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118 J.W.M. BUSH ET AL.
Abstract

We develop a coherent view of the form and function of the integument of
water-walking insects and spiders by reviewing biological work on the
subject in light of recent advances in surface science. Particular attention is
given to understanding the complex nature of the interaction between
water-walking arthropods and the air-water surface. We begin with a
discussion of the fundamental principles of surface tension and the wetting
of a solid by a fluid. These basic concepts are applied to rationalize the
form of various body parts of water-walking arthropods according to their
function. Particular attention is given to the influence of surface roughness
on water-repellency, a critical feature of water-walkers that enables them
to avoid entrapment at the interface, survive the impact of raindrops and
breathe if submerged. The dynamic roles of specific surface features in
thrust generation, drag reduction and anchoring on the free surface are
considered. New imaging techniques that promise important insights into
this class of problems are discussed. Finally, we highlight the interplay
between the biology, physics and engineering communities responsible
for the rapid recent advances in the biomimetic design of smart, water-
repellent surfaces.

1 Introduction

Textured surfaces are known to play an important dynamical role for a
number of swimmers and fliers (Bushnell and Moore, 1991; Fish, 1998,
2006); however, no creature depends more critically on its surface structure
than do water-walking arthropods. Their surface roughness is critical in
maintaining water-repellency, generating thrust as they strike the water
surface, reducing drag as they glide across the surface and generating
buoyancy and permitting respiration when they are submerged.

Water-repellency is generated in the same way in both plant and animal
kingdoms (on plant leaves, animal fur and bird feathers) by presenting a
textured waxy or oily surface that increases the energetic cost of wetting
and so discourages fluid—solid contact. Lotus leaves are known to be both
water-repellent and self-cleaning owing to their complex surface structure
(Barthlott and Neinhuis, 1997; Neinhuis and Barthlott, 1997). Their
surface is characterized by roughness on two scales (the smallest being sub-
micron) and a waxy coating, which together render it superhydrophobic.
When water drops strike it, instead of sticking, they roll off, taking with
them any dust that might have collected on the plant. The rough piliferous
integument of water-walking arthropods plays a similar role in maintaining
water-repellency. Moreover, we shall see that it also plays a critical
dynamic role in both thrust generation and drag reduction.



11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

INTEGUMENT OF WATER-WALKING ARTHROPODS 119

The interaction of fluid interfaces and solids arises in a wide range of
problems in biology and industry. Much of the early work on fluid—solid
interactions was motivated by the desire to optimize insecticides designed to
coat their insect target while leaving the plant unharmed (Moore, 1921;
English, 1928; Wilcoxon and Hartzell, 1931; O’Kane et al., 1932; Hoskins,
1940; Pal, 1951), a task made all the more challenging by the fact that the two
coverings are often virtually identical (e.g. Hadley, 1981; Farrell and Mitter,
1990; Barthlott er al., 1994). Subsequently, the subject was reconsidered
with a view to developing water-repellent textiles (Cassie, 1944; Cassie and
Baxter, 1945; Bartell ef al., 1948). Most recently, the subtle water-proofing
strategies of plants and insects have provided important guidance in the
rapid advances in the development of superhydrophobic surfaces (Feng
et al., 2002; Wagner et al., 2003; Callies and Quéré, 2005; Furstner et al.,
2005; Mock et al., 2005; Liu et al., 2006; Feng and Jiang, 2006). This new
class of engineered biomimetic surfaces are finding a wealth of applications
including self-cleaning, water-repellent windows (Blossey, 2003), corrosion
protection (Kousik et al., 2001), drag reduction (Ou et al., 2004; Choi and
Kim, 2006; Choi et al., 2006), clean inkjet nozzle release (Yiand Kim, 2004)
and devices for underwater breathing (Shirtcliffe ez al., 2006).

Water-walking arthropods have been evolving for over 100 million
years, and so from a purely mechanical perspective represent a highly
adapted, robust system. There are over 1200 species of water-walking
insects and spiders (Andersen, 1982; Fig. 1) each of which depends
critically on its ability to manipulate and control the air—water interface.
Propulsive forces may be generated by striking or deforming the free

FIG. 1 Common water-walking arthropods, ordered roughly by size. (a) Broad-
shouldered water strider Microvelia, (b) water treader Mesovelia, (c) springtail
Anurida maritima, (d) water measurer Hydrometra stagnorum, (e) water strider
Gerris and (f) fisher spider Dolomedes triton. Scale bars, 1 mm (see color plate
section at the end of this book).
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120 J.W.M. BUSH ET AL.

surface or by chemically altering the surface tension (Bush and Hu, 2006;
see Section 3.3). The ability to manipulate the free surface depends
critically on the creature’s wetting properties; for example, without a
water-repellent coating, insects cannot be sustained atop the interface by
surface tension forces, but instead pass through it and sink. The vital role
of the wetting properties of water-walking insects has long been recognized
(Imms, 1906; Brocher, 1910; Hungerford, 1919; Baudoin, 1955, 1976). The
goal of this review is to develop a coherent view of the form and function
of the surface structure of water-walking arthropods by reviewing
biological work on the subject in light of recent advances in surface science.

The arthropod integument has received attention from various fields of
biology. Entomological material scientists have focused on the chemical
structure of the surface layer, or cuticle (e.g. Vincent and Wegst, 2004);
developmental entomologists have considered the changes prompted by
growth of the cuticle (e.g. Wigglesworth, 1950, 1979) and comparative
entomologists have contrasted the water-repellent properties of terrestrial,
aquatic, and semi-aquatic arthropods (Heckman, 1983; Stratton et al.,
2004b; Perez-Goodwyn, 2007). This article is written from the perspective
of a fluid mechanician rather than a biologist, but with a biological
audience in mind. We shall thus devote considerable effort to reviewing the
fundamental physical principles required to understand the static and
dynamic interaction between water-walking arthropods and the free
surface. Given our limited backgrounds in biology, we shall try to avoid
the use (and probable misuse) of all but the most basic biological jargon,
and to suppress any discussion of the ecology or philogeny of water-
walkers. Instead, we take a purely mechanistic view of the subject of water-
walking arthropods, and hope to highlight outstanding physical problems
required to rationalize their existence and persistence at the interface.

In Section 2, we review fundamental concepts of surface tension and
discuss its importance in both the statics and dynamics of water-walking
arthropods. In Section 3, we discuss the fundamentals of wetting, giving
particular attention to the impact of surface roughness on water-repellency.
In Section 4, we review biological studies of the cuticle of water-walking
arthropods. In Section 5, we attempt to understand the composition,
morphology and stability of the cuticle on the basis of principles discussed in
Sections 2 and 3. In Section 6, we review new imaging techniques that
promise novel insights into the interaction between water-walking arthro-
pods and the free surface.

2 Surface tension

We begin with a brief introduction to surface tension, then proceed to
consider the capillary forces generated by objects residing at rest at an
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air—water interface. In Section 2.1, we describe the role of surface tension in
the weight support of small floating bodies. In Section 2.2, we describe the
lateral forces that arise between two adjacent objects at a free surface. In
Section 2.3, we demonstrate that the propulsive force of water-walking
arthropods is typically the contact force generated by the driving leg striking
the free surface.

Discussions of the molecular origins of surface tension may be found in
Rowlinson and Widom (1982), Israelachvili (1992) and de Gennes et al.
(2003). Molecules in a fluid feel a mutual attraction. Let us consider the
free surface between air and water. A water molecule in the bulk is
surrounded by attractive neighbours, while a molecule at the surface is
attracted by a reduced number of neighbours and so in an energetically
unfavourable state. The creation of new surface is thus energetically costly,
and a fluid system will act to minimize its surface area. It is thus that small
fluid bodies tend to evolve into spheres; for example, a thin water jet
emerging from the kitchen tap will generally pinch off into spherical drops
to minimize the total surface area (Plateau, 1873; Rayleigh, 1879).

If U is the total cohesive energy per molecule, then a molecule at a flat
surface will lose U/2. Surface tension is a direct measure of this energy loss
per unit area of surface. If the characteristic molecular dimension is R, its
area scales as R?; thus the surface tension ¢ ~ U /(2R?). Note that surface
tension increases as the intermolecular attraction increases and the
molecular size decreases. Surface tension ¢ has the units of force/length
or equivalently energy/area. To create a surface of area A thus requires an
energy oA. For a clean air-water interface, =72 dynes cm™'. Impurities
will generally act to reduce the surface tension, so that in ponds or other
standing bodies of water, ¢ ~ 62 — 70 dynes cm~'. An exception to this
rule is salt, which may act to increase surface tension slightly: at sea,
surface tensions as high as ¢ ~ 72 dynes cm ™' have been reported (White,
1994).

Surface tension is a force per unit length acting everywhere tangent to
the free surface. When an interface adjoins a solid, it applies a contact force
per unit length ¢ along the contact line in a direction tangent to the
interface. It is precisely these forces that enable water-walking arthropods
to reside at rest on the free surface: by deforming the planar free surface,
they generate contact forces that bear their weight (Fig. 2a). The influence
of surface tension on an initially planar interface is two-fold. First, it resists
the distortion of the interface and the associated increase in surface energy.
This resistance may be expressed as a jump in normal stress (force/area)
across an interface, termed the curvature pressure: P. = g (Rl_] +R; b,
where R; and R, are the principle radii of curvature of the deformed
interface (de Gennes ez al., 2003). Inside a spherical drop of radius R the
pressure is higher than that outside by an amount 26 /R; hence the vigorous
popping of surfacing champagne bubbles. Figure 3 illustrates a Mesovelia
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FIG. 2 Surface tension may be used by water-walkers for both weight support
and propulsion. (a) A water strider’s weight is supported by the curvature or
contact forces generated by its deforming the free surface and (b) by releasing
surfactants onto the free surface, Microvelia generates surface tension gradients
that propel it forward. The surfactants reduce the surface tension, causing surface
divergent motions that sweep the surface clear of the blue dye. Scale bars, 1 mm (see
color plate section at the end of this book).

FIG. 3 Care must be taken by semi-aquatic insects to excrete liquid without
compromising their water-repellency. Here, fluid is excreted from the anus of
Mesovelia. A drop of size R~0.3mm requires an excess pressure of P~ 2¢/R =
0.004 atm. Scale bar, I mm (see color plate section at the end of this book).

excreting liquid waste: the size of the droplet indicates excess extrusion
pressures on the order of 0.002 atm.

Insofar as normal stresses are concerned, the surface tension makes the
air—water interface behave like a trampoline. The second physical effect of
surface tension accompanies gradients in surface tension, as may be gene-
rated by gradients in temperature or surface chemistry. Surface tension
gradients correspond to tangential stresses at a free surface, and so nece-
ssarily drive flows known as Marangoni flows (Scriven and Sternling, 1970).



11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

INTEGUMENT OF WATER-WALKING ARTHROPODS 123

If an object floats on a free surface, and if the surface tension is diminished
on one side relative to the other, the body will be propelled in the direction
of increasing surface tension. This means of propulsion, termed Marangoni
propulsion (Bush and Hu, 2006), is used as an escape mechanism by a
number of water-walking insects, as well as beetles and terrestrial insects that
accidentally fall onto the water surface (Fig. 2b). By releasing a lipid that
reduces the surface tension, such creatures can propel themselves forward at
peak speeds of order 20cms™" (Schildknecht, 1976). When a pine needle
falls into a lake or pond, it is similarly propelled across the surface since the
resin at its base decreases the local surface tension.

