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Desert environments pose severe water scarcity challenges, leading to unique
adaptations among native fauna. Notably, many species of desert horned lizards utilize
a dermal drinking method, employing integumental microchannels to draw water from
raindrops and moist soils via capillary action. However, the exact mechanism by which
they eventually move the water collected between their jaws into their mouths remains
elusive. Our research investigates this critical step in the drinking of desert horned
lizards, Phrynosoma platyrhinos, revealing that the lizards use characteristic rhythmic
jaw movements to achieve effective water intake. Inspired by their distinct water
harvesting techniques, we have engineered an artificial soil water harvesting system that
mimics these natural capillary flows and jaw movements to achieve water collection
from soil. This system incorporates porous media to simulate water transport from soil
and employs parallel plates to emulate lizard jaw actions, successfully demonstrating
effective water collection and purification through integrated ion-exchange materials.
This multifunctional system not only addresses the urgent need for water in arid
regions but also simultaneously ensures the collected water’s purity, removing harmful
contaminants like heavy metals.

biomimetics | water harvesting | coating flow | capillary transport

Animals living in desert environments face significant challenges in accessing water,
leading them to evolve ingenious strategies for water uptake. Namib Desert beetles
(Stenocara sp.) and desert cockroaches (Arenivaga investigata) utilize atmospheric water
harvesting methods (1, 2). For instance, Namib Desert beetles collect water by capturing
microscale fog droplets from the air on their dorsal surfaces. This observation has inspired
numerous technological advancements in fog harvesting, including the development
of Janus fog collectors that transform fog into usable water for humans (3-5). Desert
cockroaches condense vapor on their mouth parts to drink water, leading to active research
into methods for condensing atmospheric vapor into bulk water such as dewing (6-8).

While atmospheric water harvesting is common, direct methods of water uptake
from raindrops or soil water are also employed by some species. African tent tortoises
(Psammobates tentorius), for example, drink rainwater using a posture that channels water
flow to the head from the back, utilizing gravity and their own body structure (9).
In addition, many species of desert lizards, including Moloch horridus, Phryncephalus
helioscopus, Phrynosoma cornutum, Trapelus pallidus, Trapelus mutabilis, and Trapelus
Sflavimaculatus, use specialized integumental structures for water harvesting (10-13).
These lizards collect water not only from rain but also from moist soil, drawing it through
microchannels in their multilayered skin. These microchannels, typically about 100 pm
in width, are formed beneath overlapping scales having partially enclosed, semitubular
hinge-joint structures, which helps limit direct exposure of transported water to the
dry ambient air (14). They leverage capillary action to draw water up to heights of
approximately 10 cm, overcoming gravity. Since the body height of the lizard is typically
less than 10 cm, when their body part comes into contact with water, the entire body
surface becomes wet, as demonstrated in the previous studies (14, 15).

Nevertheless, the drinking mechanism in the lizards using the dermal structures is still
unclear. The microchannels can suck water only before they are saturated with water, and
so the lizards should continually pump water from the dermal channels into the mouth
to drink water. Although water penetration into the skin (16) and a chemical action of
the mucus (17, 18) were suggested to explain the continually pumping mechanism, they
have not been supported by experiments (14).

We here elucidate the mechanism of water drinking in the desert horned lizard
Phrynosoma platyrhinos. Noting that water drinking in desert lizards typically comes
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environments.
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with unique rhythmic jaw opening motions (19), one might
draw an analogy to shorebirds, which transport discrete water
droplets using a capillary ratchet mechanism based on contact
angle hysteresis (20). More broadly, previous biomimetic studies
have demonstrated directional droplet-based liquid transport on
biological and artificial surfaces, including capillary ratchets and
liquid diodes (20, 21), but without addressing the final ingestion
step. By contrast, the present work concerns how water already
transported through the integumental channels is finally drawn
into the mouth as a continuous liquid film confined between the
jaws, thereby entirely covering the process from skin transport
to water ingestion. To understand the hydrodynamics under this
distinct condition, we examined the water flow near the jaws of
the lizards. The observations unveiled that the jaw motions drew
the water to the jaw corners with the jaw opening motion, where
water was then transported into the mouth during jaw closing.
A simple artificial setup mimicking the jaw motion allowed us to
quantitatively explain this water manipulation scheme. We also
developed a theoretical model that provides the rationale for the
unique kinematics of the jaw motions, i.e., slow opening and
rapid closing, which play a crucial role in efficient drinking.
This natural strategy, which combines soil water transport
through their integumental morphology with repetitive jaw
movements to facilitate capillary pumping, has inspired us to
design an artificial system to harvest water from wetted soil.
This system holds promise as a potential solution to the water
scarcity challenges faced in extreme environments where water is
available only in damp soil, not as a bulk. Moreover, our design
integrates porous media and ion-exchange materials, facilitating
not only water collection but also purification, thereby removing
heavy metals and improving water quality. Our study offers
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a comprehensive solution to collecting purified water in arid
regions.

