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Froghoppers jump from smooth plant surfaces by
piercing them with sharp spines

Hanns Hagen Goetzke?, Jonathan G. Pattrick®®, and Walter Federle®’

2Department of Zoology, University of Cambridge, CB2 3EJ Cambridge, United Kingdom; and PDepartment of Plant Sciences, University of Cambridge, CB2

3EA Cambridge, United Kingdom

Edited by John G. Hildebrand, University of Arizona, Tucson, AZ, and approved January 3, 2019 (received for review August 17, 2018)

Attachment mechanisms used by climbing animals facilitate their
interactions with complex 3D environments and have inspired novel
types of synthetic adhesives. Here we investigate one of the most
dynamic forms of attachment, used by jumping insects living on
plants. Froghopper insects can perform explosive jumps with some
of the highest accelerations known among animals. As many plant
surfaces are smooth, we studied whether Philaenus spumarius frog-
hoppers are able to take off from such substrates. When attempting
to jump from smooth glass, the insects’ hind legs slipped, resulting in
weak, uncontrolled jumps with a rapid forward spin. By contrast, on
smooth ivy leaves and smooth epoxy surfaces, Philaenus froghop-
pers performed strong jumps without any slipping. We discovered
that the insects produced traction during the acceleration phase by
piercing these substrates with sharp spines of their tibia and tarsus.
High-speed microscopy recordings of hind legs during the accelera-
tion phase of jumps revealed that the spine tips indented and plas-
tically deformed the substrate. On ivy leaves, the spines of jumping
froghoppers perforated the cuticle and epidermal cell walls, and
wounds could be visualized after the jumps by methylene blue stain-
ing and scanning electron microscopy. Improving attachment perfor-
mance by indenting or piercing plant surfaces with sharp spines may
represent a widespread but previously unrecognized strategy uti-
lized by plant-living insects. This attachment mechanism may also
provide inspiration for the design of robotic grippers.
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ttachment devices used by climbing animals such as geckos,

spiders, and insects have outstanding properties that make them
excellent models for biomimetics. The adhesives they use for loco-
motion are rapidly controllable, reusable, and self-cleaning (1-6),
and have therefore inspired new types of synthetic adhesives (7-10).
However, many natural attachment systems are still unexplored.

Strong grip and highly dynamic surface attachment are par-
ticularly important for animals which jump to escape from
predators or rapidly move through complex environments, and
the action of jumping brings unique biomechanical challenges.
Consequently, studying jumping animals may reveal novel solu-
tions to biomechanical problems (11), and can also provide new
insights into attachment mechanisms (12).

In this study, we show that jumping froghoppers produce
traction on plant surfaces by piercing them with sharp spines on
their hind legs. The use of claws and spines for attachment is
widespread in animals, and has inspired the foot design for
walking and climbing robots (13-15). Previous studies have fo-
cused on the interlocking of spines with rough surfaces (16-18).
However, little is known about attachment by penetration of
surfaces in robotic and natural systems, in terms of both the
underlying mechanisms and the biological adaptations involved
(but see refs. 15 and 19).

Most jumping insects live on plants, which can have smooth
surfaces. Accelerating forward from such surfaces without slip-
ping requires high friction forces. To allow forward jumps with a
takeoff angle of <45° relative to the surface, the friction forces
have to be larger than the normal load, implying that the friction
coefficient between legs and the substrate must be very large
(>1). How do jumping insects avoid slipping during takeoff?
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Some of the fastest and most powerful jumps are performed by
plant sap-sucking bugs of the order Hemiptera, which includes
froghoppers, leathoppers, and planthoppers. Philaenus spumarius
froghoppers use a catapult mechanism to reach extreme acceler-
ations of 550 g and takeoff velocities of up to 4.7 m-s™ (20-22). In
these jumps, the acceleration can last less than 1 ms. In a previous
study, we showed that Aphrodes bicinctus/makarovi leafhoppers
were able to jump from smooth glass substrates by briefly bringing
some soft tarsal pads (platellae) on their hind legs into surface
contact during the acceleration phase of the jump (12). In con-
trast, froghoppers such as P. spumarius lack soft platellae on their
hind legs; they slipped when attempting to jump from glass,
resulting in uncontrolled upward jumps with a rapid forward spin
(12, 23). How, therefore, do froghoppers jump successfully from
the plants on which they live? Smooth plant surfaces differ from
glass in that they are more hydrophobic and softer (24, 25). In this
study, we investigated how P. spumarius froghoppers are able to
jump from smooth plant surfaces and hydrophobic polymer sub-
strates, and the interaction between their hind feet and the sub-
strate during the acceleration phase.