While the world of humans is dominated by gravity, surface tension
dominates that of water-walking arthropods. The relative magnitude of
gravitational and capillary forces is made clear by considering a fluid drop of
radius a placed on a substrate. Gravity acts to flatten the drop into a planar
film, while surface tension acts to maintain its sphericity. The relative
magnitudes of these two competing effects may be expressed as the ratio
of the hydrostatic and curvature pressures, termed the Bond number:
Bo = pga*/c. These two pressures are comparable when Bo =1,
which arises at a length scale corresponding to the capillary length:
te = (o/ (pg))l/ 2. For an air-water surface, for example, ¢~ 70 dynes cm™",
p=1gcc ' and g=980cms ™2, so that £, ~ 2 mm. Bodies of water in air are
dominated by the influence of surface tension provided they are smaller than
the capillary length. The capillary length prescribes the maximum size of
raindrops, and of pendant drops that may hang from a ceiling. Note that as
a fluid system becomes progressively smaller, surface tension becomes
progressively more important relative to gravity.

Surfactants, or surface-active reagents, are molecules that have an
affinity for interfaces; common examples include soaps and lipids. Owing
to their molecular structure (often a hydrophylic head and hydrophobic
tail), they find it energetically favourable to reside at the free surface. Their
presence reduces the surface tension; consequently, gradients in surfactant
concentration I" result in surface tension gradients and concomitant
Marangoni flows (Fig. 2b). There are many different types of surfactants,
some of which are insoluble (and so remain at the interface), others of
which are soluble in the suspending fluid and so diffuse into the bulk. Most
organic materials are surface active; therefore, surfactants are ubiquitous
in the natural aqueous environment. For a wide range of common
surfactants, surface tension is a monotonically decreasing function of I’
until a critical concentration is achieved, beyond which ¢ remains constant
(de Gennes et al., 2003). Surfactants rarely reduce the surface tension of
water to less than 30 dynes cm™', although superwetting agents have
recently been introduced by Dow Corning that reduce it to 23 dynes cm ™.
It is noteworthy that the peril posed by surfactants to water-walking
creatures does not result from the reduction in surface tension and so
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FIG. 4 Surface contamination presents a grave risk for water-walking arthro-
pods. Here, a drop of soap on the water surface destroys the water-repellency of the
water strider: water impregnates its hair layer, causing it to sink. Scale bars, 1 cm
(see color plate section at the end of this book).

weight-bearing potential of the free surface: as we shall demonstrate in
Section 2.1, the great majority of water-walking arthropods maintain a
large margin of safety. Rather, surfactants such as soap or petroleum are a
danger owing to their tendency to drastically alter the wetting properties of
the insect cuticle (Sections 3 and 4), eliminating their water-repellency and
so allowing them to pass through the interface. The perilous effect of a
commercial soap on a water strider is evident in Fig. 4. Brown (1966)
discusses the deleterious effects of surfactants on stream invertebrates.

2.1 WEIGHT SUPPORT

Archimedes principle states that the buoyancy force on a floating object is
equal to the weight of fluid displaced by that object. It follows that bodies
heavier than water sink, and bodies lighter than water float with a
submerged volume prescribed by the relative magnitudes of the body and
fluid densities. Water-walking arthropods are generally more dense than
water, and so would sink unless sustained by surface tension forces. The
statics of small floating bodies is well understood (Mansfield et al., 1997;
Keller, 1998; Vella et al., 2006a) and may be applied directly to understand
the vertical force balance on a creature residing at rest on the air-water
surface.

Consider a body with density greater than that of water p,> p and mass
M floating at the interface (Fig. 5a). Its borders will generally be adjoined
by a meniscus, details of which will depend on the wetting properties of
the solid, but whose lateral extent will correspond to the capillary length
.= (J/(pg))l/ 2~ 2mm. The body weight must be supported by some
combination of the buoyancy force, Fy, and contact force, F.: Mg= F,+ F..
The buoyancy force is deduced by integrating the hydrostatic pressure



11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

INTEGUMENT OF WATER-WALKING ARTHROPODS 125

a b
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FIG. 5 Schematic illustrations of the leg of a water-walking creature in both static
and dynamic states. n denotes the normal to the surface and ¢ the surface tension.
(a) We consider the forces on a floating body of characteristic length w with a
contact line C and wetted area S. Its weight is supported by a combination of
buoyancy and curvature forces, whose magnitudes are prescribed by the weights of
the fluid volumes displaced inside and outside the contact line, respectively V}, and
Vin. (b) The body strikes the free surface obliquely at a speed U. Its motion is
resisted by some combination of the forces enumerated in Eq. (2).

p = pgz over the body surface S in contact with the water, and so is equal to
the weight of fluid V4, displaced above the body and inside the contact line
C. The contact force may be deduced by integrating the surface tension
force along the contact line: for a two-dimensional (2D) body (Fig. 5a), the
vertical contact force per unit length is 20 sinf.

Mansfield et al. (1997) and Keller (1998) demonstrate that the contact
force is precisely equal to the weight of fluid displaced outside the contact
line, thereby generalizing Archimedes principle to the case where surface
tension forces are important: the force acting on a floating body is equal to
the total weight of the fluid displaced. The buoyancy and contact forces are
equal to the weights of the fluid displaced by the meniscus, respectively, in-
and outside the contact line. For long thin bodies such as insect legs, their
relative magnitudes are thus prescribed by the ratio of the characteristic
body size w to the capillary length £..

C m C
Bodies small relative to the capillary length are supported primarily by
surface tension and can be sustained even when they are more dense than
the underlying fluid. As the leg diameter of most water-walking arthropods
is ~100 pum « £, one sees that they rely primarily on surface tension for
their support: by deforming the free surface like a trampoline, they
generate tensile forces that bear their weight.

The cuticle of water-walking arthopods significantly complicates the
nature of their interaction with the free surface. In particular, the contact
lines do not run smoothly along the tarsi in contact with the free surface;
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FIG. 6 The contact between the water treader Mesovelia and the free surface.
(a) Mesovelia supports its weight by deforming the surface. Scale bar, 1 mm. (b) A
schematic of a hairy leg. Scale bar, 100 um. (c—d) Further zooms of individual hairs
penetrating the surface. Scale bar, 1um. (e) A single hair penetrating the free
surface. Scale bar, 1 um. (f) The hairs are covered in nanogrooves that trap air when
the hair is submerged. Scale bar, 0.1 um (see color plate section at the end of this
book).

rather, they correspond to loops along the individual hairs abutting the free
surface (Fig. 6). Nevertheless, one can gain some insight by crudely thinking
of their having contact with the free surface along the entire contact length
P of their support legs. One can then define the maximum supporting
curvature force available to such a creature as Fs ~ oP. In Fig. 7, we plot
the relation between F and the weight Fy, = Mg for various water-walking
arthropods. Creatures above the line Ba = F,/F, = 1 may be statically
supported by surface tension; those below cannot. Assuming that the
insects are isometric, with body proportions independent of their size
(McMahon and Bonner, 1985), one anticipates that M ~ L* and P ~ L,
so that Ba ~ L? (Baudoin, 1955). The best fit for Fig. 7 is F ~ F§'46, which
indicates Ba = Fy/Fs ~ FJ® ~ L*? This slightly weaker dependence of
Ba on L may suggest that water-walker’s legs grow proportionally longer
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FIG. 7 The relation between the weight, F, = Mg, and the maximum supporting
surface tension force, Fy=cP, for water-walking insects and spiders, where the
contact perimeter P =2(L; + L, + L3) (see inset top left). All water-walking
arthropods fall above the line Ba = 1 and so may reside at rest on the water surface.
Their margin of safety generally decreases with body size. Note that many
terrestrial insects (such as the ants and spiders included here) can also be supported
by surface tension if they are sufficiently water-repellent. Isometry would suggest
Fg~ Fl/3 a relation indicated by the dash-dotted line. The best fit to the data is
given by ~F, 046 (dashed line). Data reprinted from Hu and Bush (2007a)
(see color plate sectlon at the end of this book).

with increasing body size; alternatively, it may indicate the significance of
the microscale topology of the insect cuticle on weight support.

It is important to note that the surface deformation will in general depend
on the surface structure of the floating object. For a smooth object, the
curvature force will depend explicitly on the contact angle (see Section 3.1;
Vella et al., 2006a). Water-walking arthropods are covered in a complex
layer of hair that traps air, thereby increasing the volume of fluid displaced
and the concomitant force of buoyancy. As we shall see in Section 4, this
trapped air layer may be a substantial fraction of the leg volume and so
contribute significantly to the force of buoyancy (Fig. 6). Feng et al. (2007)
examine the surface distortion generated by depressing a water strider leg.
They found that, owing to its high contact angle, the leg was capable of
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reaching depths as high as 4.8 mm before breaking through. Matsuda et al.
(1985) used a shearing interferometer to measure the free surface deflections
generated by stationary water striders, and found distortions of order
100 um. The new imaging techniques discussed in Section 6 will provide new
insight into the floatation of roughened bodies.

2.2 CAPILLARY ATTRACTION

An object floating at a free surface may be subject not only to vertical but
also lateral forces. Fluid mechanicians (Nicolson, 1949; Gifford and Scriven,
1971; Chan et al., 1981; Mansfield et al., 1997, Kralchevsky and Denkov,
2001) have long known that lateral capillary forces exist between small
floating objects, an effect responsible for the formation of bubble rafts in
champagne and the clumping of Cheerios in a cereal bowl (Vella and
Mahadevan, 2005). Recently, such capillary forces have been recognized as a
means by which to promote self-assembly of microstructures at a free surface
(Gryzbowski et al., 2001; Whitesides and Grzybowski, 2002; Manoharan
et al., 2003; Lauga and Brenner, 2004; Zeng et al., 2006). Understanding
such forces is critical for rationalizing the ability of certain insects to propel
themselves up menisci by surface deformation (Baudoin, 1955; Hu and Bush,
2005) and for assessing the stability of insect cuticle (Crisp, 1950).
Consider two objects floating on the free surface (Fig. 8). The total energy
of the system as a function of distance of separation, x, can be expressed as
the sum of the gravitational potential energy and the surface energy oA4(x),
where A is the difference in areas of the deformed and undeformed surfaces.

a
_} &
b —x—
<

—>

FIG.8 Lateral capillary forces between small floating bodies initially separated by
a distance x. (a) Two floating bubbles generate like-signed menisci and so are
mutually attracted. (b) Two floating objects with opposite buoyancy generate
opposite-signed menisci and so are mutually repelled. The range of these capillary
forces is limited tothe capillary length, £, ~ 3 mm for an air-water interface.
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If this total energy decreases with decreasing x, then the bodies will be
subject to an attractive force. Such is the case when both bodies have the
same density anomaly, that is, for a pair of bubbles (Fig. 8a) or for two
relatively heavy particles. Conversely, if the total energy increases with
decreasing x, a repulsive force is felt. Such is the case between two floating
objects with opposite density anomaly (Fig. 8b). The range of such forces is
prescribed by the lateral extent of the surface deformation, specifically, the
capillary length. Their magnitude is prescribed by the rate of change of total
energy (surface plus gravitational potential energy) with separation distance.
Finally, we note that such forces also depend not only on the buoyancy of
the objects, but on their wettability (Whitesides and Grzybowski, 2002), a
matter to be discussed in Section 3.

