolated drop. In addition, all drops are released nor-
mal to the fur and shielded from ambient air cur-
rents by the tube, so the impact direction and speed
are consistent from trial to trial. Concentrating the
sequential impacts at a single location on the pelt rep-
resents a conservative, worst-case scenario for local
wetting and provides a practical upper bound on pen-
etration depth under sustained rainfall.

2.2. Fur profiling
Unwashed, non-taxidermied cat fur (Felis catus) was
collected from freshly dead cats donated to the
College of Veterinary Medicine of the University of
Tennessee, Knoxville. Taxidermied, scrap fur pelts
were donated by Broderick Head’s Taxidermy in
Bremen, GA in 2010. These same fur samples were
used in a number of previous works [15, 32, 33].
We use a subset of these taxidermied pelts from
a zebra (Equus quagga), gray wolf (Canis lupus),
moose (Alces alces), beaver (Castor canadenis), mink
(Neovison vison), and sea otter (Enhydra lutris) in this
study.Mammal hair tapers inwidth from the base.We
identify three important hair cross-sections: the prox-
imal section, the thickest cross-section (in micromet-
ers) which is the base of the hair shaft and in con-
tact with the mammalian skin; the medial section
which is the center cross-section along the length of
the hair; and the distal section, the thinnest cross-
section (in nanometers) which is at the tip of the hair.
Approximately 1.10mm of the distal and proximal
ends of the hair are hot-glued to pull the hair taut.
We orient the hair with the distal end pointing away
from the base. We fill a 7.6 cm square glass container
with distilled water and place the hair vertically into
distilled water as shown in figure 2. We use a Keyence
VHX-7000 series digital microscope to measure the
receding θr , equilibrium θe, and advancing θawetting
angles at 100x magnification. The inside of the glass
container is coated with superhydrophobic Glaco to
reduce themeniscus that obscures the viewof the con-
tact angle. An electronic syringe pump moves water

3



Bioinspir. Biomim. 21 (2026) 036008 G S Rible et al

Figure 1. Experimental setup. A number of drops are sequentially dispensed through a needle using the drop release switch to
impact mammalian fur samples. Two parallel needles connected to a microcontroller circuit and controlled by a joystick insert
through a hole to detect the dry zone in the sample, measured by a digital caliper, and displayed on a computer monitor. Drops
are protected from external airflow after release by a tube in order to ensure convergence of drop impact locations in the fur
sample.

Figure 2. Setup to measure contact angle of guard hair and underfur hair samples. The hair is pulled taut and submerged vertic-
ally into an aquarium while a digital light microscope films the contact angle of the drops. Water is pumped into and out of the
aquarium by an electronic syringe pump in order to measure the advancing and receding contact angles.

into and out of the container at a steady flow rate to
generate advancing and receding contact angles. The
contact angles of our pelts samples were taken at the
medial section of the guard fur.

Microscope images of the fur samples are shown
in figure 3. Measurement of the contact angle is
shown in figure 3(a). We use a method published
by Koch [34] to obtain cross-section images of a
guard fur hair from which we calculate its equival-
ent diameter. We insert guard hair samples into poly-
ethylene pipettes. The pipette is placed between clean
glass microscope slides wiped down with 99% isop-
ropyl alcohol solution, and melted on a hot plate at

30 ◦C until the pipette morphs into a thin translucent
layer encasing the hair. Tweezers are used to elimin-
ate bubbles. An illustration of the method is shown
in figure S1 of our supplementary document. The
hardened samples are cross-sectioned and imaged
with our digital microscope, as shown in figure 3(b).
We binarize microscope images of our fur samples
using MATLAB. From the binarized images, geomet-
rical measurements of the distal, medial, and prox-
imal regions are made. To measure fur density, we
cut ≈ 1cm× 1cm from our fur pelt sample and use
hair clippers to shave the fur pelt to 1/16 in. Using
a Keyence VHX-7000 series light microscope with
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built-in image analysis software, we run a count of the
number of circles corresponding to hair fibers for the
selected area shown in figure 3(c). We use a Keyence
VK-X3000 3D laser scanning confocal microscope to
measure the standard deviation line roughness of the
samples as shown in figure 3(d). Themicroscope gives
us the depth profile of the scanned surface with a res-
olution of 0.01 nm.We select three parallel axes along
the length of the hair as shown in figure 3(d). We take
the root mean square value of the depth the three axes
and take the mean as our roughness measurement
for the hair sample. For nanoscale details such as the
scale type at the distal end of a hair, we use a TM3030
Hitachi tabletop scanning electron microscope.