Results

Experimental Observations. We observed water drinking of
P. platyrhinos by dripping water on the lizard’s back (S7 Appendix,
Fig. S14). The lizard initiated a typical jaw movement within a
few minutes, as shown in Fig. 14. We divide a single cyclic
jaw motion, which has a period of 1 s, into four phases (I-1V)
based on the jaw speed. In phase I (very slow opening), the
jaw opens with a speed of approximately 1.3 mm/s. In phase
IT (slow opening), the lizard accelerates the jaw to a speed of
approximately 6 mm/s, and the distance between the anterior
tips of the upper and lower jaws peaks at D &~ 1.3 mm. In phase
II (fast closing), the jaw closes with a high speed of approximately
26.5 mm/s. Finally, in phase IV (closed), the jaw remains closed
for approximately 0.55 s. The measured jaw gap (D) versus time
is plotted in Fig. 1B, illustrating these distinct kinematic phases.
It is noteworthy that the mean jaw opening speed over phases I
and II (3.2 £ 0.11 mm/s) is remarkably slower than the closing
speed (26 £ 0.12 mm/s) in all 12 individuals we observed (57
Appendix, Fig. S1B).

Before phase I 'starts or during phase IV of the previous period,
water is drawn to the gap between the upper and lower jaws from
the integumental channels via capillarity, and fills the entire gap.
As phase I starts, the gap opens, causing the water film to break
into two and move to each jaw corner until phase I ends (Fig. 1C
and Movie S1). With the jaw closing (phase III), the skin at
the corners folds inward, squeezing the accumulated water into
the mouth. The jaw remains closed in phase IV to draw water
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The experimental observation of the jaw motion of Phrynosoma platyrhinos. (A) Cyclic motions of jaw opening and closing. (B) The temporal evolution

of D, the gap of the jaw. (C) Close-up of the jaw corner from the red box in (4), with the water meniscus indicated by the white arrow.
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Experiments with the lizard-jaw mimicking device. (A) Schematics of the experimental setup. The liquid meniscus recedes toward the hinge as the

upper plate is lifted. The liquid accumulated at the corner constitutes the water uptake region, whereas the residual volume, a coating layer on the plates,
represents the liquid loss. (B) Sequence of experimental images during the gap opening. (C) Meniscus receding speed versus the instantaneous gap opening
under various gap opening speed D that is kept constant in each experiment. (D) Dependence of the ratio of the residual volume (Vy) to initial volume (Vo)
on the modified capillary number Ca*. Here, Ca* is the modified capillary number based on the gap opening speed D (Ca* = uD/o). Error bars for volume
measurement and mass measurement indicate the errors caused by the resolution of single pixel (~10 pm) and maximum and minimum values out of 5 trials,
respectively. Inset images show the residual liquid volume at the speed of 3 mm/s (Lower panel) and 25 mm/s (Upper panel).

from the skin channels. In the following, we hydrodynamically
rationalize such repetitive opening-closing cycles of jaw motion
with the asymmetric speed profile.

Hydrodynamics of Jaw Motions. To examine water meniscus
movements near a jaw corner, we constructed a simple device
that mimics the jaw motion, as shown in Fig. 24. The setup
consists of two glass plates with the low one fixed while the upper
one hinged at the left end. After filling the gap between the
plates with an aqueous solution of 40 vol% glycerine, the free
end of the upper plate L = 15 mm distant from the hinged end
was raised to a height of 3 mm. Fig. 2B displays the liquid—air
interface movement toward the corner formed by the plates. The
liquid collected at the corner can be engulfed by the lizard as
the adjacent skin folds inward. Now the question is how much
can be retrieved from the original liquid volume occupying the
entire gap at =0, despite the loss due to residual water coating
the plates as indicated in the last panels in Fig. 2 4 and B.

The volume of the residual layer V; determines the efficiency
of liquid retrieval, or drinking, and it can be mathematically
expressed as

T
Vi= 2!9/ h(t)u(t)de. (1]
0

Here, 4 is the depth of the glass plate, T is the opening period, 4
is the thickness of the liquid layer at time #, and # is the receding
speed of the curved meniscus.

