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Passive interception of fog from the wind is an effective solution for acces-
sing water in regions where fog is frequent and other sources scarce.
A Namib Desert beetle is often cited as bioinspiration for further advance-
ment, in a narrative which focuses on patterned wettability of its bumpy
elytra as a means of transporting accumulated water from its back to its
mouth. However, surface transport in fog collection is secondary to the
role of the fluid dynamics of droplet deposition, in which inertial droplets
migrate across diverging streamlines approaching an obstruction. 3D geome-
try of biological surface features inevitably affect this process, but its specific
role in flow physics of fog collection has not previously been explored. Here,
we report experimental measurements of deposition efficiency of targets
with identical surface chemistry but varying surface morphology. We find
a nearly threefold increase in collection upon addition of millimetric
bumps to a spherical target, and provide insight into the micromechanics
underlying the performance. Modifying surface morphology can be easier
than overall geometry for both manufactured structures and evolved organ-
isms and should therefore be both considered in the design of separation
devices and expected in other biological systems for which extraction of
particles from flow is important.
1. Introduction
Three years ago, it was reported that two thirds of the world’s population face
severe water scarcity for at least one month of the year [1]. The threat is only
expected to increase as effects of climate change are compounded by the grow-
ing population. Potential technological solutions to this global problem
necessarily vary with specific conditions of different geographical regions, ran-
ging from preserving and treating available sources to acquiring new ones.
Where water supply has been exhausted and precipitation is inadequate, or
when a population is displaced to an area lacking water infrastructure, the
possibility of extracting water from the atmosphere becomes appealing.

In some regions, particularly mountain deserts of western coastal margins,
rain might not fall for months or even years, yet foggy days occur frequently
[2–4]. A human could still die of thirst on such a day, surrounded by a sea of
potable water droplets, for want of a means of physically collecting and swal-
lowing them—a variant of the frustrating dilemma of the ancient mariner:
‘Water, water, everywhere/Nor any [big enough] drop to drink’.

Plants and animals in such regions have evolved their own strategies to
intercept fog droplets from the surrounding air, and direct it to their roots
and mouths. Development of the first practical fog interceptors [5] was partly
informed by contemporaneous studies of fog drip by vegetation [6–8], and suc-
cessful designs use mesh geometries—filaments with regular spacing—not
unlike the slender leaves and grasses cited by them.

The overall efficiency of a typical fog mesh can be expressed as the product
of three terms, which serve to outline the basic considerations underlying
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passive, wind-driven fog collection [9]:

hColl ¼ hAhDhDr, (1:1)

where ηA, ηD and ηDr are aerodynamic, deposition and
drainage efficiencies, respectively .

Aerodynamic efficiency, ηA, represents the portion of the
unperturbed flow that passes through the collector to find a
collision course with collector elements. It is maximized by
balancing competing interests of increasing target area for
interception and increasing resistance of the whole structure,
thus diverting more flow around it. Deposition efficiency, ηD,
is defined as the fraction of the droplets which migrate across
the streamlines and collide with the mesh, of those initially
headed toward any individual target element. ηD can be
expressed in terms of the Stokes number St, which measures
the relative importance of a droplet’s inertia compared to the
viscous drag exerted on it by the surrounding fluid. St for a
droplet of diameter ddroplet approaching a smooth target of
diameter D can be expressed [10–12]:

St ¼ tdroplet
tflow

¼ 1
9
rwater

rair
Re

ddroplet
D

� �2

, (1:2)

where tdroplet and tflow are response time of the droplet and the
flow and Re is the Reynolds number of flow around the target
element (Re = (ρair UD)/(μair)). For realistic flow regimes and
fog-mesh scales (millimetre-scale pore size, target fibre of
radius D & mm), the ηD can be approximated [11–13]:

hD � St
(p=2)þ St

(for St . 1:1): (1:3)

These expressions confirm some basic intuitive points:
that bigger droplets carried by faster wind are more suscep-
tible to collision, and that a slender target is more effective
(per unit area) in intercepting fog, as it disturbs upstream
flow less. The above formulation has been used to optimize
fog mesh geometry by fibre diameter and spacing [12]. Drai-
nage efficiency, ηDr, plays a more convoluted role. If the
collected water does not easily flow from the mesh to a reser-
voir, it can clog, reducing ηA, cause deposited and coalesced
drops to re-entrain with the wind, or evaporate from its sur-
face as the ambient conditions change. Importantly, ηA and
ηD are determined by flow considerations, and can be
tuned by shape and scale of the target. ηDr, on the other
hand, depends on wettability in conjunction with more
specific details of the application.