Guard hairs are the first line of defense of mam-
mals against external forces such as impacting rain-
drops. Their larger diameter and greater expos-
ure make them more suitable for surface rough-
ness and impact dissipation measurements. Thicker
and rougher guard hairs increase the probability of
intercepting and dissipating the initial kinetic energy
of water droplets through friction before it reaches
the underfur [35]. Measurements of equivalent dia-
meter, arithmetic roughness, and standard deviation
line roughness are easily obtained for guard hair,
but are difficult to obtain for underfur. Underfur,
the second layer of defense, functions as a hydro-
phobic barrier that repels water and traps the insu-
lating air layer. Due to its significantly smaller dia-
meter, higher density, and interweaving structure,
underfur is more difficult to isolate and character-
ize using the same morphological metrics applied to
guard hairs. Measurements of underfur diameter and
surface roughness are not present in the literature
[1, 36]. Previous studies have acknowledged the
challenges of obtaining underfur measurements and
often exclude detailed underfur surface analyses, opt-
ing instead to focus on underfur density and length
[2, 19], which are the same underfur measurements
we obtain in this work. Variables measured in this
work are listed in table 1. The measured values are
provided in table S1, along with a corresponding
range of typical values reported for mammals. From
the micro- and macro-properties of the mammalian
guard fur and underfur, we build a model predicting
the dry zone thickness within mammalian furs after
successive drop impacts.

3. Results

Previous studies using 3D-printed or synthetic
arrays have shown that drop penetration dynam-
ics are highly sensitive to fiber cross-section, wet-
tability, spacing, and arrangement. In horizontally
oriented synthetic arrays, fibrous wettability dom-
inates spreading and supersurface retention [20].

In vertical arrays, penetration increases because lat-
eral spreading is restricted [21]. Sequential-impact
studies revealed an exponential saturation in penet-
ration depth [26]. Most relevant to the present work,
our recent study demonstrated that circular cross-
sections promote deeper penetration and increased
fragmentation by suppressing lateral spreading [27].
In contrast, the biological pelts tested in this work
exhibit a limiting penetration depth and maintain a
dry insulating zone across species, indicating that nat-
ural fur microstructure and hierarchical architecture
fundamentally alter the impact-infiltration pathway
relative to engineered arrays.

In this work, we allow sequential drops to impact
a single spot on mammalian fur pelts and meas-
ure the distance from the dry skin to the location
of water ingress for various numbers of impacting
drops. Mammalian fur is comprised of a thick under-
fur and longer, straighter guard hairs that protrude
outward past the underfur layer [15, 19, 33], as shown
in figure 4(a). Guard hairs, which have packing dens-
ity δg, length Lg, and distal diameter d3 act to dis-
sipate the kinetic energy of falling drops and guide
the drops into the underfur layer [20] as illustrated
in figure 4(b). A thicker guard hair increases the sur-
face area in contact with water, aiding in the dissip-
ation. Additionally, a rougher surface on the guard
hair increases friction and the amount of kinetic
energy dissipated before contact with the underfur
[37]. Underfur, which has packing density δu and
length Lu consists of fine hairs weaving together to
form a hydrophobic barrier that restricts any static
penetration. The dry zone thickness ζ is the nor-
mal distance from the mammal skin to the closest
water body. As successive drops impact the fur, the
ζ decreases. In this work, we show that ζ achieves a
steady-state value k2 and that a steady-state penet-
ration depth k1 is achieved after enough number of
drops have impacted the same neighborhood of the
mammalian fur. The dry zone decay rate with respect
to the number of drops on a particular impact loc-
ation is λ. We provide a graphic illustration of the
physical manifestation of the time-varying dry zone
ζ , the steady-state penetration depth k1, the steady-
state dry zone thickness k2, and fur thickness L under
the impact of successive water drops in figure 4(c).

The scale type of guard fur and underfur hair
varies throughout the length of the hair as shown
in figure 5. We classify the guard hair scale struc-
ture of our mammalian fur samples in table 2.
Although the cuticle structure does not always change
between the distal, medial, and proximal regions,
transitions, when present, are gradual rather than
abrupt, as shown in figure 5(a) which shows a
transition from the coronal—simple distal to the
imbricate—acuminate medial region of a guard hair
of a sea otter.
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Figure 3. (a) Measuring contact angle using Keyence VHX-7000 series digital light microscope. (b) Calculating the equivalent
diameter from a cross-section of mammalian guard hair (outlined in green). (c) Measuring guard hair density using a digital light
microscope. The number of hairs (marked by an ‘x’) in a known area is counted. (d) Obtaining the root mean square roughness
of beaver guard hair along three different lengths (shown in cyan, yellow, and magenta).

Table 1. Nomenclature.