Baudoin (1955) first reported that some insects may climb menisci
without moving their limbs. Wetting creatures, such as the beetle larve, are
circumscribed by a contact line; consequently, by arching their backs, they
generate menisci at their nose and tail and an associated lateral capillary
force that drives them up menisci (Fig. 9a). Their ascent is best understood
in terms of energetics: if the surface energy they create through arching their
backs exceeds the gravitational potential energy gained through their

FIG.9 Meniscus climbing by wetting and non-wetting insects. (a) The beetle larva
Pyrrhalta is circumscribed by a contact line and so may generate menisci simply by
arching its back. The resulting lateral capillary force (Fig. 8a) propels it towards the
leaf. (b) The water treader Mesovelia has a water-repellent body, but uses the
hydrophilic claws (or ungui) at its leg tips to clasp the free surface (see Figs. 22 and
35), and so generate the capillary force that drives it up the meniscus at right Hu
and Bush (2005). Scale bars, 3 mm (see color plate section at the end of this book).
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ascent, they will be drawn up the meniscus by capillary forces (Hu and
Bush, 2005). Baudoin (1955) performed a simple experiment to demonstrate
that floating metal rectangles, when arched slightly, will ascend menisci just
as do wetting climbers. The manner in which water-walking insects, which
are generally water-repellent, are able to clasp the free surface and so climb
menisci will be discussed in Section 5.3.

The lateral capillary forces between bodies at an interface are also of
critical importance in the maintenance of the water-repellency of water-
walkers. As we shall see in Section 4.3, an air layer is maintained between
the insect surface and the water by cuticle hairs lying roughly tangent to the
interface. Provided these hairs deform the interface, there will be a capillary
force acting between them. Crisp (1950) pointed out that such forces, if not
matched by the hair’s resistance to bending, may destabilize the hair layer:
the clumping of hairs in one region will necessarily lead to bald patches into
which water more readily intrudes. The elastocapillary stability of insect
cuticle at an interface will be further considered in Section 4.3.

2.3 PROPULSION

The hydrodynamics of water-walking creatures were reviewed in Bush and
Hu (2006), where the relevant equations are presented and discussed in
greater detail. They present the first dynamic classification of all water-
walking creatures by grouping them according to their primary source of
thrust. Consider a smooth object of characteristic scale w striking the free
surface above water (density p, dynamic viscosity u, kinematic viscosity
v = u/p, surface tension ¢) at an impact speed U (Fig. 5b). Its motion will
be resisted by some combination of hydrostatic, contact and hydrodynamic
forces. The buoyancy force arises from the hydrostatic pressure (that
increases with depth z as pgz) acting on the wall of the cavity against which
the water-walker strokes (Glasheen and McMahon, 1996a,b). Contact
forces act along the contact lines and have characteristic magnitude ow. The
form drag results from the dynamic pressure generated by the impact, that
scales as pU”. An estimate for the viscous drag is obtained by integrating a
characteristic viscous stress uU/w over the contact area 4 ~ w? of the
body. Finally, an added mass force arises from the acceleration of fluid by
the impacting body (Daniel, 1984; Glasheen and McMahon, 1996c).

The net force exerted on the impacting body may thus be roughly
expressed as

dUu
IF| ~ pU*W? 4+ pghw? + pVE + upOw
form drag  buoyancy added mass viscosity 2)

+ ow — Vow?

curvature Marangoni



11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

INTEGUMENT OF WATER-WALKING ARTHROPODS 131

The relative magnitudes of the six force components are prescribed by
five dimensionless groups, the Reynolds Re, Weber We, Bond Bo, Strouhal
St and Marangoni Ma numbers, defined, respectively, by

Uw  inertia pU*w inertia

Re =— We =
v viscous o curvature
B pgh  buoyancy S fw added mass
o=—=—— ==
o/w  curvature U inertia
Vo  Marangoni
Ma = = ——TAngom

~ o/w  curvature

The magnitudes of these dimensionless groups for representative water-
walkers were assessed by Bush and Hu (2006), who show that the motion of
the great majority of water-walking arthropods is characterized by Re > 1,
We<1 and Bo< 1. The principal force resisting their driving legs, and so the
principal propulsive force, is thus the curvature force. By deforming the free
surface, they generate contact forces that propel them forward.

We note that this macroscopic picture of the dynamics of water-walking
creatures needs to be revised in light of the fact that the driving legs of
arthropods are not smooth cylinders, but rather roughened hydrophobic
surfaces. As will become clear in Section 3, each of the components of the
hydrodynamic force listed in Eq. (2) is directly affected by the form of the
surface roughness. These issues notwithstanding, the revised estimates for
the relative magnitudes of these force components still indicate the
dominance of contact forces in the propulsion of water-walking
arthropods. The dynamic role of arthropod cuticle will be considered in
Section 5.4.

3 Wetting

Wetting arises when a liquid—gas interface comes into contact with a solid
(Dussan, 1979; Adamson, 1982; de Gennes, 1985). The degree of wetting is
in general determined by both the material properties of the solid and fluid
phases, and the topography of the solid surface. In Section 3.1, we consider
the classic scenario of water wetting a flat solid surface, then in Section 3.2
proceed by describing the influence of surface roughness. The important
concept of contact angle hysteresis is discussed in Section 3.3. The
conditions required for a surface to be water-repellent are enumerated in

Section 3.4. Our discussion follows that presented in de Gennes et al.

(2003).
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3.1 THE CONTACT ANGLE

Just as a fluid—fluid interface has an associated energy per unit area
(or equivalently, a surface tension, o), so do solid—fluid interfaces. For the
case of a liquid—gas interface with tension ¢ in contact with a solid, the
relevant surface energies are those of the solid-liquid and solid—gas
interfaces, respectively, yg; and ygg (Fig. 10). The tendency of the liquid to
wet the solid depends on the relative magnitudes of g, yg; and ygg through
the spreading parameter (Ross and Becher, 1992)

S =ysg — (ysp. +0) (3)

If § > 0, the surface energy of the solid is lower wet than dry, so the liquid
spreads completely into a thin film. Such is the case for oils spreading on
most solids, including glass. Conversely, when S<O0, it is energetically
favourable for the solid to stay dry, so the fluid remains in the form of a
droplet with a finite chemical (or equilibrium) contact angle 0.. The fluid is
then said to partially wet the solid. Given g, yg; and ygg, one can calculate
the contact angle 6. by considering the horizontal force balance at the
contact line or triple junction (Fig. 10)

0080 = 756 — VsL 4)

known as Young’s relation (Young, 1805). This may alternatively be
derived by considering the change in energy d W associated with the contact
line moving a distance dx

dW = dx(ysg — ys1) — dx o cos 0. (5)

At equilibrium, d W /dx = 0, and Young’s relation (Eq. (4)) again emerges.

Consider the case of interest: an air—water interface in contact with a
solid. Complete wetting arises only if 0, = 0; otherwise, the normal situation
of partial wetting obtains. The solid is said to be hydrophilic if 6. < 90°,

(¢
0

V.
S !sa

FIG. 10 The wetting of a solid by a liquid drop. The system is characterized by
the surface energies per unit area of the liquid—gas interface, o; solid-liquid
interface, yg; and solid—gas interface, ygg. The horizontal force balance at the
contact line yields the equilibrium contact angle 0. in terms of o, yg; and ygg via
Young’s relation (Eq. (4)). For a water drop, a surface is (a) hydrophilic if 0, <90°
and (b) hydrophobic if 6. >90°. Here, drops are assumed to be sufficiently small
that gravity is negligible, so the drops assume the form of spherical caps.
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hydrophobic if 0, > 90° and superhydrophobic if 0. > 150° (Fig. 10).
Water is totally wetting on perfectly clean glass, but partially wetting on
most solids. The equilibrium contact angles for water on a number of
naturally occuring and manufactured substrates are listed in Table 1.

A liquid rises or falls in a vertical capillary tube piercing a horizontal
interface according to whether 0, is greater or less than 90°. The rise height
is prescribed by a balance between curvature and hydrostatic pressures just
beneath the interface. A fluid column of density p within a capillary tube of
radius R will rise to a height £

b 20 cos 0, ©)
pgR

provided R « & (de Gennes et al., 2003). The rise height increases with
increasing surface tension and decreasing radius. Most notably, the sign of
h changes with contact angle: hydrophilic tubes (0.<90°) draw water
upwards, while hydrophobic tubes (0.>90°) oppose the impregnation of
water. This simple model has important implications for the wetting of
rough surfaces: fluid that is not predisposed to wetting (6.>90°) is even less
likely to enter pore-like intrusions. Finally, we note that if the tube is tilted
by an angle « relative to the vertical, the rise height remains the same, but
the intrusion distance along the tube increases by factor of 1/cosa.

3.2 SURFACE ROUGHENING

If a solid surface is not smooth, the chemical contact angle 0. will generally
differ from that observed on a macroscopic scale, specifically, the apparent
contact angle 0* (Fig. 11). Moreover, the energetic cost of wetting will
depend not only on the surface chemistry (which prescribes ygg and yg;),
but also the surface roughness. The influence of surface roughness may be
incorporated by reconsidering Eq. (5). If we define the roughness r to be
the real surface area per planar area of the surface, then the energetic cost
of contact line motion becomes

dW =r dx(ysg — ys1) — dx o cos0* (7)

The equilibrium condition, d W /dx = 0, when taken in conjunction with
the Young’s relation Eq. (4) then yields the relationship between the
apparent and microscopic contact angles

cos 6% = rcos (8)

a result known as Wenzel’s (1936) relation. If a surface is hydrophilic
(0. <90°), roughening will generally make it more so: the additional surface
area exposed through roughening will make the surface all the more
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FIG. 11 Roughening a surface will amplify its wetting tendencies. In the
randomly roughened surface in (a), the microscopic contact angle remains 0., but
the observed contact angle on the macroscopic scale is 0*. The two generic states of
wetting, the Wenzel and Cassie states, are shown schematically in (b) and (c). In the
Wenzel state (b), the pores are impregnated by fluid, increasing the fluid—solid
contact. In the Cassie state (c), air pockets are trapped by the overlying fluid,
reducing the fluid—solid contact.

attractive to the spreading liquid. Similarly, a hydrophobic surface (0, >90°)
will become all the more so when roughened (Cassie, 1948). This is a critical
point when considered in the context of water-walking arthropods and their
elaborate covering of micron scale hairs: if the surface of the insect cuticle
had a contact angle 0.<90°, insects would be hydrophilic rather than
hydrophobic. As we shall see in Section 4, their waxy surface coating
generally ensures that 0.>90° (Holdgate, 1955), so that their surface
roughening encourages rather than discourages their water-repellency.

If the surface is sufficiently rough, air pockets are trapped between the
liquid and solid and the Wenzel picture of wetting no longer applies. This
scenario is described by the Cassie-Baxter model for a planar but
chemically heterogeneous surface (Fig. 11c). We consider a planar surface
tiled with two materials characterized by respective areal fractions f; and f>
and contact angles 6; and 6,. The motion of the contact line by an amount
dx brings about a change in surface energy

dW = f1(ys — 7su)1 dx + f2(ysg — 7s1)2 dx — o cos 0*dx )

The equilibrium condition, in conjunction with Young’s relation applied to
both materials, yields the Cassie—Baxter relation

cos0* = f, cos 0y +f,cos 0, (10)

The apparent contact angle on such a surface is the mean of the contact
angles in each region weighted by their areal fractions. If the tiled material



11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

138 J.W.M. BUSH ET AL.

designated as 1 is air (contact angle 0; = 180), the Cassie—Baxter relation
yields

cos 0" = —1+ f§ (1 + cos0.) (11)

where fs5 is the exposed area fraction of the solid substrate and 0. is the
contact angle of water on a planar solid substrate. The validity of this
equation for fluid drops on a number of patterned surfaces was
demonstrated by Bico er al. (1999). Note that as the area fraction of the
solid fs— 0, the apparent contact angle approaches 180°. As we shall see in
Sections 4 and 5, this Cassie—Baxter model is appropriate for describing the
wetting by water of rough insect cuticle.

de Gennes et al. (2003) and Carbone and Mangialardi (2005) present
criteria for the trapping of an air layer by a rough surface. In their 2D
model, fluid contacting a rough surface characterized by sinusoidal
undulations of amplitude @ and wavelength A = 2z /k (Fig. 12) will remain
in a Cassie-Baxter state provided

1
a>—Atan 6, (12)
2n

where 0. represents the equilibrium contact angle. In the limit of small
amplitude roughness, ka < 1, the roughness is given by r = 1 4 %(ka)2, and
the critical roughness beyond which trapping occurs is simply expressed

1
rr=1 +Ztan206 (13)

We note, however, the importance of three-dimensional (3D) effects on the
wetting of corrugated surfaces in the presence of a gravitational field.
Shuttleworth and Bailey (1948) considered the spreading of a liquid over a
corrugated solid, specifically, a surface with a field of 2D grooves. By
analogy with the case of a closed capillary tube, if 6. <90°, fluid will be
drawn into the grooves with a force that increases inversely with the groove

FIG. 12 Wetting on a sinusoidally varying surface with wavelength /1 and
amplitude a. (a) In the limit of small amplitude roughness, fluid fills the troughs of
the sinusoid and a Wenzel state obtains. (b) If the roughness exceeds a critical
amplitude defined by Eq. (13), air is trapped in the troughs, resulting in a Cassie—
Baxter state.
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width. Conversely, if 0. >90°, fluid will be expelled from the grooves, and
complete wetting of the corrugated surface will be discouraged. A detailed
investigation of rough wetting is presented by Bico et al. (2001).