Results

The feet of P. spumarius froghoppers consist of three tarsal
segments (tarsomeres) and a pretarsus with a pair of claws and
an arolium between the claws (Fig. 1). The hind legs (but not the
two other leg pairs) are equipped with arc-shaped rows of distally
oriented, strongly sclerotized spines, located ventrally on the
distal margins of the tibia and first two tarsomeres. A single, long
hair (“acutella”; ref. 26) protrudes from the dorsal side of each

Significance

Attachment mechanisms of climbing animals provide inspiration
for biomimetics, but many natural adaptations are still un-
explored. Animals are known to grip by interlocking claws with
rough surfaces, or engaging adhesive pads on smooth sub-
strates. Here we report that insects can use a third, fundamen-
tally different attachment mechanism on plant surfaces. When
accelerating for jumps, froghoppers produce traction by piercing
plant surfaces with sharp metal-enriched spines on their hind
legs, deforming the cuticle plastically and leaving behind mi-
croscopic holes, like a biological nanoindenter. This mechanism
depends on the substrate’s hardness, and requires special ad-
aptations of the cuticle at the spine tips. Piercing may represent
a widespread attachment strategy among plant-living insects,
promising inspiration for novel robotic grippers and climbers.

Author contributions: H.H.G. and W.F. designed research; H.H.G. and J.G.P. performed
research; H.H.G., J.G.P., and W.F. analyzed data; and H.H.G., J.G.P., and W.F. wrote
the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

To whom correspondence should be addressed. Email: wf222@cam.ac.uk.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1814183116/-/DCSupplemental.

Published online February 4, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1814183116


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1814183116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:wf222@cam.ac.uk
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814183116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814183116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1814183116

1\

distal
—

distal
—l

Fig. 1. Hind leg morphology of P. spumarius froghoppers. (A) Ventral
view of distal tibia and tarsus. The dark brown color of the spines indicates
strong sclerotization. (B) Scanning electron micrograph of hind leg (ventral
view). (C) EDX scan of the same leg as in B, showing the location of zinc
(K, X-ray emission) in the tips of the spines. Rectangle in B shows the area
sampled in C. (D) Conical spines on the distal end of the first tarsal segment.
(E) Broken spine tips on the first tarsal segment (arrows, ventral view).
Ar, arolium; Pt, pretarsus; R, tip radius; Ta1, tarsomere 1; Ta2, tarsomere 2;
Ti, tibia.