It has long been known that some beetles in the Namib
Desert climb to the top of sand dunes and lean into the
early morning sea breeze to intercept fog with their bodies
[14,15]. Obvious physiological constraints unrelated to
water capture prevent a beetle from adopting a mesh-like
geometry. Put in terms above, as a non-porous, roughly
spheroid shape, ηA = 1, and ηD is minimized for its volume.
The beetle’s larger diameter increases Re of the flow while
decreasing the effective St→∼10−3− 10−2 in realistic fog-
basking conditions, driving down ηD.

1 At first pass, the
beetle body would appear ill-suited for fog interception,
but the premise that some physical adaptation would accom-
pany the evolved fog basking behaviour remains compelling.

A recent surge of interest in beetle-mimetic fog harvesting
followed an interpretation of a certain species’ bumpy elytra
as physical adaptation to promote collection [16]. The story
portrays the bumps’ significance in terms of wettability: as
hydrophilic patches2 upon a hydrophobic background. This
situation was supposed to facilitate transport of water from
elytra to mouth while inhibiting reintrainment into the
wind—effectively an adaptation to increase ηDr. Subsequent
literature in biomimetic fog collection is dominated by
studies of performance of surfaces with variously patterned
wettability [17–22], without reference to flow conditions or
macroscopic geometry. The results have varied, and a clear
trend associating wettability with performance is conspicu-
ously absent [23], suggesting that the dominant physical
mechanism was overlooked. The idea that beetles possess
an adaptation to promote condensation of vapour has
also been explored [24,25], but we will simply consider it a
separate question.

We instead revisit the premise of elytra morphology as
fog collecting adaptation, by asking how three-dimensional
shape of millimetric features on the elytra surface encourage
droplet collision by influencing air flow around the beetle.
We directly measure ηD as a function of surface morphology
with simplified analogues in controlled flow conditions,
experimentally isolating the process of droplet impaction
from those of transport in a table-top apparatus designed
specifically for this purpose.

Our experimental design aims to: (i) isolate impaction effi-
ciency from confounding effects of surface transport; (ii) isolate
surface morphology as single varying parameter between
measurements; (iii) maintain simple flow conditions; and
(iv) obtain robust average values for unambiguous compari-
son. To these ends, a custom wind tunnel was constructed
through which fog could be directed through the centre
of the test section, as shown in figure 1a. Control of flow,
actuation of fog generators, and data acquisition were
simultaneously managed by a microcontroller (Arduino Uno).

3D printed targets with identical surface chemistry but var-
ious morphology were hung in the centre of the test section
from a high-precision load cell to measure the added mass as
droplets collided and stuck to the target surface. Basic
motifs—bumps, dimples, ridges of 1mm diameter with
∼(2π/3) mm centre-to-centre spacing were added to smooth
spheres with 40mm diameter. High-frequency noise from the
wind and vibrations was eliminated by using a simple
moving window average (figure 1b,c). To prevent conflating
effects of transport of water on the surface, fog was delivered
for brief durations (4min, highlighted periods in figure 1b–d),
before significant coalescence or dripping could occur. Wind
remained continuous between the fogging intervals while the
target dried and reset to initial surface conditions. Automated
cycles of fogging and drying were repeated for approximately
40 times and a constant wind speed of approximately 2 m s−1

was used for all experiments.
Figure 1d shows theweight changeduring one interval of fog