The thickness of the liquid layer can be estimated by the
meniscus velocity based on the Landau-Levich-Derjaguin theory
(22, 23). When the capillary number Ca = pu/o, with p being
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the viscosity and o the surface tension of the liquid, is very small,
Ca < 1, it is known that b ~ 7f(a)Ca®?3, where f(a) =
cos a/(1 — sin @) with the opening angle «, and 7 is the radius of
the curvature of the meniscus (24). In our experiments, » ~ 4,
where d is the local gap at the meniscus and 1 < f(a) < 1.4,
so that # ~ dCa?/3. We introduce an empirical prefactor # to
express b as h = kdCa®/3.

We next relate the meniscus motion to the opening kinematics
of the plates. We denote the distance from the corner to the
meniscus as /(). The local gap width is given by 4(¢) ~ /(D/L).
The liquid volume at the corner is approximated as Viorner &
bld)2 = bl*D/2L. Mass conservation requires that the rate of
volume decrease in the corner balances the flux of liquid deposited
on the two plates: dVeorner/dt = —2bhu, which leads to

1. . .
EDZZ + DIl —2hLl =0, 2]

where D = dD/dt and / = —u. As the magnitude ratio of the
third to the second term scales as AL/DI ~ hJ/d ~ O(Ca*/?)

and Ca < 1 in our experiments, we ignore the third term and
simplify Eq. 2 to d(/2D)/d¢ ~ 0. Using the initial condition
! = L at D = Dy, where the initial gap distance Dy = 300 pm,
we find / &~ L(Dy/D)"?. Differentiating this with respect to
time yields the meniscus receding speed:

L (D 1/2[) Bl
““o5p\ D ‘

We see that the ratio of the meniscus receding speed to the gap
closing speed is given by the initial gap geometry (L and D)
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and the instantaneous gap opening D(¢). Fig. 2C shows that
the experimental results of #/D employing various gap opening
speeds, D, indeed collapse onto a single line when plotted versus
D as Eq. 3 predicts. At the high opening speed (25 mm/s),
the meniscus likely becomes increasingly three-dimensional,
with curvature varying across the plate width. Because this
lateral deformation is not captured by the present quasi-two-
dimensional model, a slight increase in deviation from Eq. 3
is observed as D increases (S Appendix). We also confirmed
that the solution of Eq. 2 without neglecting the third term
exhibits insignificant difference from Eq. 3. Then we get V; from
Eq. 1 as

V, = 0.63kCa**36D}? 1°/3, [4]

where we introduce a modified capillary number, Ca* = uD/o,
based on the constant gap opening speed D instead of the
instantaneous meniscus receding speed # (SI Appendix, section
S2). The experimentally measured values of V; for a range of D
based on the image analysis of the liquid film thickness allows us
to find # = 2.7. The ratio of the residual volume to the original
volume, V, = bLDy/2 is given by

g I 2/3
o 0

We plot the volume ratio as a function of Ca*, with the
experimental results obtained both by image analysis and by
weighing the liquid film. We find good agreement between
theory and experiment (Fig. 2D). The Insets in Fig. 2D visualize
the residual layers on the plates for two limiting cases with gap
opening speeds of 3 mm/s and 25 mm/s. The volume ratio
of the residual liquid increases with D and is approximately
15% and 68% for D = 3 mm/s and 26 mm/s, respectively.
Crucially, this result implies that a slower jaw opening speed
decreases the residual volume (V) coating the plates, which
increases the volume of water available for ingestion at the corner.
This hydrodynamic consideration helps explain why the desert
lizards open their mouths much more slowly than they close.
One may then ask why they do not adopt an even slower opening
speed. A plausible explanation is that, although a slower opening
reduces the residual loss, the lizards can already ingest a substantial
fraction of the liquid in the jaw gap at a finite opening speed. In
addition, excessively prolonged drinking would reduce the total
amount of water ingested over repeated cycles, and excessively
slow jaw motion would likely require greater muscular effort and
energy expenditure than motions within the usual speed range.

Water Harvest from Wet Soil. While desert lizards in nature
generally consume clean rainwater, engineering applications in
arid or contaminated soil environments require not only water
harvesting but also purification. Water collected directly from
soil often contains a wide range of contaminants, among which
heavy metals are of particular concern recently because even trace
amounts of these heavy metals can lead to long-term damage such
as liver and kidney failure, stomach and skin cancers, and mental
health disorders (25, 26). We designed a soil water harvesting
system based on the unique strategy of desert horned lizards
(Fig. 34). The system employs commercial porous media, solid
plates, and a motor: The porous medium emulates the lizard’s
skin by wicking water from soil, and the motor periodically
actuates the upper plate to drive capillary pumping between the
plates. Water from soil is drawn through the sponge, then flows
through microchannels onto the lower plate. Spontaneous liquid