The two different modes of wetting have been observed in both the plant
and animal kingdoms. For reasons to be discussed in Section 3.4, the
maintenance of a Cassie—Baxter rather than a Wenzel state (Fig. 11) is
generally required for water-repellency. The water-repellent nature of the
lotus leaf is attributed to its surface roughening (Barthlott and Neinhuis,
1997). Similar surface structures have been reported on a number of other
plant leaves, including the rice plant (Feng et al., 2002) and the lady’s
mantle (Mock et al., 2005; Otten and Herminghaus, 2004) and in the animal
kingdom on butterflies (Wagner ef al., 1996), beetles (Parker and Lawrence,
2001) and cicadae (Lee et al., 2004). The common feature to most of these
naturally occuring water-repellent surfaces is hierarchical roughness on two
or more scales, the smallest being the sub-micron scale.

Bico et al. (1999) examine how surface roughening can be exploited to
produce large contact angles on synthetic materials. Onda et al. (1996)
produced a synthetic hydrophobic surface from an alkylketene dimer film
that exhibited a static contact angle of 174°. The surface took a complex
fractal-like form with several scales of roughness; owing to the heightened
roughness of such surfaces, the cost of wetting can be enormous and the
contact angle correspondingly high. The authors were able to rationalize
the observed contact angles on the basis of the Cassie-Baxter relation
(Eq. (11)) in conjunction with the theoretical predictions of Hazlett (1990)
for the hydrophobicity of fractal surfaces. Herminghaus (2000) argues that
roughness beyond a second scale is vital in the hydrophobicity of plant
leaves. Indeed, he demonstrates theoretically that fractal roughness
may generate water-repellency on solids with any finite contact angle, a
conjecture demonstrated experimentally by Feng et al. (2003). de Gennes
et al. (2003) note, however, that hydrophobic states generated by complex
surface texturing of hydrophilic material are only metastable. It is worth
noting that such engineered superhydrophobic surfaces generally rely on
complex surface topography such as sharp corners (Oliver et al., 1977,
Carbone and Mangialardi, 2005) that are not typical of the piliferous
cuticle of water-walking insects. Finally, the most water-repellent man-
made surface is the recently developed ‘Lichao’s surface’ (Gao and
McCarthy, 2006), composed of a tangled network of 40 nm fibers that
exhibits a static contact angle of 180°.

3.3 CONTACT ANGLE HYSTERESIS

While the concept of an equilibrium contact angle is useful conceptually, it
is important to note that, for a given solid—fluid combination, a range of
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contact line

FIG. 13 Contact angle hysteresis. A drop of fluid at rest on a solid may exhibit a
range of contact angles. (a) If a drop is filled with a pipette, it swells while remaining
pinned at the contact line until the contact angle reaches a critical value, 04, at
which the contact line advances. (b) If fluid is withdrawn from the drop, its contact
angle decreases progressively until it reaches Oy, after which the contact line
recedes. The difference 0, —0g is known as the contact angle hysteresis. (c) Contact
angle hysteresis is responsible for suspending drops on vertical windows. The
largest drop that can be so supported is prescribed by Eq. (15).

static contact angles may be observed (Dettre and Johnson, 1964; Johnson
and Dettre, 1964). Consider a drop of fluid emplaced on a solid. If the drop
is filled, it will grow, and its contact angle increase progressively until
reaching a critical value, 04, at which the contact line begins to advance
(Fig. 13). If conversely, fluid is withdrawn from the drop, its contact angle
will decrease progressively until reaching a critical value, 0y, at which the
contact line begins to recede. Observed static contact angles 0 may thus
lie anywhere within the range 04 > 0> 0g, bounded above and below by the
advancing and receding contact angles. This finite range is associated with
microscopic surface imperfections that distort the advancing interface,
thereby resisting contact line motion (Joanny and de Gennes, 1984;
Nadkarni and Garoff, 1992).

The finite range of static values for a given three-phase system is referred
to as the contact angle hysteresis

AO = 04 — O (14)

An important consequence of this hysteresis is that there is a concomitant
force of retention F; that causes droplets to adhere to surfaces: differences
in the contact angle around the perimeter of a drop may result in a net
contact force that resists its motion (Dussan, 1979; Extrand and Gent,
1990). For example, raindrops may stick to window panes because of the
difference in the contact angles on their upper and lower edges (Fig. 13c;
Dussan and Chow, 1983). For droplets with circular contact lines the
retention force may be approximated by (Extrand and Kumagai, 1995).

Frng g (cos Or —cos 04) (15)
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where D is the diameter of the contact region. There is thus a maximum
droplet size that can be supported by the retention force: drops bigger than
a critical size (comparable to the capillary length) will roll down the
windowpane under the influence of gravity. Values of Af for water on a
number of naturally occuring and man-made substances may be computed
from Table 1 via Eq. (14).

The dependence of contact angle hysteresis A0 on surface roughness is
subtle (Johnson and Dettre, 1964) and depends on whether a Wenzel or
Cassie—Baxter state is obtained (Bico et al., 1999, 2002; Lafuma and Quéré,
2003). In the Wenzel state arising at low surface roughness, surfaces exhibit
high advancing contact angles and low receding angles relative to those on a
flat surface; consequently, A0 is greatly increased. On rougher surfaces in a
Cassie—Baxter state, both advancing and receding contact angles are higher;
the contact angle hysteresis is moderately reduced relative to that on a
smooth surface, and greatly reduced relative to that in the Wenzel state. The
maintenance of a Cassie—Baxter state is thus critical in reducing the force of
adhesion, F,, of water droplets on rough solids, and so is considered as
important a criterion for water-repellency as a high contact angle.

Oner and McKarthy (2000), Extrand (2003) and Gao and McCarthy
(2007) examine the influence of importance of surface architecture on the
contact angle hysteresis. Extrand (2002) considers a uniform array of
pillars of width d and spacing ¢ tilted at an angle w relative to the surface
normal (Fig. 14a), and argues that the contact angle hysteresis for such a
surface may be simply expressed as the weighted mean

AO— %I(AGO + ) (16)

where A0, is the contact angle hysteresis on a planar surface. Note that the
contact angle hysteresis and so the force of retention may be decreased by

)

FIG. 14 Two geometries considered for the water-repellent hair pile. (a) A regular
square array of cylindrical posts (either rectangular or cylindrical) of length L,
width d and spacing ¢ are tilted at an angle w relative to the vertical. (b) A regular
array of horizontal cylinders of diameter r, spacing ¢ and height z above a
horizontal substrate. The curved menisci, which intersect the hairs at a contact line
lying at an angle f relative to the horizontal, protect the air layer from
impregnation by the overlying water.
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decreasing the size to spacing ratio of the pillars, and increased by
increasing the tilt angle of the pillars. The dependence of the retention force
on the topology of the substrate will be further discussed in the context of
water-repellency in Section 3.4.

The contact angles of water on various plants and arthropods are listed in
Table 1. The highest contact angles in the animal kingdom arise on water-
walking arthropods, with 0 ranges from 150° to 170°. The second group are
the flying insects, whose survival depends on their ability to avoid or deflect
raindrops; they exhibit contact angles between 90° and 170°. Third are
terrestrial insects, with 6 between 20° and 145°. Finally, aquatic insects
prefer to remain wet when they surface and typically exhibit contact angles
between 10° and 90°. We note that insect larvae do not generally have a
waxy coating and so exhibit particularly low contact angles (Wigglesworth,
1950). In terms of contact angles, the integument of water-walking
arthropods compares favourably with the most hydrophobic manufactured
surfaces. Only Lichao’s surface (Gao and McCarthy, 2006) achieves the
ideal limit of perfect water-repellency 05 = Or = 0% = 180°"°.

3.4 WATER-REPELLENCY

Water-repellency is a necessary adaptation for water-walkers. A creature of
characteristic length L whose leg lies beneath the water surface can apply a
maximum force that scales as L* (Alexander, 1985). If acting along its leg
perimeter, the surface tension force that resists its leg crossing the interface
scales as L, so the ratio of available muscular to curvature forces scales as L.
Water striders are capable of penetrating the free surface (Perez-Goodwyn
and Fujisaki, 2007). However, smaller creatures may be too weak to
overcome curvature forces and it becomes a matter of survival that they do
not wet, specifically, that they maintain a Cassie-Baxter state.

For a surface to be water-repellent, it must have two properties. First, it
must resist impregnation of water. Second, it must exhibit minimal drop
retention, so that when droplets strike the surface, they roll off rather than
adhering. The wetting properties of rough solids have been shown to be
hysteretic in a variety of settings. The hydrophobicity of certain plant
leaves can be lost if the plant is submerged in water for an extended period
(Herminghaus, 2000), and the same has been observed for a number of
insects (e.g. Holdgate, 1955). Once the surface roughness has been
impregnated with water, in the absence of evaporation it will remain so
indefinitely unless subjected to high pressures. Owing to contact angle
hysteresis, the required evacuation pressure generally exceeds the impreg-
nation pressure (Adam, 1948). These observations make clear the
importance of the insects remaining in a Cassie—Baxter rather than Wenzel
state: the transition from one to the other is accompanied by a transition
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from hydrophobic to hydrophilic states. Clear observational evidence of
the air layer trapped in the integument of water-walking insects will be
provided in Section 6.

For a rough solid to resist fluid impregnation, the curvature pressures
generated by the interface that spans its roughness elements must be larger
than any applied pressures. The magnitude of such curvature pressures
depends critically on the geometry of the surface roughening (Lafuma and
Quére, 2003). A number of simple geometries have been considered
experimentally. Patankar (2004) considers the influence of the weight of a
dén its transition from a Cassie-Baxter to Wenzel states when placed on a
square array of rectangular posts. Journet ez al. (2005) and considered flow
in the vicinity of a surface covered with a carbon nanotube forest, orm an
extremely high aspect ratio structures. When grown on a planar surface, in
large densities, these nanotubes form a forest like structure, which is closely
packed with nanotubes. Nanotube forests find numerous applications as
artificial superhydrophobic surfaces or strength enhancers in composite
materials. A regular array of vertical cylinders rolled from sheets of carbon
atoms (Lau er al, 2003). They demonstrate that the intrusion into a
substrate with characteristic roughness scale ¢ by a surface with tension o
and equilibrium contact angle 6, can be forced by a pressure of characteristic
magnitude

2
AP ~ gcos 0, (17)

with a slight correction required to account for the finite amplitude of the
roughness. Note that this observation may be understood on the basis of
Eq. (6) by viewing the space between the roughness elements as simple
capillary tubes. Reyssat et al. (2006) and Bartolo et al. (2006) considered
forced wetting of a surface decorated with pillars of height 4 spaced a
distance 0 apart, and demonstrated that when 4/ <« 1, the impregnation
pressure is reduced by a factor of 4/J.