deposition. A linear fit gives the deposition rate _m, which is then
used to calculate the deposition efficiency: hD ¼ _m=rfvA where
ρf is themass density of fog (calculated from the rate of mass lost
from the reservoir) andA is the cross-sectional area of the target.
2. Results
The resulting deposition efficiencies of spherical targets with
various millimetric surface features are shown in figure 2a.
Results for all spheres are predictably very poor compared
to a fibre mesh (hColl ¼ 2–10% for Raschell mesh [12]
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Figure 1. (a) Schematic diagram of the table-top wind tunnel used for controlled fog collection experiments. A fog chamber is equipped with an array of nebulizers for
making fog and an adjustable cover to regulate fog stream resistance. A DC fan installed at the down-wind end pulls alternating dry and fog-laden air through the
tunnel. A sensitive load cell connected to the target measures the accumulated mass on its surface due to fog interception. Measured weight of a target is plotted over
time. Yellow-shaded regions indicate fog generators in operation. (b) Over-sampled data from load cell with vibrational noise over several fogging cycles. (c) Moving
window average reveals clean signal with robust trend. (d ) A linear fit of a single fogging period; the slope corresponds to the water accumulation rate.
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Figure 2. Deposition efficiencies of targets (40 mm diameter) with different surface features. (All features are 1 mm diameter with ∼(2π/3) mm centre-to-centre
spacing.) Each data point represents deposition efficiency measured in a fogging cycle. The same wind speed (2 m s−1) and incident fog conditions were imposed
during all tests. The bumpy target resembles features on the elytra of a (b) Stenocara gracilipes, while the target with parallel ridges is close to (c) Onymacris
unguicularis, the fog basking beetle. (b,c) SEM images of the features on the fore-wings of beetles from ref. [26]. Scale bar, 1 mm.
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versus hColl � 0:1% for a smooth sphere, for which St < 0.05).
Significantly increasing the wettability of the surface by
adding a commercial hydrophilic coating (‘uncoated’ : θE∼
66°→ ‘coated’ : θE∼ 13°; see electronic supplementary
material) has no significant affect on the deposition efficiency,
consistent with ref. [23]. By contrast, the introduction of geo-
metric features significantly increases the deposition
efficiency. In particular, addition of bumps of 1mm diameter
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Figure 3. (a) Illustration of bumpy cylindrical targets (side view and cross-
sectional view). S: spacing between bumps; DBump: diameter of bumps;
D: diameter of cylinder. (b) Deposition efficiencies of targets as a function
of packing density of bumps. Deposition efficiency of cylinders with fixed
bump diameter (1 mm), while changing the spacing between them (red
points) and targets with fixed spacing between bumps (centre-to-centre spa-
cing of πmm) and varying bump diameters (green points). DBump/S = 1
corresponds to the point when bumps start touching. DBump/S = 0 represents
smooth cylinder (blue points). The green area indicates the region where
bumps intercept with the flow individually, whereas the red region corre-
sponds to the high bump packing densities, where overlap in boundary
layers occur. An optimum packing density can be found in both cases.
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and with approximately 2 mm centre-to-centre spacing
increased the deposition efficiency to 0.35%, or three times
that of the initial smooth target. The enhancement is not
simply due to the increase in surface area. For comparison,
a smooth target with slightly increased radius to match the
approximately 18% greater surface, as well as a similarly
dimpled target were tested under identical conditions. The
deposition efficiency for both smooth spheres was similar,
which is consistent with the underlying fluid dynamic role
of the geometries: the approximately 9% increase in the diam-
eter makes little difference in efficiency, as neither Reynolds
number nor Stokes number significantly changes. A dimpled
sphere with the same surface area as the bumpy sphere gave
an efficiency also close to that of the smooth target. Ridges
were tested in parallel and perpendicular orientations with
respect to the wind. Perpendicular ridges produced better
fog capturing performance—more than doubling the effi-
ciency comparing to the smooth target, while parallel
orientation showed somewhat less performance.

These results unambiguously demonstrate that beetle-like
surface morphologies affect collection via flow dynamics,
rather than wettability, but do not speak to a specific mechan-
ism to explain performance. A first guess might attribute the
effect to a change in the nature of the boundary layer: at a
critical flow speed (Re � 104–106, depending on roughness),
bumps or depressions on a sphere will cause the boundary
layer to transition from laminar to turbulent [27] (such as in
a golf ball in flight), delaying flow separation, suppressing
wake size, ultimately reducing aerodynamic drag. Because
the transition changes the flow field, it should, in principle,
affect impaction. However, as our flow conditions are all
below the transition (Re∼ 5000), and because we see that sep-
aration point in bumpy and smooth cases appears unchanged
(see electronic supplementary material, movie S1), we con-
clude that the observed change in performance is not
related to boundary layer transition.