Symbol Description

L [mm] Normal distance from skin to outermost edge of mammalian guard fur

Lg [mm] Guard hair length

Lu [mm] Underfur hair length

δg [mm−2] Guard hair density

δu [mm−2] Underfur density

d3 [nm] Distal diameter of guard hair

r̃g [µm] Standard deviation line roughness of guard hair

θe [◦] Equilibrium contact angle

θa [◦] Advancing contact angle

θr [◦] Receding contact angle

ζ [mm] Dry zone thickness

L′ [mm] Value of L= k1 + k2 predicted from model, refer to equation (1)

k1 [mm] Saturation depth, refer to equation (4)

k2 [mm] Dry zone thickness at saturation, refer to equation (7)

λ Rate of saturation with respect to number of drops, refer to equation (10)

D0 [mm] Drop diameter

U [m s] Drop impact velocity

ρ [kgm−3] Liquid density

µ [kg (m·s)−1] Liquid dynamic viscosity

σ [Nm−1] Liquid surface tension

Re Impact Reynolds number

We Impact Weber number

Oh Impact Ohnesorge number

In a previous paper [20], we hypothesized that
mammals have a hydrophilic guard fur and hydro-
phobic underfur in order to optimally resist wet-
ting during rainfall. We confirm such a hypothesis
as shown in our receding (θr), equilibrium (θe), and
advancing (θa) contact angle measurements listed in
table S2 of our supplementary document. We include
the guard hair and underfur contact angles of a blue

feline domestic cat (F. catus), not taxidermied, in
addition to the contact angles of the guard hair of
our taxidermied pelts. The contact angle and con-
tact angle hysteresis (θa − θr) of water on our taxi-
dermied fur samples listed in table S2 did not signi-
ficantly impact the dry zone layer. We note that no
significant difference in contact angle was observed
between taxidermied and fresh pelts, suggesting that,
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Figure 4. (a) Straighter guard fur of a taxidermied gray wolf pelt protruding outward past the denser underfur at the base. (b)
Guard hairs act to dissipate the kinetic energy of falling drops and guide the drops into the underfur layer consisting of fine hairs
weaving together to form a hydrophobic barrier that restricts any static penetration. (c) Graphic illustration of the physical mani-
festation of the time-varying dry zone ζ, the steady-state penetration depth k1, the steady-state dry zone thickness k2, and fur
thickness L. The left panel shows the dry state before any impacts (n= 0). The right panel shows the fur after many impacts
(n≫ 1). Small blue circles between the guard hairs represent water retained within the fur. Drops above the fur canopy represent
incoming impacting drops. The solid blue line marks the water front at saturation (ζ → k2 as n→∞), whereas the dashed line
marks an intermediate water front for a finite number of drops n. The dimensionless rate of saturation λ governs how quickly ζ
decays toward k2. An equation is provided for the time-varying dry zone at the bottom of the illustration.

with the possible exception of few mammals such
as sheep with a lanolin-covered curvy wool [38],
the hydrophobic and hydrophilic nature of a straight
guard fur or underfur hair is governed solely by its
microstructure rather than any oil or chemical coat-
ings originating from the mammalian skin.

In this section, we demonstrate that the penetra-
tion of impacting drops into mammalian fur decays
exponentially with the number of drops that impact
a common spot. Liquid ingress is resisted by fur.
Resistance to penetration is enhanced by fur dia-
meter and density, generally, as expected, but so

too by the microscopic roughness of the individual
fibers. Liquid ingress depletes the dry zone length
ζ , the normal distance between the mammal skin
and the maximum liquid penetration depth within
the mammal fur. The dry zone thickness for vari-
ous test furs is plotted against the number of drops
in figure 6(a). We took measurements with a zebra
pelt but do not include them in the plots because the
zebra pelt did not resist penetration of the drops due
to its low density and short length.Here, ζ denotes the
dry-zone thickness, defined as the normal distance
from the skin of the mammal to the maximum liquid
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Figure 5. (a) Distal section of sea otter guard hair imaged using a scanning electron microscope, showing coronal—simple pat-
tern transitioning into an imbricate—acuminate pattern towards the medial section. (b) Medial section of sea otter guard hair
imaged using a scanning electron microscope, showing an imbricate—acuminate pattern. (c) Proximal section of sea otter guard
hair imaged using a scanning electron microscope, showing an imbricate—acuminate pattern.
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Table 2. Classification of guard hair scale structures of our mammalian fur samples.

Mammal Distal scale structure Medial scale structure Proximal scale structure

Zebra Imbricate—flattened Imbricate—crenate Imbricate—crenate

Gray wolf Imbricate—elongate Imbricate—crenate Imbricate—crenate

Moose Imbricate—acuminate Imbricate—flattened Imbricate—flattened

Beaver Imbricate—crenate Imbricate—crenate Imbricate—crenate

Mink Coronal—dentate Imbricate—acuminate Imbricate—crenate

Sea otter coronal—simple Imbricate—acuminate Imbricate—acuminate

penetration depth within the fur following n sequen-
tial drop impacts. As the number of drops increases,
the dry zone thickness decays exponentially. A similar
limiting behavior is observed in our previous exper-
iments on artificial horizontally oriented fiber arrays
[26]. We propose an exponential decay model that is
a function of the number of drops n:

ζ = k1e
−λn + k2 (1)

where k1, k2, andλ are constants. The constant k1 rep-
resents the penetration depth of water at saturation,
k2 is the dry zone thickness at saturation, and λ is the
rate at which saturation is reached by adding drops.
The exponential form is appropriate because the pro-
cess satisfies the condition that the rate of change per
drop impact is proportional to the remaining differ-
ence from a limiting value. Such a behavior is ana-
logous to porous medium filling models, where the
filling rate decreases exponentially as the available
pore space is occupied [39]. When the array is dry,
the first drops can penetrate readily, but as liquid
accumulates between fibers, subsequent drops inter-
act with an increasingly saturated structure and an
existing ‘pool’ of liquid. Prior work on drop impacts
onto liquid layers shows that a pre-existing film dis-
sipates more impact energy than a dry surface [40],
reducing penetration depth per drop. As a result, each
additional drop yields a progressively smaller increase
in penetration, producing an exponential approach
toward a maximum penetration depth. Model fits to
our experimental data in figure 6(a) carry correla-
tion coefficients with R2 = 0.9776− 0.9996. Results
are grouped by color to represent different habit-
ats and classifications, such as semi-aquatic and ter-
restrial mammals in different habitats. If the model
proposed in equation (1) is appropriate, k1 + k2 ≈ L,
where L is the normal distance from the skin to the
extents of the guard fur layer.We plot k1 + k2 against L
in figure 6(b). The points cluster about the k1 + k2 =
L line to within 4.5mm of error along the horizontal
or vertical axis. The plot is zoomed which can make
the datapoints appear to deviate from the theoretical
line more than they actually do. The values of fit-
ting constants extracted from equation (1) allow us
to examine how these saturation points change with
the physical properties of fur pelts. The error bars
in the penetration depth data represent the standard

deviation over three independent trials, and are gen-
erally smaller than the symbol size, confirming the
repeatability of the measurement. The error bars in
figure 6(a) represent one standard deviation over
three independent trials for each species and n, and
are generally smaller than or comparable to the sym-
bol size, further confirming the repeatability of the
measurements.

Based on the furmacro- andmicro-properties, we
propose non-dimensional groups that correlate with
the dry zone thickness coefficients k1, k2, and λ. The
process of arriving at these non-dimensional groups is
discussed in section 4. Although the non-dimensional
groups are not equal to the experimental coefficients
shown in figure 6(a), the experimental coefficients
follow a monotonic trend with the non-dimensional
groups that we proposed as shown in figures 6(c)–(e).
The error bars in figures 6(c)–(e) represent the stand-
ard deviation of the non-dimensional groups.

4. Discussion

The connection between the macro-scale and micro-
scale fur characteristics is made explicit through
the dimensionless groups constructed using the
Buckingham-Pi theorem. These groups combine the
primary geometric variables (δg, δu, Lg, Lu, d3) with a
microscopic descriptor of surface topology (r̃g), form-
ing unified parameters that correlate with the satura-
tion depth k1, dry-zone thickness k2, and saturation
rate λ. At the macro scale, guard hair and under-
fur densities, lengths, and diameters determine the
effective pore geometry and the amount of fur mater-
ial interacting with an impacting drop. At the micro
scale, roughness and cuticle-scale patterning influ-
ence viscous dissipation, frictional drag, wettability,
and the degree of interlocking between neighbor-
ing fibers. By combining these effects, the dimen-
sionless groups capture the coupled geometric and
interfacial mechanisms that govern drop penetra-
tion. Such an integration explains why the exponen-
tial decay coefficients vary monotonically with the
groups: penetration depth and dry-zone thickness are
constrained by bulk geometric properties, whereas
the saturation rate depends sensitively on micro-
scopic dissipation and capillary interactions. Thus,
the observed decay behavior arises from a multiscale
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Figure 6. (a) Plot of dry zone thickness ζ versus the number of drops n. (b) Plot of the model-predicted normal distance of
the outermost edge of mammalian guard fur layer from the skin k1 + k2 versus the measured normal distance L. (c) Plot of
the model-predicted penetration depth at saturation k1 versus the reciprocal of the functional group in equation (4). Black fit:
y= c/(x− x0); c= 15.37, x0 =−2.05. Gray wolf data is excluded from data fitting in (c) for reasons explained in section 4. (d)
Plot of the model-predicted dry zone thickness at saturation k2 versus the functional group in equation (7). Black fit: y= cx,
c= 1.65× 106. Red fit: y= c1 − c1e−c2x; c1 = 3.30, c2 = 2.02× 106. (e) Plot of the model-based rate of saturation λ versus
the reciprocal of the functional group in equation (10). Black fit: y= c/(x− x0); c= 1.86, x0 = 6.68. Red fit: y= c1x+ c2,
c1 =−0.03, c2 = 0.64.