With the wetting of insect cuticle in mind, Thorpe and Crisp (1947a) and
Crisp and Thorpe (1948) calculate the impregnation pressures required to
force fluid through various arrangements of cylinders on a horizontal
surface. They first considered a square array of vertical cylinders of
diameter d=2r and uniform spacing ¢ tilted at an angle o relative to the
vertical (Fig. 14a). Not surprisingly, they concluded that the impregnation
pressure is maximized by decreasing the spacing of the array. Moreover,
they found that impregnation pressures increases with w: by reducing the
free space between the cylinders, tilting the pillars serves to promote water-
repellency. A similar conclusion was drawn by Extrand (2004) in his
calculation of the impregnation pressure of a square array of square pillars:
tilting the pillars enhances water-repellency. Thorpe and Crisp (1947a) and
Crisp and Thorpe (1948) also considered a horizontal array of cylinders
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(Fig. 14b), and concluded that such an arrangement of may provide water-
proofing for any 0.>0. The horizontal arrangement of cylinders provides
greater resistance than the tilted array: fluid impregnation between the
horizontal cylinders requires the production of maximum surface area
and so maximum surface energy. For any such arrangement of cylinders
(vertical, tilted or horizontal), the smaller the scale of the surface structure,
the greater its effect on water-repellency: the impregnation pressure is
generally inversely proportional to a characteristic length scale of the
hair pile. Extrand (2006) notes that while tilting the pillars increase a rough
surface’s resistance to fluid impregnation, according to Eq. (16) it
simultaneously increases the force of drop retention. Moreover, for a fixed
spacing 0, while increasing the pillar size increases the surfaces resistance to
impregnation, it increases the force of retention that acts along the drop
perimeter.

4 Insect cuticle

As detailed in Section 3.2, the degree of wetting of a solid by a liquid is
determined by both the material properties and the topography of the solid
surface (de Gennes et al., 2003). Surface roughening has long been used as
a means of rendering a solid effectively non-wetting (Cassie, 1944, 1948;
Adam, 1963): through increasing the contact area, one increases the
energetic cost of wetting, and so encourages a non-wetting situation. We
proceed by describing the form of insect integument to rationalize its
water-repellent properties and elucidate its role in propulsion.

4.1 COMPOSITION

Wigglesworth (1979, 1984) and Hadley (1981) review studies of the form
and function of insect cuticle, the outermost layer adjoining the epidermal
cells. Insect cuticle is composed of a chitin—protein complex, and covered
with a layer of epicuticular wax that serves to discourage the penetration of
water. Insect cuticle consists of three layers, each with a distinct function.
The bulk of the cuticle is the innermost endocuticle, which allows for the
flexibility and extensibility required for movement, and the increases in bulk
that accompany feeding. A hard exocuticle provides rigidity to some
regions, such as the head. The outermost layer, the waxy epicuticle, is
responsible for waterproofing and the prevention of dessication. Reviews of
the chemistry of insect waxes are provided by Blomquist and Jackson
(1979) and Howard (1993).

Holdgate (1955) reports the presence of a 0.25-pum-thick waxy or greasy
layer (lipids such as hydrocarbons and esters) on the insect cuticle, and
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estimates its effect on the wetting of the cuticle by applying wax solvents
that dissolve the layer. The presence of this waxy layer has long been
known (Kiihnelt, 1928; Wigglesworth, 1933) and Wigglesworth (1945)
demonstrated its importance not only in water-proofing the insect, but in
water-retention: removing the wax layer of insects lead to their rapid
dessication. The asymmetry of insect cuticle with respect to water
permeability was considered by Hurst (1941, 1948), who concluded that
the cuticle provides a greater impediment to outgoing than incoming water,
a critical feature for desert beetles (Hadley, 1978, 1979). Beament
(1945, 1948) reports that the wax layer thickness is remarkably constant,
0.2-0.3 um for a great many insects, and suggests that this is the minimum
thickness capable of providing maximum water-proofing. The wax layer
can be removed by gently rubbing with an abrasive dust; if the insect is
then exposed to dry air, it quickly dies; if exposed to moist air, the insect
can secrete a fresh layer of wax and so restore its waterproofing.
Wigglesworth (1984) reported that the wax layer of burrowing insects is
so worn that they cannot survive in dry air.

The cuticle typically has numerous irregular structures such as hairs,
scales and regions of varying curvature, all of which make the contact angle
highly variable (Pal, 1951). Pal (1951) and Holdgate (1955) conducted
comparative studies of the wetting properties of many terrestrial, semi-
aquatic and aquatic insects, and concluded that terrestrial insects are
generally hydrophobic and lipophilic (wetted by oil), while the aquatic
species are often both hydrophilic and lipophilic. Key exceptions include
plastron-bearing aquatic creatures such as the backswimmer Notonecta
(Fig. 28) to be considered in Section 5.2. Contact angle hysteresis was
documented; moreover, the contact angle was found to be a function of
humidity, time after moulting and time after submergence in water. Pal
(1951) noted the dependence of wetting properties on body part: generally,
the legs and antennae are more wettable than the wings. Pal (1951) also
measured the contact angles on individual insect hairs by spraying them
with microdroplets generated by an atomizer. He demonstrates that
the hairs of some terrestrial and aerial insects are sufficiently flexible to
be drawn together by drops of water clinging to them. The flexibility of the
cuticle of water-walking insects has only recently been confirmed
experimentally (Bush and Prakash, 2007) and will be further discussed in
Section 4.3. The contact angles of water on many terrestrial and aquatic
insects are listed in Table 1.

4.2  MORPHOLOGY

Dufour (1833) was the first to note the importance of the microstructure of
the leg-coating for water-walking insects: ‘their legs are covered with a very



11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

146 J.W.M. BUSH ET AL.

fine velvet that is impermeable and gives these insects the ability to stand or
run on water without getting wet.” The characteristics of the hair layer of
many water-walking arthropods have been established using macrophoto-
graphy and scanning electron microscopy. Some qualitative features of the
insect cuticle and its interaction with the free surface can be elucidated with
macrophotography. The legs, bodies and antennae of the water-walkers
are covered with hairs that reflect light to provide a colourful glossy sheen
(Fig. 1; Gu et al., 2003). The hair mats of Mesovelia and Microvelia are
apparent in Fig. 15, while that of the fisher spider is evident in Fig. 16.
Close-up images show that when a water-walking arthropod resides at rest
on the free surface, its leg hairs appear as spokes whose tips abutt the free
surface; therefore a Cassie state is maintained.

Traditional microscopy techniques can be used to image the interaction
between water droplets and the cuticle of water-walking arthropods.
Stratton et al. (2004b) assessed the wetting properties of 25 species of
terrestrial and semi-aquatic spiders by examining the contact angle of water
microdroplets on individual hairs and on the hair pile. They found that the
Fisher spider, which spends the bulk of its life on the water surface, exhibits

FIG. 15 The dense hair layer of two water-walkers: (a) Microvelia and (b)
Mesovelia. Close-up images of their driving legs are given at right. Scale bars, | mm
(see color plate section at the end of this book).
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FIG. 16 The fisher spider on the free surface. (a) Hairs protrude from the leg and
abut the free surface. In (b), the inset shows a magnified view of the dimpled surface
deformation generated by the array of hairs. Scale bars, 1cm (see color plate
section at the end of this book).

substantially higher apparent contact angles 0™ than do its terrestrial
counterparts, owing to its relatively large hair densities and chemical
contact angles (Fig. 17). A number of their observations concerning the
morphology of spider cuticle are reported in Tables 1 and 2.

Scanning Electron Microscopy (see Section 6.1) was first used to image
the cuticle of water-walking insects by Cheng (1973), who considered
freshwater and marine water striders. Subsequently, Andersen (1977, 1982)
examined a wide range of semi-aquatic bugs under an electron microscope
and provided detailed characterizations of their hair cover. Their studies
provide fine detailed images of the hair pile, as well as the orientation and
microstructure of the individual hairs. A hair map of the water strider is
presented in Fig. 18; close-ups at locations numbered 1-6 are provided in
Figs. 19-21. Fig. 19 depicts Scanning Electron Microscope (SEM) images
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FIG. 17 Pearl drops generated by a fine water spray impinging on (a) the water
strider and (b) the fisher spider. Their dense hair carpet is water repellent as
indicated by the high contact angle of the droplets. Once wet, the water strider may
dry itself by grooming or flipping over on its back: failing that, it can wait for the
droplets to evaporate. Scale bars, 1 cm.

FIG. 18 A composite of photomicrographs of the adult water strider: a map
indicating the origins of the SEM images presented in Figs. 19-21. Close-ups of
regions 1-4 are displayed in Fig. 19 and of 5-6 in Fig. 20. Scale bar, 2 mm.

of a water strider head, forelegs, flank and leg joint, virtually all of which
are covered in hair.

Figure 20 indicates the form of the water strider’s leg hair. The hairs are
typically 30 um long, tapering to a point from a I-um-diameter base,
and inclined at an angle of ~30° to the underlying leg surface, forming a
layer 10 um thick. These hairs, termed macrotrichia, point in the direction
of the leg tip, and bend inwards at their tips so as to lie roughly tangent to
the leg and water surface. The hair density varies along the leg: the density is
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FIG. 19 Scanning electron microscope images of the water strider’s (1) head,
(2) antenna, (3) flank and (4) leg joint at locations indicated on Fig. 18. The great
majority of the strider’s body is covered with hair to repel water.

FIG. 20 Scanning electron microscope images of the strider’s leg at locations 5
and 6 indicated on the hair map (Fig. 18). The insets reveal the nano-grooves on the
hair surface (for a closer look, see Fig. 21). Note that the hair tips are bent inwards
towards the leg, which discourages their piercing the water surface.

4-6000 hairs mm > on the front tarsus, 12-16000mm™> on the middle
tarsus and 8-10000 mm ™~ on the hind tarsus (Andersen, 1977). The higher
density on the middle tarsus might be anticipated on the grounds that it is
used for rowing and must therefore sustain higher dynamic pressures than
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Spot_Magn Det WD p—————————]

FIG. 21 SEM images of the hair layer of the water strider leg. (a) While the leg has
thickness comparable to that of a human hair, it resembles a brush, whose thick
carpet of hairs are tilted at ~30° relative to the leg surface. Hairs are typically 30 um
long, 1-3 um thick at the base and tapered; their density is 12000-16000 hairs
mm 2. (b) A closer view of the hairs shows that their tips are bent inwards, towards
the leg; moreover, each hair is patterned with grooves of characteristic width 400 nm
that run its length, (c). Note that the leg surface at the roots of the hairs, evident in
(c), is patterned with isotropic roughness reminiscent of plant cuticle.

the front and hind tarsi. Individual macrotrichia are covered in nano-
grooves, roughly 400 nm wide and 200 nm deep, aligned with the direction of
the hair (Andersen, 1977, Gao and Jiang, 2004; Fig. 21). On the thorax, in
addition to the macrotrichia, there is an inner layer of microtrichia (Cheng,
1973; Andersen, 1977; Andersen and Cheng, 2004), whose purpose is to
trap a layer of air and so permit respiration in case of submergence (see
Section 5.2). While these are not as orderly as the macrotrichia, Cheng
(1973) notes that for the sea-going Hemiptera, these hairs are also curved at
their tips to lie tangent to the free surface. Andersen (1977) notes that their
disorder and tangling may provide structural support against hydrostatic
pressures during times of submergence. Finally, Fig. 22a depicts the smooth
hydrophilic ungue present at the water strider leg tip.