To see how feature distribution affects efficiency, we
varied the packing density of bumps in two ways3: (a) keep-
ing the bump diameter the same while increase the number,
or (b) keeping the number the same while increase the diam-
eter. The resulting effect on efficiency is shown in figure 3b.
As a function of packing density—bump diameter divided
by centre-to-centre spacing DBump/S, both display two dis-
tinct regimes: one in which efficiency roughly linearly
increases with density, and then drops after a critical value
DBump/S∼ 0.6. The initial linear climb is consistent with a
model in which bumps independently intercept droplets,
while the drop suggests overcrowding causes the boundary
layers to begin to communicate and inhibit flow close to the
surface (effectively a drop in aerodynamic efficiency ηA).

In all cases, most accumulation occurs near the stagnation
point of the target, since streamline curvature is greatest near
the centreline of the flow. Obviously, addition of surface fea-
tures on the leeward side are not effective, but how the
benefit decreases with angle from centre was measured to
better understand the mechanism. Are gains made primarily
by peripheral features intercepting faster droplets farther
from the centreline, or by further increasing the collection
near the stagnation point? Spherical targets with bumps loca-
lized at specific angles from the stagnation point (ϕ) were
manufactured, keeping the distance between bumps at a con-
stant ∼(2π/3) mm. Figure 4 shows a trend in which the ratio
of deposition efficiency to that of the smooth target decreases
with ϕ, from a maximum toward ϕ = 0. That the number of
added bumps increases with ϕ further emphasizes the value
of adding features to the region of highest impaction near
the centre. A similar lesson seems to apply on the scale of
individual bumps. While one could expect circulation gener-
ated behind an obstructing bump to cause an increase in
impaction, we observe that accumulation occurs only on
windward side (see electronic supplementary material,
movies S2 and S3). Drastic reduction of the velocity and
therefore St number of the droplets in the circulation zone
can explain the lower probability of the collection behind
the bumps, suggesting that direct impaction, rather than
circulation, plays the dominant role.
3. Discussion
It should not be surprising that wettability alone does not
drive efficiency of fog collection. In condensing vapour on a
cooled surface, drainage is essential to avoid thermal insula-
tion from a liquid film. But in collection of wind-blown fog
droplets, accumulation is primarily dependent on target geo-
metry and the shape of the flow field. Our results show that,
while beetle-like bluff body geometry does not make for an
ideal fog collector, slight modification of its surface mor-
phology can dramatically increase its performance by
increasing direct interception. As an economical trade-off
between shape and water security, the mechanism is a
likely driver of physical adaptation in fog basking organisms,
as well as an implementable principle in modifying existing
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Figure 5. (a) Species of Lepidochora modify the surface morphology of the dune itself, by carving trenches perpendicular to flow, inducing collection of wind-blown
fog, and drink the accumulated water from the sand [31]. (b) Accumulation of pollen on female pine cones via direct impaction is similarly increased due to the
geometry of structures on its surface [32].
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structures for passive water harvesting function, where mod-
ifying surface wetting considered in other studies would
involve higher expense and toxicity.

The Namib Desert has a large variety of Tenebrionidae, or
darkling, beetles. Few of these beetles fog bask, and only
eight species show specialized, behavioural adaptations to
collecting fog [28]. Notably, of the two prominently bumpy
beetles associated with the patterned wettability narrative,
and most resembling the high performing synthetic ana-
logues of figure 2: Stenocara gracilipes, and Physosterna
cribripes,4 neither are known to fog bask [26,29]. One bonafide
fog basker, Onymacris unguicularis [14], instead features subtle
ridges parallel to the flow of wind when in basking pose [26],
as shown in figure 2c. According to our results, this configur-
ation should be far from ideal, but it is plausible that our
artificial analogue oversimplifies its solution.