spine. The spines are approximately conical (half opening angle
18.5 +3.2°, 137 spines of 11 animals; Fig. 1D) and have sharp tips
(tip radius of curvature 3.6 + 1.0 pm, 115 spines without signs of
wear of 11 animals). The tips of the spines are dark brown and
more sclerotized than the lighter surrounding cuticle. Energy-
dispersive X-ray spectroscopy (EDX) analysis revealed that zinc
is incorporated in the tips of the spines; zinc could be detected in
the distal 50 pm to 85 pm of each spine (Fig. 1C). One out of three
froghoppers directly collected from the field and prepared for
SEM had several spines with fractured tips, indicating that high
stresses are acting on them under natural conditions. In animals
that were not immediately killed after capture, more spines were
fractured and fractures were larger (Fig. 1E).
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When P. spumarius froghoppers jumped from smooth glass
surfaces, their hind legs always slipped, resulting in steep jumps
with a rapid forward spin and a low takeoff velocity (Movie S1 and
ref. 12). By contrast, P. spumarius froghoppers never slipped when
jumping from smooth epoxy, resulting in fast jumps with a low
takeoff angle (Movie S2). Takeoff velocity on epoxy ranged from
22 ms! to 53 ms™' (mean: 3.9 + 1.1 m:s™}; 11 jumps), much
higher than for jumps from glass (1.1 + 0.2 m-s™'; Welch’s ¢ test:
t0.98 = 8.46, P < 0.001; Fig. 24; data for glass from ref. 12); takeoff
angles ranged from 36.6° to 80.7° (mean: 53.2 + 13.1°), signifi-
cantly lower than for jumps from glass (71.3 + 6.5°% #1485 = 4.07,
P = 0.001; Fig. 2B). The froghoppers avoided slipping on epoxy
surfaces by plastically indenting the surface with the sharp zinc-
enriched spines on their hind legs during the acceleration phase
(Movie S3). Before the acceleration phase of the jump, the pre-
tarsal arolium (in six out of seven jumps) and acutellae on the first
and second tarsomere (in four out of seven jumps) contacted the
surface. At the start of the acceleration (defined here as the first
frame with a visible leg movement), four to seven spines (per leg)
on the first and second tarsomere indented the epoxy substrate
(seven jumps by five froghoppers; Fig. 2C). The spines plastically
deformed the epoxy so that the indentation marks remained vis-
ible in the substrate after takeoff (Fig. 2 D and E).

P. spumarius froghoppers were also able to jump from smooth
plant surfaces (Movie S4). When jumping from ivy leaves, P.
spumarius froghoppers never slipped, and reached takeoff ve-
locities of 3.6 + 0.6 m-s™" in forward jumps, with takeoff angles
ranging from 35.9° to 87.4° (mean: 53.6 + 14.1°; two jumps each
by 12 froghoppers), both results similar to epoxy but significantly
different from glass (takeoff velocity: epoxy: t,83 = 1.03, P =
0.32; glass: 13193 = 17.40, P < 0.001; takeoff angle: epoxy: t29.91 =
0.08, P = 0.94; glass: #3156 = 5.01, P < 0.001; Fig. 2 4 and B).
After the froghoppers had jumped from the ivy leaves, sub-
sequent staining with methylene blue always revealed one or two
blue spots at the position of the first two tarsal segments of the
hind legs during the acceleration phase, indicating that the sur-
face had been perforated by the spines (41 jumps by nine frog-
hoppers from 10 leaves, Fig. 3 A-C). Some smaller blue spots
were also visible in other areas of the leaf, but these were also
present in leaves where no froghoppers had jumped (Fig. 3C).
The tracks left in the leaves by the froghoppers were also visible
by SEM (Fig. 3 D-F). Jumping froghoppers left between three
and nine indents per leg, which were arranged in the same way as
the froghopper spines in one or two transverse, curved rows.
Both the spacing between spines in each row and the distance
between rows matched the dimensions of the spines on the first
two tarsal segments of the froghoppers’ hind legs as measured by
SEM [spacing between spines on tarsomere 1, ivy tracks: 57.2 +
14.6 pm (n = 4 tarsomeres), hind tarsi: 51.0 + 8.4 pm (n = 8);
spacing between spines on tarsomere 2: ivy tracks: 39.3 + 9.2 pm
(n = 4), hind tarsi: 38.2 + 6.9 pm (n = 8); distance between
tarsomere rows, ivy tracks: 217.6 = 26.6 um (n = 4), hind tarsi:
201.4 = 10.7 pm (rn = 12); see Fig. 3 C and D]. In 29 out of 34
indents from nine jumps, the spines appeared to have penetrated
the outer cell wall of the epidermis (Fig. 3F).

Discussion

Insects employ a combination of different attachment mecha-
nisms allowing them to live on plant surfaces. They use claws and
spines to interlock with asperities on rough surfaces, and soft
adhesive pads to cling to smooth substrates (27). Many insects also
possess special “heel” pads on the tarsus that produce high friction
when pressed against the substrate (12, 28-30). Our study shows
that insects can use a fundamentally different mechanism to grip
on smooth plant surfaces.