Holdgate (1955) measured the static contact angle of water on cuticle
wax, finding a value of 6. = 105°. Gao and Jiang (2004) measured the
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FIG. 22 The ungui at the leg tips of (a) the water strider and (b) Microvelia. Water
striders use their ungui to anchor themselves on the free surface against the wind.
Microvelia use their ungues to grasp and lift the free surface to generate the lateral
capillary forces used to climb menisci (Fig. 9b). The inset shows that, unlike the
grooved hairs (Fig. 21), the ungui are smooth.

static contact angle of water on a water strider leg, and report a value of
0" = 167°. This large value was explained by considering the two scales of
roughness on the strider leg; specifically, the 20-pm-scale roughness
associated with microsetae, and the 100-nm-scale roughness associated
with the nanogrooves on the microsetae. On the basis of the Cassie relation
(Eq. (11)), the authors inferred that the solid fraction on the rough strider
surface is merely f = 3.14%. Feng et al. (2007) apply Cassie’s Law to
estimate 120° for the static contact angle required on smooth microsetae to
rationalize the high apparent contact angle of 6 = 167°. Again using
Cassie’s relation, and the geometry of the nanogrooves (characteristic
width and depth of, respectively, 400 and 200 nm), they find that the
inferred 120° is consistent with the 6, = 105° measured by Holdgate. They
thus conclude that not only the microsetae but their nanogrooves are
critical to achieving the high apparent contact angle on water strider legs.

We also conducted equivalent SEM imaging studies of Microveia, whose
body hair is responsible for its sheen (Figs. 1d and 15b). The characteristic
smooth, tapered horns of the two-pronged ungui are evident at the leg tip
(Fig. 22b). The images in Fig. 23 depict the form of the body hair present on
the tarsi and thorax. 20-pm-long hairs tilted at ~45° are apparent on the
tarsus (Fig. 23a). The hair density is significantly less than that on water
strider legs. As on the strider, two distinct hair types are evident on the
thorax: the relatively long and thick macrotrichia, and the inner layer of
microtrichia (Fig. 23b). The macrotrichia are typically 20 um long, 1 pum
wide and curved so that their tips are roughly parallel to the body surface.
The microtrichia are typically 2 um long, 100 nm wide and more randomly
oriented. Note the peg plates (that cover the spiracles through which
the insect breathes) nestled in the microtrichia (Fig. 23c). Our scans also
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FIG. 23 SEM images of the hairy surface of the water treader Microvelia. (a) Leg
hairs. In the magnified view (a’), the hair tips are bent inwards, which again
discourages their penetrating the water surface. Evident in (a’) is the roughness of
the leg surface to which the hairs adjoin, which may also play a role in water-
repellency. (b) Body hairs: macrotrichia emerge from a tangle of microtrichia.
(b") Makes clear the grooves on the macrotrichia. The smaller-scale microtrichia
are seen to twist and bend around one another for support (Andersen, 1977).
(c) Among the microtrichia are the peg plates (c¢') that cover the spiracles through
which the insects breathe. Note that the surface of the peg plate has bumps
reminiscent of the isotropic roughness on the lotus leaf.

reveal the first evidence of nanogrooves on the macrotrichia of Microvelia,
of characteristic width 200nm and depth 50nm (Fig. 23b). This new
observation indicates that these grooves are not peculiar to the water strider
but may instead be a common feature on the macrotrichia of water-walking
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arthropods. Figure 6 is a cartoon depiction of the surface structure of
Mesovelia.

The characteristics of the hair piles of other water-walking arthropods
are reported in Table 2. The geometry of the hair layer is similar in nearly
all water-walkers, but the hair density n varies among species, with the
faster species generally having higher hair density. Included in Table 2 are
estimates of the contact widths w, along the tarsi of various water-walkers.
The insect’s weight is supported by the surface forces that act around
the contact lines on its individual hairs. w, corresponds to the width of the
contact region required for the contact forces on the hairs to support the
insect’s weight: w, ~ 2Ba/(nnd ). Note that the contact width decreases
with increasing hair density and tarsi length, but increases with insect
weight. The extent of the observed contact widths of several water-walking
arthropods will be rationalized in Section 6.2.

4.3  STABILITY

An important aspect of the insect cuticle is its stability (Crisp, 1950): if the
hair is sufficiently flexible, it may bend or twist under the combined
influence of curvature, van der Waals or electrostatic forces. Hair distortion
will necessarily lead to gaps in the hair covering, which represent points of
weakness in terms of fluid impregnation. Crisp (1950) studied the stability
of an air layer bound by uniformly spaced horizontal hairs on a horizontal
surface (Fig. 14b) and subjected to a uniform external pressure. He found
that if the spacing is varied, hairs in regions with greater spacing may be
deflected downwards by the pressure gradient. Moreover, he found that the
force of capillary attraction between adjacent hairs (see Section 2.3) may
lead to an instability characterized by the clumping of hairs. In the absence
of a resistance to bending that maintains the positions of the hairs, the air
layer would thus be intrinsically unstable. Crisp (1949) considered the
stiffness of the hairs, and so assessed their stability to buckling. For the case
of Alphelocheirus, the air layer is observed to collapse through wetting when
subjected to a pressure of 3 atm corresponding to a depth of 30 m. Thorpe
and Crisp (1947a) suggest that this collapse results from the buckling of the
hairs; however, Hinton (1976) calculates that the hairs should be stable to
buckling at 40atm, advocating the physical picture of effectively rigid
cuticle hairs.

The maximum curvature force that can exist between two hairs will arise
if they are spanned by a capillary bridge (Rabinovich et al., 2005), in which
case a capillary force per length 2¢ will draw them together (Fig. 24). van
der Waals forces are known to be responsible for strong dry adhesion of
gecko setae to smooth surfaces (Autumn et al., 2002) and bundling in
carbon nanotube forests (Liew et al., 2005). At nanometre length scales, van
der Waals forces become relevant and can be responsible for the sticking of
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FIG. 24 (a) A schematic illustration of a capillary bridge between two flexible
hairs. The resulting contact force will draw the hairs together, jeopardizing the
water-repellency of the insect. (b) Definitions of the simple theoretical model of a
capillary bridge between elastic rods. The cylindrical rods have diameter d,
undeformed length L and are displaced a distance ¢ at their tips due to the capillary
bridge.

dust particles on the hair surface (Persson, 2003). Electrostatic forces arising
from the development of friction-induced charges on the cuticle of honey
bees have been shown to enhance transfer of pollen grains from the flower
(Vaknin et al., 2000). Grooming, as is commonly used by most water-
walking insects to clean themselves, can generate static-electric charges on
the insulating body surface of the insects, resulting in electrostatic repulsion
or attraction between hairs.

The following relations provide the relative magnitude of characteristic
van der Waals and electrostatic forces to capillary forces expected to arise
on insect cuticle:

van der Waals  Hd -1 (18)
capillary ad’

electrostatic  Kqjd*L?

~ 1 —13 1
capillary a5 0 (19)

where d and L are the hair diameter and length, 6 the average distance
between hairs, H = 1072 J the Hamaker constant, K = 9 x 10’ Nm? C 2
the Coulomb force constant and ¢, the average electrostatic charge per unit
area on the hair. Choosing typical values for the width, length, hair distance
from Table 2 (d ~ 1 um, L ~ 30 um, 6 ~ 10 um) and a charge per unit area
of gy = 107*Cm~2 (the maximum charge sustainable by a bumble bee in
flight; Vaknin et al., 2000), indicates that the leg hairs are dominated by
curvature forces.

The greatest danger posed to the regular array of hairs comprising the
insect cuticle are thus the curvature forces generated by capillary bridges
spanning the hairs (Fig. 24). The stability of the hair layer will thus be
determined by the relative magnitudes of the hair’s resistance to bending
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and these destabilizing curvature forces.

B elastic resistance 1 &
N capillary 32712%¢,

(20)

where {. = o/E is the elastocapillary length and E the Young’s modulus
(Bico et al., 2004). Substituting values for the width, length and Young’s
modulus (E ~ 10''dynes cm~2) of the insect hair (Hinton, 1976) suggests
G ~ 10. The calculation of torsional stiffness is similar and has been
examined by Dechant et al. (2001).

This crude scaling argument would seem to bring into question the
conclusion of Hinton (1976) that the hairs are effectively rigid under the
influence of capillary forces. If the hairs become sufficiently long and thin,
capillary forces may pose an appreciable danger to the stability of the
cuticle. Note that the hairs taper at the tip, where curvature forces are thus
likely to cause appreciable deformation. Bico et al. (2004) and Kim and
Mahadevan (2006) considered the capillary clumping of a series of elastic
threads or sheets hanging through a horizontal free surface, and deduced
criteria for the resulting elastocapillary instability. The authors define an
elastocapillary length, ¢, = ¢/E at which capillary forces become compar-
able to elastic forces. Using the value suggested by Hinton (1976) and
Dechant et al. (2001) for the Young’s modulus of insect cuticle,
E = 10" dynes cm~2, indicates an elastocapillary length of 10~>nm. While
one thus does not expect the clumping of cuticle hairs poking through the
surface, hair flexure may still arise. Figure 30 illustrates the interaction of
the driving leg of a water strider and a 500 um droplet moving along its
length. Note that individual hairs are deflected by the contact forces
associated with the advancing interface, then snap back into position once it
has passed (Bush and Prakash, 2007). As we shall see in Section 7, the
flexibility of the insect cuticle poses not only dangers but benefits to water-
walking arthropods.

5 Function

We proceed by describing the principle functions of insect cuticle, in an
attempt to rationalize its form. In Section 5.1, we consider the two types of
body hairs discernible on water-walking creatures, respectively, macro- and
microtrichia and their distinct roles in maintaining water-repellency.
In Section 5.2, we consider the plastron, the air layer trapped on the
body surface when an insect is submerged. In Section 5.3, we consider the
ungui, the hydrophilic leg tips present on many water-walkers. Finally, in
Section 5.4, we discuss the dynamic role of the insect cuticle in thrust
generation and drag reduction.
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5.1 WATER- AND RAIN-PROOFING

As we noted in Section 3.4, there are in general two criteria for water-
repellency. The first is resistance to fluid impregnation while the second is
the resistance to adhesion by droplets. Thorpe and Crisp (1947c, 1949)
distinguished between the two in the context of water-faring insects, and
referred to them as, respectively, water- and rain-proofing.

To be waterproof, the insect cuticle must maintain a layer of trapped air,
thereby retaining a Cassie—Baxter state. Doing so requires that the curvature
pressures exceed all fluid pressures acting to cause impregnation. Of
particular interest to water-walking arthropods are the hydrostatic pressures
that they face if submerged and the dynamic pressures generated by their leg
stroke or the impact of raindrops. The fluid pressure in a standing body of
water in a static fluid increases with depth from the surface z as Py + pgz,
where P, is atmospheric pressure, p the density of water and ¢ the
acceleration due to gravity. Roughly speaking, the hydrostatic pressure pgz
increases by 1 atm every 10 m. For a submerged hydrophobic body to stay in
the Cassie—Baxter state, the curvature pressures generated along its surface
must be sufficient to overcome the hydrostatic pressures. If the surface
roughness is characterized by a single length scale 0 (e.g. hairs of length and
radius 6 with a spacing J), then, according to Eq. (17), the water-repellency
may be preserved down to a critical depth, the wetting depth Z,,, defined by
the balance: pgZy ~ acos 0./0. For z > Z,, = acos0./pgd, an air layer
trapped on the surface of an insect will collapse under the influence of
hydrostatic pressures. For example, the wetting depth for cuticle with
roughness d ~1 um is ~10m.