4of 7 https://doi.org/10.1073/pnas.2609344123

entry into the gap is driven by the Laplace pressure (O(10°
to 10%) Pa), which readily overcomes the opposing hydrostatic
pressure of the sponge (O(102) Pa). Specifically, the condition for
spontaneous corner flow, 0 +ap/2 < 7/2 (where 0 is the contact
angle of the liquid and ay is the initial opening angle), is primarily
relevant when water from the microchannel first wets the initially
dry gap. Because the corner-forming surfaces in our system are
strongly hydrophilic and the initial opening angle in the closed
state is only a few degrees, this condition is readily satisfied. Once
the gap is primed, subsequent water supply proceeds through the
prewetted continuous film. The motor pulls a string attached
to the upper plate up, so that it rotates to a maximum opening
angle (@) set by the system geometry, as shown in the Inser
of Fig. 34, driving the collected water toward the corner of
the artificial jaw. Subsequently, the entire upper plate is lifted,
allowing the accumulated water at the corner to be channeled
through a dedicated drain in the lower plate (Movie S2).

For experimental demonstration, we utilized cellulose sponges
as porous media, PMMA for the lower plate, glass for the upper
plate, and an Arduino-controlled servo motor for the driving
mechanism to collect water in bulk form from a pile of glass beads
(~2.5 mm in diameter) with its interstices saturated with water.
The entire system was enclosed in a transparent PMMA chamber
with the interior relative humidity (RH) kept above 95% to
minimize liquid evaporation. In practical applications, a simple
cover of the sponge can effectively prevent water evaporation.
We measured the net volume of water collected per cycle across
various opening speeds. Accounting for liquid losses arising from
both plate coating and corner drain, the collected volume per
cycle (Vo) is determined as V. = V, — V; — V4, where V; is the
residual volume derived from Eq. 4 and Vj is the volume of the
drain. As shown in Fig. 3B, the experimental measurements are in
excellent agreement with this theoretical relation, demonstrating
our capability to accurately predict water collection based on
system geometry and kinematics.

Building upon this predictive capability, we can identify the
optimal opening speed, Doptimal’ required to maximize the total
water harvested within a given operation time 7,. The duration
of a single harvesting cycle 7" is the sum of the opening, closing,
and waiting durations: 7 = Dpyax/ D + Diax/Deose + Taits
where Dpax is the maximum travel distance of the plate and
Twair is the waiting time between cycles. The total volume of
water collected over the duration 75, denoted as Viorl, is given
by the product of the number of cycles (7,/7) and the volume
captured per cycle (Vo):

To(Vo — Vi — V4)
Dmax/D + Dmax/Dclose + Twait

Viotal = [6]

To determine the speed that yields the maximum throughput,
we differentiated Vol with respect to D. Under the practical
assumptions that the closing speed is significantly higher than
the opening speed (Ddose > D), the condition for optimal water

collection is derived as
. 3/2
Vo — V. 3/2 D, im: Twai
o ( 0 d) 1+ optimal t N

D = 20— VaP”
optima Mka/zba/zDé/ZLS/z

Dimax

Note that for cases where the waiting time is negligible (75 <
Dinax/Doptimal)> this relation simply reduces to Doptimal ~

(o/u)(Vo — Vd)3/2/(k3/253/2D(1)/2L5/2). By tuning the plate
kinematics to satisfy this condition, the system maximizes yield
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Fig. 3. Design, performance, and energetic analysis of the bioinspired soil
illustrating the motor-driven cyclic motion. Water is drawn from the soil via a s

water harvesting system. (A) Working principle of the bioinspired harvester
ponge, transported through microchannels, and collected at the corner drain

through rhythmic plate opening and subsequent lifting. (B) Normalized water collection per cycle (Vc/Vo) as a function of the capillary number Ca*. Results of
water collection from glass beads (~2.5 mm) simulating soil water using the fabricated soil water harvesting system over one cycle. Water was collected across
a total of 10 cycles for each experiment, with three trials conducted per experiment. The experimental data (symbols) show excellent agreement with the
dimensionless theoretical prediction V¢ /Vo = 1—Vr/Vo —Vy/Vo, where Vr/Vo follows Eq. 5. (C) Schematic comparison of two different water extraction strategies:
the jaw-like system and the squeezing of a saturated porous medium. (D) Comparison of energy requirements per unit width for both strategies as a function
of the characteristic length scale L for a glass upper plate (t = 1 mm), a cellulose sponge (¢ = 0.9), and « = 13°. (E) Design criterion for the jaw-like system.
Horizontal bars define the allowable range of the characteristic length L for maintaining the energetic advantage of the jaw-like system (L < peDg/(pgt$sina);
blue) over squeezing (red) across various upper plate materials, ABS (p = 1,050 kg/m3), PMMA (1,190 kg/m3), glass (2,500 kg/m3), aluminum (2,700 kg/m3), and

steel (7,850 kg/m3) att = 1 mm.

from damp soil, significantly enhancing its practical utility in arid
environments.