In individual droplet trajectories we see that hydrodyn-
amic interactions between droplet and surface play an
important role at distances close to the droplet diameter, as
droplets ‘slide’ along contours of the target without making
contact. At this stage, surface features could conceivably chan-
nel, concentrate, and direct droplets to targets for interception
elsewhere along the surface (e.g. tiny, sharp protrusions
toward the bottom of figure 2c) while providing a smooth,
directed path for drainage with little contact line pinning.
Closer examination of the near-field collision dynamics [30]
at very low St and of the geometry of natural specimens
would lead to better understanding of this possibility.

The efficacy of fog interception by surface modification
apparently underlies behavioural adaptations in other species
in the Namib Desert. Lepidochora, a flat, circular, short-legged
beetle, does not fog bask, but rather builds a rudimentary fog
collector from its surroundings. These beetles dig trenches
centimetres wide, 2–4mm deep, on the sand dunes (figure
5a), reliably perpendicular to the direction of the wind,
before the morning fog. Droplets separated by the modified
morphology of the dune surface collect in the trench, to
which the beetle returns to drink afterward [31].

Recent studies have looked at mechanical mechanisms by
which plants and fungi propel their pollen or spores out of
the boundary layer into the free stream for propagation.
The inverse problem in wind-pollinating plants—how the
female stigma captures the tens of micrometre pollen par-
ticles from the passing air has been explored less. Geometry
of these structures varies, but its goal is the same. Where
the fibrous corn styles, or tassels, maximize St by their
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slenderness in order to intercept wind-blown pollen, the
female pine cone achieves the same with a round geometry
and pronounced surface topography [32] (figure 5b). Corre-
sponding morphological adaptations exist in other
biological systems where particulate separation is necessary
for survival, such as suspension feeding in aquatic life [33].

A fogmesh is a 2D structure to intercept flow—it isminimal
in terms of material cost, and optimizable for efficiency. A sur-
face is cheaper if you already have a surface. Then, subtle
surface morphology manipulation can be effective, simpler
and less toxic than manipulating wetting properties, as some
bioinspired alternatives propose. It can be applied in themanu-
facture of specifically fog-collecting structures, but also in
giving existing structures additional fog collecting function.
4. Methods
4.1. Apparatus
Aerosol droplets of average diameter approximately 3.3 μm were
generated upstream in a chamber using ultrasonic nebulizers
submersed in DI water (figure 1a). To ensure a consistent rate
of droplet production and size distribution, constant water
level above the nebulizers was regulated by closed-loop control
between a pressure sensor and solenoid valve which replenishes
water to a pressure set point. Fog generated in the chamber is
then delivered to the target through a funnel and a straight
tube. To create uniform flow and smooth fog column in the
test section, without artefacts of fog generation or its introduction
into the flow, it was necessary to match the flow speed between
fog outlet and surrounding air. To this end, common suction
from the DC fan pulled air from both sources, and total resist-
ance along both paths was set equal. Resistance of the fog
pathway was tuned by varying the opening of fog chamber to
match that of the free stream, which was limited by a mesh
installed at the opening of the wind tunnel. Additionally, the
wall of the tube used to direct fog toward the target was of mini-
mal thickness (approx. 0.7 mm) to reduce downstream
disturbances. Area contraction ratio from the opening of the
tunnel to test section is 4 : 1 (linear ratio 2 : 1). For all reported
measurements, the flow speed was approximately 2 m s−1 (1.93 ±
0.09 m s−1). A characteristic velocity profile of the cross section
is shown in electronic supplementary material, figure S1. The
fog-collecting target is connected to the sensitive load cell
(FUTEK LSB200, precision 0.01 g) via a stainless-steel rod and
is positioned at the centre of the constant cross-section test section.
The rod is also supported from the leeward side by a Teflon rod
(electronic supplementary material, figure S2b) to cancel torque
from drag. Occasional variations in the load cell output signal
due to temperature fluctuations in the laboratory were elimina-
ted by recording only data for which the monitored laboratory
temperature was constant, between 20.5°C and 21.5°C.

