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rather than viscous. Finally, we note the dependence of the dimensionless groups
B, [We, Re [Wle** evident in Figures 5 and 6, which may be rationalized if the
leg speed depends on the leg width a$ [Cwi“?. Provided body lengthL [Cwland

h [Cw] these relations are consistent with Froudess Law of Equivalence of Velocities
(Thompson 1961), which relates body speed to body length] [I#2, and is valid
for birds and “sh. We thus surmise that Froudess Law is also valid for water-walking
creatures, presumably because they evolved from terrestrials.

2.4. Wave Drag

The dynamics of all known water walkers is unsteady; nevertheless, it is valuable to
briey review the concept of wave drag, as it has arisen in a number of discussions
of water-walking insects. Objects moving steadily at an air-water surface generate
surface waves if their speed exceeds the minimum speed of capillary waggss

23 cm/s (Lighthill 1979). The wave “eld is typically characterized by capillary waves
propagating upstream, and gravity waves downstream of the object. The waves radiate
energy away from the object, and so represent a source of drag. The ratio of power lost
through waves to the steady translation speédlis de“ned as wave drag. Wave drag is
the dominant source of resistance for boats and large ships; indeed, tremendous efforts
go into designing hulls that minimize the wave drag (Milgram 1998). Wave drag also
plays an important role in limiting the speed for a nhumber of surface swimmers,
including ducks (Prange & Schmidt-Nielsen 1970), muskrats (Fish 1982), and rats
(Fish & Baudinette 1999).

The wave drag generated by bodies small relative to the capillary length moving
at the interface was only recently considered. By generalizing a method developed
by Havelock (1966) to describe wave drag associated with gravity waves, Raphael &
de Gennes (1995) calculated the power loss to capillary-gravity waves associated with
a point pressure distribution moving at an interface. Sun & Keller (2001) extended
this study by applying the method of matched asymptotic expansions to calculate the
wave drag on a body moving at an interface at large Froudle = U?/(gL) and Weber
numbersWe = pLU?/ag, where U and L are the characteristic speed and length of
the body. The result of Raphael & de Gennes (1995) indicates that the ratio of wave
to form drag acting on a body moving steadily at a free surface is simply proportional
to We?. The relevance of the concept of wave drag to the unsteady propulsion of
water-walking arthropods is considered in Sections 3.2 and 3.3.

3. WATER-WALKING ARTHROPODS

An excellent review of the early works on the biology of water-walking arthropods
(insects and spiders) is presented by Hungerford (1919). Water-walking insects were
“rst described during early efforts to classify all animals (Aldrovandi 1618, Ray
1710). The “rst fundamental studies of surface tension (Plateau 1873) were well
cited in the subsequent biology literature, as the critical importance of capillary phe-
nomena on the dynamics and physiological adaptations of water-walking arthro-
pods was quickly recognized (Brocher 1910, Portier 1911). Brocher enumerated
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several mechanisms used by semiaquatic creatures to propel themselves along either
side of the free surface, or pass from one side to the other. A great compendium of
information on the physiology of semiaquatic insects is presented by Andersen (1982).

Baudoin (1955) provides simple scaling arguments that rationalize both upper
and lower bounds on water-walking creatures. He de“nes the margin of safety for
water walkers (henceforth the Baudoin numberBa = (’;"—g, asthe ratio of weight Mg
to the maximum supporting surface tension force P that can be generated along
the contact perimeterP of the legs. He measured the margin of safety for several
species of water-walking arthropods and demonstrated thBta L%, whereL is the
characteristic insect size, as one expects becadseLF and P [I1 He further
stated that the water strideres large margin of safety enables it to leap and perform
other feats of surface acrobatics (e.g., Bush 2005, Bush & Hu 2005).

Baudoin further provides a scaling argument that rationalizes a minimum size for
water walkers. As for terrestrial creatures (McMahon & Bonner 1985), the charac-
teristic force F awater walker of characteristic length can produce is proportional
to its cross-sectional areaF [LF (Alexander 1985, Wigglesworth 1950). Surface
tension forces associated with deforming or crossing the free surface necessarily scale
asFs [Cal. The ratio of available force to curvature forceF/Fs [Llthus decreases
with decreasing body size. It follows that there is a critical size below which creatures
cannot effectively manipulate the free surface. Baudoines suggested bound on the size
of water walkers is roughly consistent with observations: We are unaware of any re-
ported water walkers with total length less than 0.5 mm. Additional rationale for a
minimum size of insects arises from consideration of internal transport requirements;
speci“cally, hydraulic control of the proboscis (Novotny & Wilson 1997), breathing
via diffusion, and blood transport via capillaries (Hunter 2003).

3.1. Wetting Properties

The degree of wetting of a solid by a liquid is determined by both the material
properties (which prescribe the energetic cost of wetting per unit area) and the
topography of the solid surface (de Gennes et al. 2002). Surface roughening has long
been used as a means of rendering a solid hydrophobic: By increasing the contact
area, one increases the energetic cost of wetting, and so encourages a nonwetting
situation. The effective contact angle on a roughened surface is prescribed by
Cassiess Law (Bico et al. 2002). The rough texture of surfaces is known to enhance
water repellancy in textiles (Bartell et al. 1948), plants, and animals (Cassie & Baxter
1945). The vital role of the wetting properties of water-walking arthropods has long
been recognized (Brocher 1910, Imms 1906). The hydrophobic character of most
water-walking insects is an important adaptation; otherwise, they would be forced to
contend directly with surface tension forces each time their leg crosses the air-water
interface. As many such insects weigh no more than 1...10 dynes and have total body
perimeter of order 1 cm, crossing the interface would require that they generate
forces of order 10...100 times their weight.