When there is relative motion U between a solid and fluid, dynamic
pressures within the fluid (of order Py ~ %p U?) may cause wetting. The
transition from the Cassie—Baxter to Wenzel states will arise when
the dynamic pressure exceeds the characteristic curvature pressure across
the roughness, i.e. Pq>ocos0./d, that is for speeds U > Uy, = (2acosl./
pé)l/ 2. To avoid the transition to a Wenzel state, the insect must not exceed
either the wetting speed U, or the wetting depth Z,,. The criteria for the
preservation of a Cassie—Baxter state for insect cuticle may thus be
expressed in terms of surface Bond and Weber numbers

o buoyancy _ pgzo <1 We, inertia pU?6
curvature o cos 0,

<1 (1)

" curvature ¢ cos 0.

Figure 25 is a regime diagram indicating the values of Bos and We; for a
number of semi-aquatic creatures. For all water-walking arthropods
considered, (Bogs, Wes) <« 1: the curvature forces generated by fluid
impregnation are more than sufficient to counter typical hydrostatic and
hydrodynamic pressures generated by their leg strokes. Conversely, for
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FIG. 25 Weber We; = pU*§/c and Bond Bos = pghd/c numbers characterizing
the hair layers of 47 semi-aquatic creatures. Here U represents the peak leg speed,
0 the inter-hair spacing and /4 the leg length. Definitions differ from Eq. (21)
through omission of the contact angle dependence, owing to uncertainties in 0.
There is a clear division between two types of creatures. The first are water-walking
arthropods for which maintenance of hydrophobicity is critical for their survival;
the second are the semi-aquatic mammals and birds. The insects are characterized
by low Weber number, indicating that their driving legs remain in a Cassie state as
they propel themselves on the water surface (Fig. 11c). Conversely, semi-aquatic
mammals and birds are characterized by high Bond and Weber numbers, indicating
that air trapped in their hairs is forced out by dynamic pressures generated during
their driving stroke or by hydrostatic pressures when they dive. Data is taken from
Table 2 and collected from Mordvinov (1976), Andersen (1977), Elowson (1984),
Fish (1984), Allers and Culik (1997), Fish et al. (1997, 2002), Fish and Baudinette
(1999), Johansson and Norber (2001), Stratton et al. (2004b) and Ribak et al.
(2005) (see color plate section at the end of this book).

large, diving creatures such as the otter, water-repellency is not critical: the
air layer initially trapped in their fur is evacuated at depth by hydrostatic
pressures.

Wetting speeds and depths for a number of common water-walking
arthropods are listed in Table 2. The impregnation pressure is greatest for
the water striders, nearly 2.4 atm, indicating that they can dive to depths of
14m before the air layer trapped by their microtrichia collapses. Insects
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specialized for sub-surface breathing can typically ascend to greater depths
(Vogel, 2006), and will be discussed in Section 5.2. The wetting speed for
the strider is given by U, ~ 300 cms~!, approximately three times the
peak speed of its driving leg. We note that the arthropods most susceptible
to wetting by hydrostatic or hydrodynamic pressures are generally the
slowest moving.

Another fluid pressure that may cause impregnation of a rough solid is
the curvature pressure inside small droplets adhering to the surface. McHale
et al. (2005) studied the evaporation of water drops on superhydrophobic
surfaces consisting of pillar-like structures fabricated using photolitho-
graphy. Zhang et al. (2006) examined the so-called fakir transition from a
Cassie-Baxter to a Wenzel state for water drops on the lotus leaf and
biomimetic polymer surfaces. Contact line motion for evaporating drops in
the Wenzel and Cassie—Baxter states differs drastically. A drop in the
Wengzel state has a pinned contact line: evaporation occurs with no contact
line movement. Conversely, for a drop in the Cassie—Baxter state,
evaporation involves discrete de-pinning events at the contact line: the
contact line recedes in discrete steps of a magnitude prescribed by the
geometry of the surface roughness. Eventually, as evaporation proceeds, a
fakir transition occurs, and the drop fluid impregnates the rough solid
(Quére, 2002). McHale et al. (2005) report that the transition occurs
suddenly and is independent of drop size; however, a criterion for wetting
in this situation is suggested by the study of Reyssat et al. (2006). In
Section 6.1, we report experimental observations of this fakir transition on
the legs of water striders.

As we saw in Section 3.4, while both water- and rain-proofing are
encouraged by rigid, hydrophobic hairs, they benefit from qualitatively
different hair morphologies. Water-proofing benefits from large amounts
of solid-liquid contact, while rain-proofing benefits from minimizing this
contact so that droplets can most easily escape the body (Extrand, 2006;
Gao and McCarthy, 2007). Moreover, rain-proofing benefits from
topologies that minimize the length of advancing or retreating contact
lines (Joanny and de Gennes, 1984; Yoshimitsu et al., 2002). Thorpe and
Crisp (1947¢, 1949) postulate different roles for the two hair layers on the
thorax: the relatively long and stiff mesotrichia play the role of rain-
proofing, while the inner layer of microtrichia play the role of water-
proofing in the case of submergence. This two-tiered architecture has been
reported in Hemiptera (Cheng, 1973; Andersen and Cheng, 2004), and
various other semi-aquatic bugs (Andersen, 1977) including the water
strider and Microvelia (Fig. 23), and so may be taken as a general feature
of water-walking arthropods. According to the considerations of Section 3,
the microtrichia’s dense packing favours water-resistance. Moreover, they
are often curved (Cheng, 1973) so as to arrive tangent to the free surface,
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thus further enhancing resistance to fluid impregnation (Crisp and Thorpe,
1948; Section 3.4).

If the corrugations on the macrotrichia are in the vicinity of an interface,
one expects on the basis of Eq. (6) that air will intrude to a considerable
depth beneath the surface via the equivalent of capillary rise (Shuttleworth
and Bailey, 1948). Such corrugations will thus necessarily trap air, thereby
decreasing the force of retention of drops that come into contact with the
insect cuticle. Moreover, one expects the grooves on the hairs to be
beneficial in terms of structural rigidity, increasing the arca moment of
inertia of the hair without substantially increasing their weight
(e.g. Crandall et al., 1978). The dynamical role of the microgrooves will
be considered in Section 5.4.

Rain-proofing is generally considered a measure of the ability of a
surface to rid itself of small water droplets. For water-walking arthropods,
however, the term must be taken more literally: the impact of a raindrop
poses a potentially lethal threat. The impact of drops on a hydrophobic
surface have been considered by Reyssat et al. (2006) and Bartolo
et al. (2006), who deduced impalement criteria consistent with Eq. (21).
Since the terminal velocity of a raindrop may be as large as U, ~ 10 m s~!,
the associated impregnation pressures generated during impact,
pr ~ 0.8 atm, may exceed those generated during the leg stroke by two
orders of magnitude. It is not entirely surprising that insects have been
reported to seek refuge beneath overhanging vegetation, dive beneath the
surface or leap vertically during rainstorms, presumably to reduce their
exposed target area. Simply put, raindrops have terminal velocities that
may exceed the wetting speed of insect cuticle (Table 2), and so pose a real
threat to water-walking arthropods. As we shall see in Section 6, however,
the wetting of their integument is not fatal: the cuticle dries via evaporation
on the timescale of a minute.

The water-resistence of a hair pile will always be determined by its
weakest point, for example, a gap in the hair pile. The maintenance of the
order of the hairs of the insect cuticle is thus critical for ensuring their
water-repellency. Kovac and Maschwitz (1999) discuss the role of
grooming in maintaining the hydrophobic properties of various terrestrial
beetles, while Stratton ez al. (2004b) noted the same behaviour in terrestrial
and semi-aquatic spiders. The grooming behaviour of a number of water-
walking insects is apparent in Fig. 26.

5.2  PLASTRON RESPIRATION

A number of water-walking arthropods cross the surface during the course
of their lives. Female water striders may submerge completely while laying
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FIG. 26 Grooming of water-walking arthropods. (a) Hydrometra grooms its
antenna with its forelegs. (b) Hydrometra grooms its hind legs by leaning forward,
and anchoring with its antenna (see inset). (c) Mesovelia leans on its proboscis as it
grooms its forelegs. (d) Microvelia grooms its proboscis (see color plate section at
the end of this book).

eggs (Andersen, 1976) and the resulting strider nymphs hatch from eggs
beneath the surface, swimming awkwardly to the surface before puncturing
the interface (Fig. 27). Torre-Bueno (1907) reports that Veliidae can
submerge completely, and Andersen and Polhemus (1976) report that sea-
going water striders also dive to avoid pursuit. Spence et al. (1980) report
several accounts of subsurface activity in the water strider. The water spider
Argyroneta aquatica is known to submerge and fish beneath the surface with
a bubble that serves as an air supply, periodically replenished from an
underwater air-filled bell of silk (Lamoral, 1968). Finally, Kellen (1956)
reports that certain intertidal species, such as Halovelia, remain submerged
at high tide, enclosed in air pockets within porous volcanic rocks. It is also
inevitable that water-walking arthropods be accidentally submerged, either
by the impact of raindrops, crashing waves or attack from a predator. The
hair layer is thus necessary not only in minimizing direct contact with the
free surface, but in enabling these creatures to breath if accidentally
submerged.

When submerged, many bugs and beetles appear to have shiny coatings
owing to a thin layer of air trapped by their hair coating (Noble-Nesbitt,
1963; Rovner, 1986; Hebets and Chapman, 2000; Fig. 28). The term
‘plastron’ for this air layer was coined by Brocher (1909, 1912a,b.c, 1914),
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FIG. 27 The life cycle of the most common water-walker, the water strider. Other
water-walking insects have a similar cycle involving underwater birth and several
stages of growth. Gravid female water striders penetrate the free surface to lay their
eggs underwater. The first-instar water striders that emerge from these eggs swim
awkwardly towards then puncture the water surface, where their wet cuticle is dried
via evaporation (see Fig. 32). Once atop the water surface, they moult several times
before reaching adulthood. During mating, the larger female supports the weight of
the male. Illustration courtesy of Brian Chan. Scale bar, 1 cm.

who recognized its importance in providing the buoyancy required for the
insects to resurface. The importance of the plastron in respiration was first
recognized by Straus-Durckheim (1828) and Dutrochet (1837). de Ruiter
et al. (1951) provide an excellent review of studies of plastron respiration.
The viability of plastron respiration was discussed in the context of various
aquatic Hemiptera by Dogs (1908), Hagemann (1910) and Hoppe (1911);
however, it was Ege (1915) who first provided the theoretical rationale for
plastron respiration.