mechanism rather than from either macro- or micro-

scale features alone.
Intuitively and through previous experiment [20,

21, 26, 27] we expect the penetration depth at sat-

uration to decrease as guard and underfur density

and length increase. Further, we expect larger and

rougher hairs [37, 41] to reduce penetration. Using
the Buckingham Pi theorem, we find a dimension-
less group combining relevant fur properties into a
single functional group of fur and drop paramet-
ers that is correlated with k1, k2, and λ. The dimen-
sional variables that define our problem are the

liquid density ρ, drop impact velocity U, drop dia-
meter D0, liquid dynamic viscosity µ, liquid surface
tension σ, liquid penetration depth k1, guard fur
density δg, underfur density δu, guard hair length Lg,
underfur hair length Lu, guard hair distal diameter
d3, and guard hair standard deviation line rough-
ness r̃g. The guard hair distal diameter d3 is an
equivalent diameter defined as D= 4A/P where A
is the cross-sectional area of the guard hair, and
P is the perimeter of the guard hair. We define

r̃g =
√
1/n

∑n
i=1(xi − x̄)2, where n is the number of

samples, xi is the height of each sample along the
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sampling length, and x̄ is the average height of all
samples in the sampling length, with the sampling
length constructed parallel to the length of the hair as
shown in figure 3(d).

We propose the followingΠ terms:Π1 = µ/ρD0U
which is the reciprocal of the Reynolds number Re,
Π2 = σ/ρD0U2 which is the reciprocal of the Weber
numberWe,Π3 = k1/D0,Π4 = k2/D0,Π5 = λ,Π6 =
δgD0

2,Π7 = δuD0
2,Π8 = Lg/D0,Π9 = Lu/D0,Π10 =

d3/D0, and Π11 = r̃g/D0. From our previous work
on fur-like fiber arrays [20, 21, 26, 27], we know
that the penetration depth decreases as the impact
Weber number increases, with a leading-order scaling
k1/D0 ∝We−3/4, derived by conservation of energy
in our previous work [20], and is reduced by increas-
ing guard and underfur density. Moreover, the pen-
etration depth is reduced by dissipation of the kin-
etic energy of the impacting drop, which is pro-
moted by a greater distal diameter and greater sur-
face roughness of the guard hairs, and by longer
fibers that tend to lie more horizontally due to the
weight of the cantilevered hairs, improving resist-
ance to liquid penetration [20, 21]. In terms of the
Π groups, this implies that the dimensionless penet-
ration depth Π3 = k1/D0 must be a decreasing func-
tion ofΠ6,Π7,Π8,Π9,Π10, andΠ11 and an increasing

function ofΠ−3/4
2 (i.e.We−3/4). For the limited num-

ber of species considered here, rather than attempt-
ing to identify a fully general multivariate function,
we assume a separable power-law dependence,

Π3 ∝Πα2
2 Πα6

6 Πα7
7 Πα8

8 Πα9
9 Πα10

10 Πα11
11 , (2)

and choose exponents such that (i) α2 =−3/4 to
recover the previously observed We−3/4 scaling, and
(ii) α6,α7,α8,α9,α10,α11 > 0 so that increases in
density, length, diameter, and roughness reduce Π3.
This leads to the scaling

Π3 ∼
Π6Π7Π8Π9Π10Π11

Π
3/4
2

, (3)

which, upon substitution of the definitions of the Π
groups, yields

k1
D0

∼
(
δgδuLgLud3r̃g

We3/4

)−1

. (4)

A plot of k1 versus δgδuLgLud3r̃g/We3/4D0 is shown in
figure 6(c). Gray wolves shed from April to June and
lose their thick winter coat [42]. Our gray wolf pelt
stands out as an outlier in figure 6(c) with a very high
penetration depth at saturation due to a sparse guard
fur and underfur during summer months, and has
thus been excluded from subsequent data fitting. In
mammals with a non-zero dry zone thickness at sat-
uration k2, k1 is a function of δg, d3, Lg, r̃g,δu, andWe.
In cases where k2 = 0, k1 is solely determined by Lg
and We. For instance, the gray wolf, with long guard
hairs, has a high k1 value of 32.26mm, whereas the

zebra, with shorter guard hairs, has a lower k1 = L
value of 1.74mm, and both mammals have k2 = 0.

In our previous study, we find that the dry zone
is achieved through dissipation of kinetic energy by
the guard hair [20, 26] which is promoted by a higher
d3 and rg, and a dense, hydrophobic underfur which
ismore effective at preventing wicking with higher δu.
A previous study has defined a critical pressure Pcrit ∼
δud3 that, if overcome, the physical properties of the
fur-water boundarywill cause the dry zone to collapse
[1] when the mammal is partially or fully submerged.
In the case of falling raindrops, the pressure that the
fur has to withstand comes from the dynamic pres-
sure as opposed to the static pressure experienced by
submerged mammals. We translate such a static pres-
sure to the dynamic pressure of a falling drop, given by
P= 1