To examine whether this optimization strategy is consistent
with biological adaptation, we substituted the parameters of P.
platyrhinos into our model (L &~ 15 mm, Dy & 10 pm, Tipic &
0.55 s). The resulting theoretical optimal speed, Doptimal ~
4.1 mm/s, is in reasonable agreement with the experimentally
obtained mean jaw opening speed of 3.2 mm/s (Fig. 1B). The
slight difference between the theoretical and observed speeds
likely reflects both model idealization and biological constraints.
The theoretical optimum was derived assuming idealized flat-
plate geometry and negligible ingestion loss at the jaw corner
(V4 &~ 0), whereas in the lizard, incomplete transfer during jaw
closing and geometric deviations from the model would tend to
reduce the optimal speed. In addition, repetitive jaw actuation
is likely subject to biomechanical constraints, so the observed
speed may represent a compromise between maximizing water
intake and limiting the cost of repeated motion. This reasonable
consistency still suggests that the observed jaw kinematics may
have been evolved to enhance water harvesting efficiency in the
arid habitat of the lizards.

Before we move on to water purification, we consider whether
it is energetically more efficient to collect bulk water from
wet sponges using jaw-like systems repeating open-and-close
cycles rather than simply squeezing the sponges (Fig. 3C).
We compare the energy per unit width required to lift the
upper plate of the jaw (Ej ~ pgtL?sina/2, L being the plate
length) with the elastic energy per unit width required to
deform the sponge (E; ~ pehL, L being the sponge length)
(Fig. 3D). Here, p and ¢ are the density and thickness of the

PNAS 2026 Vol. 123 No. 26 e2609344123

upper plate, g is the gravitational acceleration, @ is the opening
angle, and p. represents the volumetric energy density of the
saturated sponge, which was measured to be 5470 J/m? for
our cellulose sponge (S Appendix, section S3). To ensure equal
water volumes per cycle (LDy/2 = Lh¢p), we substituted the
required squeezing deformation 4 ~ Dy/(2¢) into Es. The
analysis reveals that £j < E when L < p.Do/(pgte sin ). This
threshold length is inversely proportional to the areal density
(pr) of the upper plate. As illustrated in Fig. 3E, evaluating
various materials across a range of densities at a fixed thickness
(r = 1 mm) confirms that for systems of practical size (~10
mm), the jaw-like motion remains energetically more efficient
than mechanical squeezing. While increasing the plate length (Z)
might appear to be a straightforward way to scale up water yield,
this strategy inevitably pushes L beyond the critical threshold,
causing the jaw-like mechanism to lose its energetic advantage
over mechanical squeezing. Furthermore, because the lifting
energy scales quadratically (£; o L?), operating an array of 7
independent jaw units of length L /7 yields the same total volume
as a single elongated jaw of length Z, but consumes only 1/7
of the total energy. Although 7 cannot increase infinitely in a
real-world environment due to increased mechanical overhead
(e.g., hinge friction) and the physical lower bounds set by the
capillary length and drain size, scaling up is still best achieved by
either increasing the transverse width () or operating multiple
small-scale jaw units in parallel. This strategy allows for higher
volumetric throughput while ensuring the length of each unit
remains within the energetically favorable regime.

By coating the sponge with an ion-exchangeable material,
Nafion (Sigma-Aldrich), we have achieved simultaneous water
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Fig. 4. Water purification from simulated soil environments. (A) Scanning electron microscopy images of the melamine sponge before and after being coated
with Nafion, showing the formation of a thin film of Nafion, within the pores of the sponge. (B) lon exchange in the Nafion film, where hydrogen ions from
the sulfonic side groups of Nafion exchange with heavy metals in the solution, effectively removing heavy metals from the aqueous solution. The reaction is
represented by the chemical formula beneath the schematic. (C) Results of the purification experiments for individual heavy metals in solution. (D) Results of
the purification experiments for a solution containing a mixture of heavy metals (Pb, Cd, As, and Cr). Each experiment was performed 3 times.