4.2. Droplet size measurement
Diameter of droplets generated by the nebulizers (OT-SMG02,
DC24V, 500mA) were measured by intercepting them on micro-
scopic, electrospun polymer fibres and conventionally imaging
them. Cellulose acetate (CA) was chosen due to its high mechan-
ical strength and low water absorption properties. A solution of
CA (12 wt%) was prepared in a binary solvent mixture of
DMAc/acetone (1 : 2; w/w). Fibres were then spun on a
custom vertical set-up with a flow rate of 0.5 ml h−1 and 12 kV
between the needle (21 G) and a fork-shaped collector 15 cm
away. The collected fibres were positioned in front of a high-
speed camera (Phantom VEO 410, lens InfiniProbe TS-160) at
the outlet of the fog chamber with the same conditions as the
experiments (figure 6a,b). The fibres used for measurements
were then collected on a scanning electron microscopy stub
and the sizes of the fibres were measured using SEM
JEOL-7401 (0.87 ± 0.14 μm, figure 6c). The Stokes number for
micro-droplets colliding with these fibres, for the given
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conditions, according to equation (1.2) would be greater than
100. In this case, ηD = (St/((π/2) + St))∼ 1 indicating that most
of the drops headed toward the projected area of the fibres
were collected, regardless of their size. Video was taken as dro-
plets collided with the fibres. Diameters were measured in
ImageJ immediately after impact (figure 6d ), before evaporation
or absorption could occur. The average diameter of the droplets
was measured as approximately 3.3 μm.

4.3. Targets
Spherical and cylindrical targets (electronic supplementary
material, figure S4), were printed using a stereolithography 3D
printer (Formlabs Form2). One type of resin was used (Formlabs
GREY V4FLGPGR04) to maintain identical chemistry and wetting
properties of all targets (static contact angle θE∼ 66°, measured on
a flat surface). Bumps, dimples, ridges of 1mm diameter with
∼(2π/3)mm centre-to-centre spacing were added to smooth
spheres with 40mm diameter. Bump packing density in cylindri-
cal target of 15mm diameter was varied in two different ways.
First, the spacing between the bumps was fixed at πmm and the
bump diameter was varied from 0.5 to 3mm (electronic sup-
plementary material, figure S3b). In a second scenario the bump
diameter was kept constant at 1mm and the spacing between
the bumps was changed (electronic supplementary material,
figure S3c). A commercial anti-fogging solution (Splaqua anti-
fog formula) was used to coat the 3D-printed smooth sphere to
alter the surface energy. The static contact angle was measured
on a flat surface as θe∼ 13° (see electronic supplementary material,
figures S4 and S5).

4.4. Data analysis
Experiments were repeated in cycles of fogging and drying
(4 and 20 min respectively) to obtain robust statistics. This fre-
quency (6.9 × 10−4 Hz) is much longer than vibrational and
flow fluctuation noise and much shorter than that of the drift
of the load cell (for Fourier transform see electronic supplemen-
tary material, figure S6). To achieve a desirable level of noise
reduction, the raw measured data (figure 1b) was averaged
every 5 s (200 data points, sampling frequency = 40 Hz). As
shown in figure 1c, a weight change representing fog deposition
and drying can be identified. Data corresponding to the fogging
period are then isolated and fit with a linear function (figure 1d ).
The slope of this fitted line is then used to describe the deposition
rate of the collectors. The deposition efficiency is defined as the
averaged deposition rates divided by the mass of the water dro-
plets that initially were headed toward the projected area of the
collector per second.

Data accessibility. The data presented in this work are available upon
request. Code for the analysis described in the data analysis section
and other analyses presented in this paper are available upon request.
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Endnotes
1In fact, analysis by ref. [11] predicts a critical Stc = 1/8 for cylinders
and Stc = 1/12 for spheres, below which ηD = 0.
2It is worth noting that hydrophilicity does not imply any long-range
attraction on a water droplet such as to influence its trajectory, and
therefore ηD.
3Here, we switch to cylindrical geometry in order to maintain a con-
sistent pattern of bumps.
4Physosterna cribripes was reportedly misidentified in ref. [16] as
Stenocara gracilipes [29].
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