2ρU
2 where P is the pressure and U is the liquid

velocity. It would therefore be reasonable that the
physical properties resisting infiltration by static pres-
sure are the same as those resisting impact velocity or
dynamic pressure represented by Re. The higher Pcrit,
the greater the ability of mammalian fur to retain an
air layer, which should translate, in the case of mam-
mals experiencing rainfall, to a higher k2. Within the
Π-group framework, this implies that the dimension-
less dry-zone thickness Π4 = k2/D0 should increase
with Π7 (underfur density), Π10 (distal diameter),
and Π11 (roughness), and decrease with increasing
Reynolds number (i.e. increasing inertial forcing). To
encode these monotonic trends in a compact form,
we again assume a separable power-law dependence,

Π4 ∝Πβ1
1 Πβ7

7 Πβ10
10 Π

β11
11 , (5)

where Π1 = µ/(ρD0U) is the reciprocal Reynolds
number. Choosing β1,β7,β10,β11 > 0 so that Π4

increases with viscosity, underfur density, diameter,
and roughness leads to the scaling

Π4 ∼Π1Π7Π10Π11, (6)

which, after substituting the dimensional definitions,
produces

k2
D0

∼
δud3rg
Re

=
µδud3r̃g
ρUD0

. (7)

A plot of k2 versus µδud3r̃g/ρU is shown in
figure 6(d). As µδud3r̃g/ρU increases past a value
of 1.5× 10−6mm, asymptotic growth of k2 can be
observed, where any further increase in µδud3r̃g/ρU
no longer increases k2. Below such minimum
threshold value, the fur properties are insufficient
to establish a dry zone layer as in the case of the gray
wolf with µδud3r̃g/ρU= 1.2× 10−6mm.

Unsurprisingly, the dry zone at saturation is
present in semi-aquatic mammals, such as the beaver,
sea otter, and mink, given the air-entrapping prop-
erties when submerged [1]. What is remarkable is
that the moose, a terrestrial mammal, exhibits a dry
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zone at saturation as shown in figure 6(a). Some ter-
restrial mammals have fur properties close enough
to semi-aquatic mammals to allow them to have an
insulating dry layer at saturation [1]. Whereas mam-
mals living in cold environments use fur for insula-
tion and retaining body heat [43], mammals living
in hot environments such as elk regulate temperature
by allowing water to reach their skin for evaporative
cooling [44]. Mammals whose fur serves a thermore-
gulatory function in multiple environments, such as
moose, tend to be less effective for thermoregula-
tion in each environment compared with mammals
specialized in one environment [2]. The existence of
the insulating air layer in moose likely stems from
their habit of aquatic foraging and diving [45], where
the air layer would act as useful thermal insulation.
Zebras, native to the hot African plains, have adop-
ted various methods to regulate their body temper-
ature through evaporative cooling. Unlike mammals
that seek thermal insulation in water to stay warm,
the primary objective of zebras is to cool down, which
explains why zebras have k1 = L and k2 = 0 from
our experiments. Zebras primarily cool themselves
through sweat [46]. Their distinctive black and white
stripes also play a significant role in thermoregulation
[46]. The stripes create small-scale air currents on
the surface of their bodies, which helps dissipate heat
more effectively. Such a combination of behaviors
and physical adaptations enables zebras to manage
their body temperature efficiently in their natural
environment. Gray wolves live in a wide range of hab-
itats and live inNorth America, Europe, and Asia, and
shed from April to June, when they lose their thick
winter coat [42]. The sparse summer coat results in
the lack of dry zone at saturation for the gray wolf
pelt as shown in figures 6(a) and (d) and the high
penetration depth in figure 6(c). Without the winter
coat, gray wolves do not possess the underfur density
required to maintain dry skin.

The rate of saturation is determined by the ability
of the fur to dissipate the kinetic energy of impact-
ing drops. The greater the viscous dissipation, the
fewer drops are needed for the dry zone saturation
thickness to be achieved. The importance of vis-
cous forces is captured by the Ohnesorge number
Oh=

√
We/Re. The guard hairs absorb the kinetic

energy of the drop before it reaches the underfur
[20, 26]. A thicker guard hair increases the surface
area and likelihood of contact with liquid, forcing
the fluid to spread through the interstices of the
mammalian fur as the liquid infiltrates and enhan-
cing viscous dissipation. Consequently, the rate of
approach to saturation should increase with vis-
cous effects and decrease when inertial and capil-
lary forces dominate, which is naturally expressed
through the Ohnesorge number Oh=

√
We/Re. In

terms of the Π groups, this suggests that the dimen-
sionless saturation rate Π5 = λ should grow with
Π1 (reciprocal Reynolds number) and decrease with

Π
1/2
2 and Π10 (thicker hairs yielding slower satur-

ation). We therefore adopt a separable power-law
of the form

Π5 ∝Πγ1
1 Πγ2

2 Πγ10
10 , (8)

and choose exponents consistent with these mono-
tonic trends and with an overall Oh−1 dependence of
λ. This leads to the scaling

Π5 ∼
Π1

Π
1/2
2 Π10

, (9)

from which equation (10) follows directly after sub-
stitution:

λ∼
√
WeD0

Red3
=

(
d3

OhD0

)−1

. (10)