collection and purification. As shown in Fig. 44, Nafion forms
a thin film within the pores of the sponge, functioning as a
cation-exchange material that exchanges cations present in the
surrounding environment (27). The sulfonic groups in Nafion
are hydrophilic, which aids in water absorption by the membrane.
Upon contact with electrolyte solution, the sulfonic groups
become ionized, releasing hydrogen ions. This ionization leads
to the overlap of the electric double layers within the nanoporous
material, maintaining a high concentration of hydrogen ions
due to the Donnan concentration effect (28). Subsequently, the
hydrogen ions from the sulfonic groups are exchanged one by
one with the metal ions in the liquid through Brownian motion,
thereby purifying the liquid (Fig. 4B). During continuous
operation, the macroscopic flow rate of the contaminated water
is governed by the volumetric replacement driven by the jaw’s
periodic pumping. Because the jaw extracts only a small fraction
of the water retained in the sponge per cycle, the actual residence
time of the contaminated water is substantially prolonged
(O(102) s). This generous timeframe easily accommodates the
rapid ion-exchange process, which completes in less than 10 s.
Hence, sufficient metal ion removal takes place well before
the water reaches the artificial jaw system. Our previous study
showed that the purification performance can be maintained
for approximately 10° s, although the exact duration depends
on the degree of Nafion coating and the concentration of the
contaminated water to be purified (27). We conducted water
collection experiments with solutions containing heavy metals
to evaluate the removal efficiency. We tested individual heavy
metal solutions containing such hazardous heavy metals as Pb,
Cd, As, and Cr and found that approximately 95% of these
metals were removed from solutions with initial concentrations
around 10 ppm (Fig. 4C). Similar removal efficiencies were
observed in mixtures of these metals (Fig. 4D). In single-
ion exchange systems, the removal efficiency was governed
by intrinsic ion—membrane interactions, showing qualitative
agreement with ionization tendencies, resulting in the order
Pb > Cd > As > Cr. The observed ion exchange between the
heavy metals and the hydrogen ions in Nafion is qualitatively
consistent with their ionization tendencies (ionization tendency:
Na > Cr > As > Cd > Pb > H). The metals used in our exper-
iments (Pb, Cd, As, Cr) have a higher ion exchange propensity
than hydrogen, leading to active ion exchange. While heavy
metal removal was maintained, selectivity decreased in the mixed
solution (Fig. 4D). This reduced selectivity can be attributed to
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competitive occupation of exchange sites, charge compensation
within the membrane (Donnan equilibrium) (29, 30), and ionic
strength—induced screening effects, which collectively suppress
ion-specific interactions.

We note that natural damp soil contains a complex mixture
of background cations that will also consume the exchangeable
hydrogen ions in the Nafion film. Nevertheless, after saturation,
the Nafion-coated sponge can be regenerated by soaking it in an
acidic solution, such as HCI, for approximately 30 min, thereby
recovering its original ion-exchange performance (27). Moreover,
our mixed-ion experiments (Fig. 4D) show that the Nafion
coating remains capable of removing heavy metals even in the
presence of multiple coexisting cationic species. Owing to this
regenerability and mixed-cation removal capability, we believe
that the proposed approach remains practically applicable to real-
world water purification, including the removal of heavy metals
from damp soil water and other cations with higher ionization
tendencies than hydrogen, such as those in brackish water.

Discussion

We elucidated the water-drinking mechanism of P. platyrhinos
through high-speed visualization, identifying a capillary pumping
process driven by distinct jaw movements. By employing a
2D hydrodynamic model, we demonstrated that the lizards’
characteristic slow jaw opening minimizes residual fluid loss,
thereby maximizing water intake efficiency. This finding not
only resolves long-standing questions regarding the drinking
strategies of desert-dwelling lizards but also unveils the functional
importance of their unique kinematic behaviors.

Translating these biological insights into engineering, we de-
veloped an artificial soil water harvesting system that mimics the
lizard’s rhythmic capillary pumping. This bioinspired approach
effectively addresses the challenge of extracting water from wet
soil, offering a solution for arid environments where bulk water is
scarce. Crucially, integrating a cation-exchange capability elevates
this biomimetic design into a multifunctional platform, allowing
for the concurrent extraction and high-efficacy purification of
contaminated soil water. Furthermore, our energetic analysis
reveals that this capillary pumping strategy is inherently more
efficient than mechanical compression of soaked porous media
for devices with characteristic dimensions on the order of one to
ten centimeters. This suggests that the proposed mechanism is
particularly well-suited for portable water harvesters.
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Materials and Methods

Visualization of Water Drinking in the Lizards. Adult P. platyrhinos (desert
horned lizards) were obtained from a commercial vendor (KOOPET, Seoul,
South Korea). All animal care and experimental procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) of Seoul National
University (Approval Date: May 23, 2014). The animals had a head-to-tail length
ranging from 9.4 cm to 12 ¢cm, with an average of 10 = 1.1 cm (n = 12)
(SI Appendix, Fig. S14). The cage was kept at a temperature of 33 °C using an
infrared lamp and illuminated using an ultraviolet lamp. Decorations such as
artificial rocks were placed on a layer of desert sand on the floor of the cage. The
desert sand was replaced every month, and excreta were removed every week.
Waterwassupplied fromaspraynozzle once aweek. Thedrinking of P. platyrhinos
was visualized in an opaque cage (60 cm x 30 cm x 45 cm) througha 15 cm
x 15 cm window hidden from the view of an observer. While dripping water on
the lizards' back or head using a pipette for 10 min, we recorded their drinking
behavior with a high-speed camera (Photron SA1.1) at a frame rate of 3,000 fps.