A number of water-walking insects are highly nonwetting. Dufour (1833) was
the “rst to highlight the importance of the microstructure of the leg coating for
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water-walking insects. Andersen (1976) examined a wide range of semiaquatic bugs
under an electron microscope and provided detailed characterizations of their hair
cover. He, Cheng (1973), and more recently Gao & Jiang (2004), demonstrated that
the water strider leg owes its hydrophobicity to its complex surface cover of hairs
coated with water-repellant cuticle wax and contoured with “ne "uted nanogrooves.
The suggestion that the waterproo“ng is maintained by secretions from the scent
glands (Brinkhurst 1960) has been refuted by Staddon (1972). Suter et al. (2003)
examined the wetting properties of 25 species of spiders and found a wide range of
both adhesion energies and hair densities.

For virtually all water-walking arthropods, the effective contact angle is suf*-
ciently large that air is trapped by the complex hair layer, providing a thin air cush-
ion, or plastron, between the creature and the water (Crisp 1950). Brocher (1910)
reported that a number of insects can cross the water surface by virtue of the plas-
tron adjoining their bodies. Noble-Nesbitt (1963) reported that several seafaring
insects glisten when submerged, owing to the plastron that covers their hydropho-
bic exteriors. The presence of the plastron on the surface of submerged terrestrial
spiders (Hebets & Chapman 2000, Rovner 1986) and other aquatic insects (Thorpe
1950) enables them to breathe and to survive for extended periods beneath the free
surface.

Other insects have various appendages and body parts that are hydrophilic.
Nutman (1941), Baudoin (1955), and Noble-Nesbitt (1963) point out that many
water walkers have retractable wetting claws, or ungues, at the ends of their hy-
drophobic tarsal leg segments that they may use to penetrate or raise the free surface.
The resulting ability to raise the free surface is critical in the meniscus climbing
to be described in Section 3.4. Janssens (2005) (see also Thibaud 1970) describes
the unguis of Anurida as a three-sided prism, two sides being hydrophobic and
the third hydrophylic, and argued the utility of this arrangement for their dynamic
stability.

W igglesworth (1950), Nutman (1941), Baudoin (1955), and Noble-Nesbitt (1963)
report that certain surface-dwelling springtails have a wetting ventral tube vesicle that
allows them to locally raise the free surface. The springtail may sit atop the surface like
aloaded spring Figure 7): The vertical curvature forces acting on its head and tail

Figure 7

The leaping mechanism of the water-walking springtailAnurida pulls upward on the free
surface with its ventral tube, and pushes downward with its nose and tail. Release of the free
surface from its ventral tube results in an unbalanced force that launches it upward.
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forces (Hu & Bush 2005). Baudoin (1955) performed a simple experiment to demon-
strate that "oating metal rectangles, when arched slightly, will ascend menisci as do
wetting climbers.

The manner in which nonwetting insects deform the free surface is not as obvious;
however, as described in Section 3.1, a number have developed specialized feet with
retractable hydrophilic claws that allow them to clasp the free surfacEigure 8c¢,d
illustrates the posture assumed biesovelialuring the ascent of a meniscus. The
insect pulls up with its front legs, thus generating a lateral force that draws it up
the meniscus. The torque balance on the insect requires that it pull upward with
its hind legs. Finally, the vertical force balance requires that its central pair of legs
bear its weight in addition to the vertical forces applied by its front and hind legs.
Hu & Bush (2005) applied this simple physical picture to rationalize the ascent rates
observed in their experimental study. Both Miyamoto (1955) and Andersen (1976)
reported that certain species of insects assume laterally asymmetric, tilted body pos-
tures during their ascent of menisci, presumably to maximize the capillary propulsive
force.

Finally, we note that capillary attraction is also exploited by some insects, for exam-
ple Anurida (Figure 1c), as a means of mutual attraction on "at surfaces. Deforming
the interface by assuming the posture indicated iRigure 7 a enables them to attract
others over a distance comparable to a capillary length (approximately their body
length) and thus stabilize their colony.

3.5. Marangoni Propulsion

Marangoni "ows are those forced by surface tension gradients (Scriven & Sternling
1970). Surfactants, such as common soaps, are molecules that “nd it energetically

favorable to reside at the free surface, and act to decrease the local surface tension.

The simplest demonstration of a Marangoni "ow is the soap boatHigure 9 a). If a
small "oating object such as a toothpick is placed on a water surface after one end
has been dipped in soap, the surface tension at the clean end is greater than at the

Figure 9

Marangoni propulsion for (a) a*soap boat,Z andk) Microvelia The latter releases a small
volume of surfactant; the resulting surface tension gradient propels it forward. In both
systems, the surface divergence generated by the surfactant is evident in the clearing of dye
from the free surface.
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