A thicker guard hair narrows the interstices through
which liquid must pass, so each drop traverses a
longer path to reach a steady-state configuration
within the fur before the next impact arrives. So long
as successive impacts do not encroach on the impact
timescale D0/U, λ would be independent of time
between impacts. Because the approach to local equi-
librium is slower per drop, more drops are required
to drive the system to its saturated penetration depth.
Thus, λ decreases with increasing d3. The hairs in our
fur samples lay on top of one another and the geo-
metry created by the touching hairs is determined by
their diameter whereas hair density simply changes
the thickness of the fur, L. Thus, density increases the
dry zone thickness k2 but does not affect λ. Past a
certain density, unless the fibers are made longer to
lie flat, further increasing the density will cause the
hairs to stand erect, which will alter the penetration
dynamics [21]. A plot of λ versus d3/OhD0 is shown
in figure 6(e) and a plot of λ versus δg is shown in
figure S2 of the supplementary document. λ exhibits
a decay with increasing d3/OhD0, suggesting dimin-
ishing returns beyond a certain distal diameter shown
in figure 6(e). The values of L, k1, k2, λ, and non-
dimensional functional groups corresponding to the
plots in figure 6 are listed in table 3.

The fits predicted in equations (4), (7) and (10)
using our Buckingham-Pi analysis with their corres-
ponding R2 value are shown in black. In equation (4),
we expect the penetration depth k1 to be finite when
fur density approaches zero. Thus, the model used in
figure 6(c) is of the form y= c/(x− x0) where c and
x0 are constant fitting parameters. When fur density
approaches infinity, the fur will act as a solid surface
and prevent penetration so that k1 will approach zero.
In equation (7), we expect the dry zone k2 to vanish
as fur density approaches zero. Thus, the model used
in figure 6(d) is of the form y= cx where c is a con-
stant fitting parameter. In equation (10), we expect
the dry zone decay rate λ to approach zero as the
hair diameter approaches infinity as the liquid body
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Table 3. Values of L,k1,k2,λ, and non-dimensional functional groups in figure 6: F1 = (δgδuLgLud3 r̃g/We3/4)−1, F2 = µδud3 r̃g/ρUD0,
and F3 = d3/OhD0.

Mammal

L [mm]

(N = 3) k1 [mm] k2 [mm] λ F1 (N = 3)

F2 [×10−6]

(N = 3) F3 (N = 3)

Gray wolf 36.6± 1.3 32.3 0.0 0.1 0.32± 0.12 0.3± 0.1 19.0± 0.4

Moose 20.6± 1.2 20.6 5.3 0.3 0.28± 0.04 0.5± 0.2 12.2± 0.3

Beaver 29.5± 0.7 15.1 9.0 0.1 0.87± 0.31 2.7± 0.9 22.5± 0.2

Mink 21.8± 0.5 20.7 6.9 0.2 0.04± 0.01 1.3± 0.5 15.6± 0.2

Sea otter 23.7± 1.1 19.0 9.0 0.2 0.21± 0.05 5.6± 0.8 17.2± 0.5

will need to travel an infinitely long distance along
the hair diameter. As the hair diameter approaches
zero, the decay rate will approach the constant value
equal to the decay rate of a drop impacting a wet
surface. Thus, the model used in figure 6(e) is of
the form y= c/(x− x0) where c and x0 are constant
fitting parameters. Although the functional groups
provide a simple relationship between fur paramet-
ers and experimental coefficients k1, k2, and λ, we
acknowledge that some of the predictions set forth
by equations (4), (7) and (10) do not fit experi-
mental data well. Upon inspection, alternative fits
better align with our data in figures 6(d) and (e).
For instance, we plot an exponential fit (y= c1 −
c1e−c2x; c1 and c2 are constant fitting parameters)
for figure 6(d) and a linear fit (y= c1x+ c2; c1 and
c2 are constant fitting parameters) for figure 6(e)
which have improved R2 values, shown in red.
Investigating the physical basis for such alternative fits
is an area for futurework.

In figure S3, S5, and S6 of the supplementary
document, we plot the dry zone thickness coeffi-
cients k1, k2, and λ against each variable constituting
their respective functional group in equations (4), (7)
and (10). Though a few variables show a clear trend
with the dry zone thickness coefficients, many vari-
ables do not show a clear trend; remarkably, when
combined, these variables form a discernable trend
with the dry zone thickness coefficients as shown
in figure 6(c)–(e). To understand if all these vari-
ables are important in the functional groups, it is
worth investigating if any of these variables are cor-
related. We show the pairplots of the functional
group variables in figure S4, figure S5, and figure S6
of the supplementary document where it becomes
clear that there is no strong correlation between
variables.