Toy Model Experiments. Two glass plates were arranged in an overlapping
configuration, with one end hinged. The plates were cleaned with Piranha
solution, a mixture of HySO4 and H, 05 at a volume ratio of 3:1, for 1h. They
were then exposed to air plasma for 15 min to render the surfaces hydrophilic.
After this treatment, the contact angles of water and of a glycerol-water mixture
(volume ratio of 4:6) were both measured to be nearly 0°. The glycerol-water
mixture had a viscosity of 4.8 mPa-s and a surface tension of 68 mN/m at 20 °C.
The speed of the free end of the upper plate was controlled in the range of 1to
25 mm/s using a motion controller (M-ILS150CC, Newport).

Fabrication of the Soil Water Harvesting System. The soil water harvesting
system was assembled using commercially available materials and standard
fabrication procedures. The system employed a PMMA reservoir filled with glass
beads(~2.5 mmin diameter)tosimulate soil conditions. Acommercial cellulose
sponge (58540-069, VWR) served as the porous medium to draw water from the
reservoir. The system used two plates to form an artificial jaw: The upper plate
was made of glass and measured 68 mm in length, 26 mm in width, and 2 mm
in thickness, whereas the lower plate was a 5 mm thick PMMA sheet laser-cut to
dimensions of 11.7 mm by 50 mm (S/ Appendix, Fig. S3A) using a laser cutting
machine (VLS3.60 DT, Universal Laser Systems). Microchannels that transport
liquid from the top of the sponge to the jaw gap were etched into the PMMA
sheet using the laser cutter, forming channels with a width of 244 um and a
depth of 380 um over a length of 39 mm (S/ Appendix, Fig. S3B). In addition,
a4 mm x 4 mm drain was fabricated at one end of the plate, 4 mm from the
edge. As shown in SI Appendix, Fig. S3C, the corners of the drain were rounded
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using sandpaper, and both the rounded region and the bottom surface of the
plate were coated with Ultra Ever Dry (UltraTech International) to make them
superhydrophobic and thereby ensure efficient water collection. The top surface
of the lower plate was exposed to air plasma for 15 min to render it hydrophilic.
To actuate the upper plate, a servo motor (SG90, Tower Pro) was connected to
the end of the plate with a string, thereby inducing rotational motion.

Heavy Metal Removal Experiments. Commercial melamine sponges (BASF)
with dimensions of 2.5 cm in width, 2.5cm in length, and 15 cm in height
were used as porous media to extract water from a pile of glass beads. The
sponges were soaked in a Nafion solution (20 wt% resin, Sigma-Aldrich). To
ensure thorough infiltration, the sponges were compressed for 5 s to facilitate
the penetration of the solution into the interior, followed by placing them under
vacuumfor 1 hto remove any air bubbles within the sponge. Finally, the sponges
were dried in an oven at 60 °C overnight.

Solutions of Pb, Cd, As, and Cr were used to evaluate heavy-metal removal
performance. Lead(ll) nitrate (Pb(NOs3)y, Sigma-Aldrich), cadmium nitrate
tetrahydrate (Cd(NO3), - 4H,0, Sigma-Aldrich), tetraphenylarsonium chloride
hydrate ((C¢Hs)aAsCl-xH O, Sigma-Aldrich), and chromium(ll) chloride (CrCly,
Sigma-Aldrich) were each dissolved in deionized water resulting in heavy metal
concentration around 10 ppm. The heavy-metal concentrations before and after
harvesting were quantified using Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES 5800, Agilent).

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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FIG. S1: Visualization of water drinking in the lizards. (A) Desert horned lizard, Phrynosoma platyrhinos
(Left) on an artificial rock and (Right) on a hand. (B) Frequency distribution of jaw opening and closing

velocities measured across Phrynosoma platyrhinos.



S1. Three-dimensional deformation of the meniscus at high opening speeds

As shown in Fig. 2C, Eq. (3) slightly deviates from the experimental data at relatively high
opening speeds. This discrepancy arises because our quasi-two-dimensional model neglects the
spanwise meniscus deformation induced by increased viscous effects at high speeds.