Plastron respiration was examined in a series of papers by Thorpe and
Crisp (1947a,b,c, 1949) and Thorpe (1950), and found to be of critical
importance to a number of semi-aquatic insects. The plastron is maintained
by an array of hairs that lie roughly parallel to the body (Vogel, 2006;
Fig. 14b). The ambient hydrostatic pressure is opposed by the curvature
pressures generated as the water attempts to impregnate the gas film. The
submerged insect breathes the air in the plastron through its spiracles
(Fig. 23c), the orifices distributed regularly along its thorax. As the oxygen
supply in the plastron is exhausted, oxygen is absorbed across the bubble
surface from the ambient water. The plastron thus functions as an external
gill: owing to the large surface area to volume ratio of the plastron, it
presents an effective means of oxygen uptake from the water. The resulting
plastron respiration is effective provided the bubble maintains a critical size,
whose limiting value is prescribed by the initial volume of nitrogen in the
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FIG. 28 Plastrons of (a—b) the backswimmer Notonecta glauca and (c) the fisher
spider, visible as a silver envelope around the body and legs. Oxygen diffuses into
these air layers, permitting underwater breathing. Formation of the plastron for the
backswimmers begins as individual bubbles that are redistributed into a uniform
sheet via vigorous grooming. The fisher spider generates a plastron simply by
walking down emerging vegetation to cross the interface, a process documented by
Brocher (1910). Scale bar 1 cm (see color plate section at the end of this book).

bubble. Plastron respiration was considered by Vlasblom (1970), and
models of gas exchange in a number of diving insects were developed by
Rahn and Paganelli (1968), Gittelman (1975), Hinton and Jarman (1976)
and Chaui-Berlinck ez al. (2001). Philip ez al. (2006) examined the plastron
respiration of the backswimmer Anisops. By measuring the oxygen partial
pressure within the beetle’s captured bubble, they confirmed the conjecture
of Miller (1964) that it maintains both oxygen levels and buoyancy via
exchange with its haemoglobin. Experiments (Thorpe and Crisp, 1947a)
indicate that for most insects, the collapse of the plastron typically arose at
ambient pressures between 1 and 5atm, corresponding to depths between
10 and 50 m.

Comstock (1887) and Harpster (1944) noted that certain diving insects
actively drive flow over their trapped bubbles by flapping their limbs in
‘respiration” movements. Stride (1955) noted that flow past the plastron
may enhance the oxygen intake, a theory further discussed by Vogel (2006).
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the cantilever tip, and used to image an oil drop in water using a tapping
mode. The capillary force of attraction between the bead attached to the
cantilever tip and the oil-water interface was used to image the oil drop.
Owing to the sensitivity of the AFM cantilevers, dynamic drop
deformations due to particle-drop interactions can be imaged. Numerous
authors (Lou et al., 2000; Agrawal et al., 2005; Agrawal and McKinley,
2005) have used AFM microscopy to image the spontaneous formation of
nanometre-scale air pockets on hydrophobic surfaces. The ability to image
dynamic interfaces on the nanometre scale using AFM will significantly
enhance our understanding of fluid—structure interactions.

7 Discussion

It is ironic that the theory of water-repellency, first motivated by a desire to
control the insect population, is now drawing its inspiration from them.
We have reviewed the modern theory of water-repellency and its relevance
in understanding the integument of water-walking arthropods. We have
seen that arthropod cuticle exhibits many of the characteristics of
optimally hydrophobic surfaces. Moreover, we have noted the similarities
and differences between the surface structure of plants and water-walking
arthropods. The differences, in particular the anisotropic adhesive
properties of the arthropod cuticle, have been rationalized in terms of
their additional dynamical role.

The epicuticle of water-walking arthropods consists of a waxy substance
that increases the contact angle beyond 90°; therefore, the addition of
surface roughness renders the insect cuticle hydrophobic rather than
hydrophilic, allowing the cuticle to remain in a Cassie—Baxter rather than a
Wengzel state. Roughness arises in the form of an array of hairs, the form of
which varies slightly from species to species and on different body parts of a
given species. All water-walking insects and arthropods are covered in a
layer of hairs that are tilted relative to the body surface so that they meet
the free surface at an oblique angle, thus providing enhanced resistance to
fluid impregnation (Crisp and Thorpe, 1948). This hair layer is most dense
on the leg tips, where it precludes the impregnation of water under the
influence of hydrodynamic pressures generated by the driving stroke. The
outermost layer of macrotrichia is responsible not only for resisting
impregnation pressures, but for channelling water droplets off the insect’s
surface (Thorpe and Crisp, 1949). On their thorax, most water-walking
arthropods have a second relatively fine inner hair layer, microtrichia, that
serves to preserve a plastron against hydrostatic pressures when the insect is
submerged, thus enabling them to breathe underwater. In terms of wetting,
the greatest risk to water-walking arthropods is the impact of raindrops.
In the case of fluid impregnation of the cuticle, recent experiments indicate
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that evaporation evacuates the cuticle in less than a minute (Prakash and
Bush, 2007).

The role of a second scale of roughness, specifically, grooves on the
macrotrichia (as evident in our SEM images of the water strider and
Microvelia), has only recently been considered. Gao and Jiang (2004) point
out its importance in increasing the apparent contact angle of water on
water strider cuticle; however, its dynamical significance has only recently
been considered (Bush and Prakash, 2007). Feng et al. (2002) demonstrate
that the anisotropic roughness on the hydrophobic rice leaf causes water
droplets to roll parallel rather than perpendicular to the leaf edge.
Yoshimitsu et al. (2002) clearly demonstrated that grooves of sufficient
amplitude to maintain a Cassie-Baxter state act to dramatically reduce
the force of adhesion in the direction of the grooves and to increase it in the
perpendicular direction. This study suggests two dynamic roles of the
nanogrooves. First, they reduces the force of retention parallel to the hairs,
and so permit drops striking insects to more readily roll off them. Second,
owing to the alignment of the hairs and the nanogrooves, the retention
force experienced by a strider leg will be larger when the leg is aligned
perpendicular than parallel to the flow. Bush and Prakash (2007) thus
rationalize the form of the driving stroke of the water strider: the leg strike
perpendicular to the direction of motion maximizes the propulsive contact
force, while the alignment of the rear pair of legs with the direction of
motion minimizes drag as they glide along the surface. The driving leg is
extracted by lifting it along its length in a peeling motion; here again, the
topology of the cuticle is beneficial, as the force of extraction is minimized
by the grooved hairs. Finally, Bush and Prakash (2007) demonstrate that the
leg cuticle exhibits unidirectional adhesion: fluid advances most easily
towards the leg tip, and with greatest difficulty perpendicular to the leg. The
implications of the unidirectionality of insect cuticle are currently under
investigation.

Consideration of the flow on the scale of the insect cuticle requires that
we revise the macroscopic view of both the statics and dynamics presented
in Section 2. In terms of statics, the contact line is not the perimeter of the
tarsus, but rather those around individual hairs (Fig. 6). Nevertheless,
the total vertical curvature force available for weight-bearing is limited by
the generalized Archimedes law: the total force on a floating body is
precisely equal to the fluid displaced by the body. The air trapped in the
cuticle displaces fluid, thereby enhancing the buoyancy force that bears the
insect’s weight. In considering the dynamics, the relevant length scale
changes from the width of the driving leg to that of the hairs or perhaps
even the nanogrooves on the hairs. Flows on this scale are characterized by
(Re, We) <« 1 and so dominated by fluid viscosity and surface tension.
Moreover, we expect the surface roughness to affect all of the components
of the propulsive force enumerated in Section 2.3. The physical picture that
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emerges is thus one of a small-scale viscously dominated flow on the scale of
the individual hairs combining to give rise to a bulk flow on the scale of the
insect leg. Hu et al. (2003) and Hu and Bush (2007a) performed the first
flow visualization studies of water-walking arthropods, and demonstrate
that their wake is typically characterized by vortices that allow one to
understand their propulsion in terms of momentum transfer. Consideration
of the precise form of the contact between the arthropod and the water
surface indicates that the vortices are generated by viscous interaction with
the hairs on the driving legs.

A problem that has received very little attention is strategies of
detachment from the free surface. Such strategies would seem all the more
important given that the need to escape from an air-water surface is
common to all insects: terrestrial insects must contend with capillary forces
in times of heavy rain or flooding, and flying insects whenever they land on
a body of water. While the contact perimeter may be reduced through the
rough water-repellent cuticle, there are nevertheless contact forces that must
be overcome to detach from the free surface, as arises with every step of a
water-walker. The nanogrooves on the macrotrichia of the water strider and
Microvelia suggest an interesting detachment mechanism. The grooves will
tend to favour attachment through a single film of water whose thickness ¢
is prescribed by the spacing between the nanogrooves. Tilting of the hair
relative to the water surface will generate a film with a free edge that will
necessarily retract under the influence of the surface tension force per length
20. Neglecting the effect of the body surface, one expects the sheet to retract
at the Culick speed U = (20/ pt)l/ 2 that necessarily increases with
decreasing sheet thickness z. Choosing =500 nm yields a retraction speed
U~10ms~'. The details of this detachment mechanism are currently under
investigation theoretically and experimentally.

One subject that certainly merits further investigation is the influence of
elastic deformation of insect cuticle under the influence of capillary forces.
While such deformation was proposed by Thorpe (1950) to set the
maximum depth to which diving insects could descend, Hinton (1976)
argued that the cuticle is effectively rigid at such pressures. Nevertheless, the
recent study of Bush and Prakash (2007) indicates that the elastic defor-
mation of arthropod cuticle is dynamically significant. Zheng et al. (2007)
demonstrate that butterfly wings exhibit anisotropic adhesive properties:
drops roll readily towards the wing’s edge, but are pinned if they roll in the
opposite direction. This directional adhesion was explained in terms of the
wing’s surface structure, which consists of a series of 50 um scales themselves
composed of a series of 500 nm bundles of tubes of diameter 100 nm aligned
perpendicular to the wing’s edge. From each of these bundles, one flexible
tube protrudes. When drops roll towards the wing edge, the flexible tube is
compressed and lies flush with its bundle. When they roll in the opposite
direction, the tube tip is deflected away from its bundle, resisting drop
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motion through the generation of surface energy. Bush and Prakash (2007)
indicate that similar mechanisms arise on the cuticle of water-walking
arthropods. The role of the flexibility of insect cuticle is currently being
investigated both theoretically and experimentally.

Variable wetting properties are used by terrestrial insects to good effect.
Certain bark-inhabiting bugs have hydrophilic body parts that are wetted
by rain water so as to provide better camouflage against the backdrop of
wet bark (Silberglied and Aiello, 1980). Just as water-walking insects
maintain a thin layer of air with their hair layer, these creatures can preserve
their camouflage by supporting a thin layer of water. The beetle Stenorca
inhabits the Namib desert where it virtually never rains; thus, out of
necessity, it has developed an ingenious means of condensing water from
fog droplets in the 1-40 pm range (Parker and Lawrence, 2001). Its bumpy
back consists of a series of hydrophilic peaks (of characteristic diameter
0.5mm) in hydrophobic troughs: the fog drops thus stick to the peaks and
grow by accretion until reaching a size that will allow them to be blown by
the wind towards the insect’s mouth. This technique is currently being
investigated as a means of condensing water in inhospitable regions of the
world.

Fundamental fluid mechanics problems are also suggested by this review.
Recent studies have illustrated the importance of wetting properties on the
form of the flow generated by bodies striking the free surface. Duez et al.
(2007) examined a falling sphere impacting a free surface and found a
surprising dependence on the sphere’s wetting properties. In the high Re
and We limits, where a smooth sphere makes no splash, a pronounced
cavity and splash accompanied the roughened sphere. This study raises
many interesting questions concerning the influence of water-repellency on
water-walking arthropods. Through increasing the splash, hydrophobicity
presumably increases the collapse time of the cavity, thereby granting the
creature more time to withdraw its leg. The influence of water-repellency on
impact in the small Bo limit of interest to water-walking arthropods is
currently under investigation (Aristoff and Bush, 2008).

Finally, recent technological advances in microscopy, specifically, wet-
SEM and inverted confocal microscopy, promise important insights into the
interaction of insects and the water surface. Particular attention should be
given to elucidating the detailed nature of the static and dynamic
interactions between the interface and the micron-scale cuticle hairs.
Coupling these microscopy techniques with high-speed videography is likely
to yield unprecedented insights into dynamic wetting and optimal water-
repellency. Providing the link between the micro- and macroscale dynamics
will prove invaluable in rationalizing the locomotion of water-walking
arthropods; moreover, it is likely to play a critical role in the engineering of
smart surfaces, for example, those capable of self-cleaning, water-repellency
and directional adhesion.
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