We also found that the advancing, equilibrium,
and receding contact angles as well as the contact
angle hystereses do not play a role in the func-
tional group for k1, k2, or λ. We show a plot of
k1, k2, and λ against the advancing contact angle
in figure S7 of the supplementary document. It is
clear that any monotonic trend is absent in figure S7.
Notably, since the contact angles, contact angle hys-
tereses, or cosines thereof are dimensionless, their
inclusion in our already dimensionless groups makes

no improvement. In section 3, we confirmed the
hydrophilicity of mammalian guard hair and hydro-
phobicity of mammalian underfur hair, the com-
bined wettability that was previously hypothesized
to optimally resist penetration. Although this dual
wettability is essential for the formation of the
dry zone, our findings suggest that the quantitat-
ive variation of the dry zone across species is gov-
erned by the geometric properties of the pelage
rather than by inter-specific differences in contact
angle.

The exponential model and associated non-
dimensional groups provide a framework for design-
ing bio-inspired materials and engineering surfaces
with tailored interactions with moisture. Our model
indicates that tuning fiber density, length, diameter,
and surface roughness governs whether a hairy sur-
face preferentially retains or sheds water. Whereas
natural systems exploit both repelling and capture
regimes, they serve distinct functions: water capture
is seen in spider-silk- or cactus-spine-inspired struc-
tures for droplet collection and transport [47–49],
whereas water repellency is a hallmark of fur, which
traps air to keep mammals insulated, dry, and pro-
tected from abrasion. Such biological strategies high-
light opportunities for engineered fur-like surfaces
where a single layer providesmulti-functionality such
as thermal insulation, water resistance, and mech-
anical robustness without requiring composite con-
struction such as coated metal with added insulation.
Importantly, the governing structural parameters
are manufacturable: fiber density and diameter can
be controlled through electrospinning [50], whereas
surface roughness can be tuned via laser texturing
[51] or coatings [52]. Thus, the dimensionless groups
we propose offer practical design guidelines that con-
nect biological inspiration, scalable fabricationmeth-
ods, and multifunctional moisture-management sur-
faces. There remains the question of how generaliz-
able our results are to pelts not represented here, for
which there are thousands, and imaginable synthetic
arrays of comparable density.We posit that the scaling
predictions of equations (4), (7) and (10) are robust,
but indeedmore tests are needed to confirm the water
repellency they predict. Indeed the morphology of
pelts in terms of length, density, curliness, fiber size,
etc is vast.
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5. Conclusion

In this work, we prove the existence of an insulat-
ing air layer or a ‘dry zone’ in terrestrial and semi-
aquatic mammals when exposed to sequential rain-
drops. Until now, studies of the interaction between
water and fur have been limited to submerged furs
and mammalian shaking to dry. This study is the first
to probe the penetration of falling water, in contrast
to swimming, into a mammalian pelt. Our work sug-
gests thatmostmammals can stay dry even during the
most violent rainfall through their fur architecture.
Denser, longer, and thicker hairs generally improve
resistance to raindrop penetration, as expected. The
roughness of the guard fur is an additional parameter
that improves penetration resistance. Although semi-
aquatic mammals achieve the thickest dry zones, we
show that some terrestrial mammals, such as moose,
achieve a non-zero dry zone. We propose an expo-
nential decay model for the dry zone thickness as
a function of the number of drops with coefficients
that pertain to the penetration depth at saturation,
the dry zone thickness at saturation, and the rate
of saturation relative to the number of drops. We
confirm the hydrophilicity of mammalian guard hair
and hydrophobicity of mammalian underfur hair, the
combined wettability that was previously hypothes-
ized to optimally resist penetration. Although this
dual wettability is essential for the formation of the
dry zone, the quantitative variation of the dry zone
across species is governed by the geometric proper-
ties of the pelage rather than by inter-species differ-
ences in contact angle. A comparison of fresh and
taxidermied pelt samples suggests that the wettabil-
ity of mammalian hair is due to its microstructure
and not any oils or coatings originating from the
mammalian skin. Future works could consider more
mammalian species in a wider range of habitats, drop
impact speeds, and measure missing parameters such
as underfur diameter and roughness. These paramet-
ers may provide additional insight into the phys-
ical mechanisms governing the system. Incorporating
underfur diameter and roughness could enhance the
completeness of the dimensionless groups and further
improve our models across a broader range of mam-
malian species or environmental conditions.

This study links the physics of rainfall infiltra-
tion in real mammalian pelts to the broader body
of work on synthetic fiber arrays. Although ideal-
ized horizontal and vertical fiber arrays have shown
how wettability, density, and orientation influence
dynamic penetration, and although circular cross-
sections have been shown to enhance penetration by
suppressing lateral spreading, real pelts behave fun-
damentally differently. Across semi-aquatic and ter-
restrial species, we observe an exponential limiting of
the penetration depth and a persistent dry insulating

zone. Such behaviors are not reproducible in syn-
thetic arrays, including circular geometries. Our find-
ings in this work demonstrate that the coupled effects
of mixed guard-underfur layers, natural tapering,
density gradients, and hierarchical roughness endow
biological fur with a robustness to dynamic wetting
that synthetic systems cannot yet match.
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