Based on lubrication theory, the viscous pressure drop Ap, over a streamwise distance [ scales
as Ap, ~ pul/d?, where u is the meniscus recession speed and d ~ gl is the local gap thickness
with the initial opening angle g ~ Dg/L. Thus, Ap, ~ pu/(la2). The restoring capillary
pressure scales as Ap. ~ o/r, where r is the in-plane radius of curvature of the meniscus. Since
this in-plane curvature is constrained by the local gap, r ~ d ~ apl. This yields Ap. ~ o /(apl).

From Eq. (3), the initial recession speed (D ~ Dg) is u ~ D/(2aqp). Substituting this into the

ratio of the two pressures yields:

Apv EL _ Ca (S1)
Ape o 204(2) 204(2)'

Equation (S1) indicates that the viscous pressure variation becomes increasingly significant at
higher opening speeds (Ca*). This induces a pronounced spanwise deformation, causing the
lateral radius of curvature (denoted as R in Fig. S2) to decrease significantly. Because this highly
curved 3D lateral profile is not captured by the 2D model, the theoretical deviation naturally

increases at high speeds.

Camera

B (i)Low Ca*=puD/o (i) High Ca*

High R

FIG. S2: Three-dimensional deformation of the meniscus at high opening speeds. (A) (Left) Schematic
illustration of the visualization setup. (Right) Microscopic image showing the pronounced spanwise curva-
ture of the meniscus, characterized by the lateral radius of curvature, R. (B) Schematic comparison of the

meniscus profiles at low versus high opening speeds.



S2. Residual volume of the coating layer (;)

The volume of the liquid layer can be expressed as

Vi =2 / " ) dt. (S2)
0

Halpern and Jensen calculated the thickness of the liquid layer in a channel formed by two

uniformly convergent plates, which can be written as
h ~rf(a)Ca?/3, (S3)

where f(a) = cosa/(1 — sina) with the opening angle a, 7 is the radius of the curvature of the
meniscus, which can be scaled as d ~ (DOD)l/ 2 and Ca = puu/o is the capillary number, the
ratio of viscous to capillary forces. In the present study, the opening angle varies between 1.7°

and 17°, in which 1 < f(«) < 1.4. Thus, Eq. (S3) becomes
h ~ (DoD)Y2Ca?/3. (S4)

Substituting Eq. (S4) into Eq. (S2), the volume of the liquid layer can be expressed as

Vi~ b/OT <(DOD)1/2 (““)2/3) udt. (5)

g

Using D = Dt, the volume of the liquid layer can be again expressed as

Dax 1

Vi ~ bL5/3(Ca*)2/3 D/ / —dD, (S6)
po D

where Dyax = 3 mm and Ca* is defined as uD /o. The volume of the liquid layer is finally written

as

Vi ~ bLP3DY/ P Car?/3, (S7)
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FIG. S3: Fabrication of the lower plate for the soil water harvesting system. (A) Illustration of the lower
plate made of PMMA. (B) Scanning electron microscopy image of the microchannels etched into the plate.
(C) Mlustration of the drain, showing rounded corners under the drain and a superhydrophobic treatment

applied to the corners and the bottom face, while the rest of the surface is treated to be hydrophilic.



S3. Energy density of a saturated sponge

To determine the energy density (pe) of a saturated sponge, compression tests were conducted
on saturated cellulose sponges using an Instron Universal Testing Machine. Five specimens were
prepared by cutting the sponge into dimensions of 10 mm by 10 mm, with a height of 5 mm,
and fully saturating them in water. The energy density was calculated from the area under the
stress—strain curve obtained during these tests. The boundary for strain was set at 0.9 to replicate
conditions comparable to natural scenarios, where approximately 10% of water is lost at a jaw
opening speed of 3 mm/s in capillary pumping, leading to a water collection of approximately 90%.
This water collection rate was confirmed by calculations using Eq.(S7), based on the dimensions
L =15 mm and Dy = 0.3 mm. The area under the curve up to a strain value of 0.9 in Fig. S4

yields an energy density of 5470 J/m3.
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FIG. S4: Stress—strain curve for compression tests on saturated cellulose sponges. Error bars represent the

standard deviation observed across five specimens tested.



Supplementary Videos

Supplementary Video 1. Visualization of the jaw motion in the desert horned lizard, Phryno-
soma platyrhinos. The video captures the repetitive jaw opening and closing behaviors utilized

by the lizards for water drinking.

Supplementary Video 2. Experimental demonstration of the artificial soil water harvesting
system. The video shows the water flow directed to the corner of the artificial jaw, followed by

the draining process.
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