Philaenus froghoppers were able to perform powerful jumps
with takeoff angles as low as 36° from ivy leaves and smooth
epoxy surfaces, but they slipped on glass (Fig. 2B). When ac-
celerating for a jump, the sharp backward-pointing spines on the
tibia and tarsus of their hind legs pierced the epoxy substrate and
the ivy leaves, but not the glass surface.
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Fig. 2. Takeoff performance and foot-substrate interaction of P. spumarius while jumping. (A) Takeoff velocity and (B) takeoff angle for jumps from smooth
glass, smooth epoxy, and ivy leaves. (C) Images of a P. spumarius jumping from epoxy in side view, captured at 4,700 frames per second (Bottom), and ventral
view using coaxial illumination (Top). Before the jump, only acutellae and arolium were visible in surface contact. At the start of the acceleration phase, spines
started to pierce into the surface, and indentations remained visible even after the insect’s takeoff (arrow marks first visible indentation). Takeoff was defined
as the first frame in which the animal was airborne (time set to 0 ms), and start of acceleration was defined as the frame with the first visible hind leg

movements. (D and E) Scanning electron micrographs of the plastic deformation of epoxy caused by the tarsal spines.

Piercing involves plastic deformation or fracture of the sub-
strate and depends mainly on the substrate’s material properties
rather than its topography (roughness) or wettability.

To investigate the substrate properties required for this in-
teraction, we estimated the forces acting on a single spine during
the acceleration phase of a jump. The force Fj,qy in the direction
of the jump can be calculated from the takeoff velocity v, the
acceleration time #, and the froghopper’s mass m as Fyoq =mv /t
(assuming constant acceleration). Assuming that both hind legs
engaged the same number of spines and that all spines carried
the same load, the four jumps where we simultaneously recorded
both takeoff angle/velocity and the number of spines in contact
produced forces Fypne of 4.2 mN to 7.9 mN per spine.

A minimum estimate of the pressure at the tip of the spine is
obtained by assuming that the tip is loaded uniformly; this pres-
sure Prean = Fpine /R?z (where R = 3.6 pm is the spine tip radius)
ranges from 103.2 MPa to 194.0 MPa, significantly exceeding the
compressive strength of epoxy (40 MPa) but not that of borosili-
cate glass (yield strength ~264 MPa to 384 MPa; see ref. 31). [To
discuss the material’s resistance to plastic deformation, we are
using available literature values for compressive strength or yield
strength, the latter being linearly related to the more commonly
measured hardness: o, ~ H /3 (32-34).]

This implies that the tip of the spine will plastically deform the
substrate and sink in on epoxy but not on glass. Therefore, each
froghopper spine acts like a conical nanoindenter that can de-
termine the hardness of a material.

The stresses at the tips of froghopper spines also clearly ex-
ceed those needed to plastically deform and pierce natural plant
surfaces. The strength of plant leaves measured by punch or tear
tests ranged from 0.69 MPa to 11.2 MPa (35). More localized
nanoindentation measurements of leaf surfaces yielded higher
strengths (3 MPa to 127 MPa; refs. 36 and 37), but these values
were obtained from dried specimens and likely overestimate the
strength of hydrated epidermis. In plants, compressive strengths
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exceeding the pressures produced by froghopper spines have
only been reported from nanoindentation studies on specialized
silica cells in rice leaves and bamboo stems (as high as 900 MPa;
refs. 37 and 38), suggesting that only exceptionally hard plant
surfaces could cause any difficulties for froghoppers.

The estimated pressure P, may also come close to the yield
strength of sclerotized insect cuticle (ca. 100 MPa to 500 MPa;
refs. 39 and 40). As the yield strength of epoxy and plant tissue is
lower, however, these substrates will yield first, and higher stresses
may not be reached.

During attempted jumps from glass, however, the pressure at
the spine tips may reach the level estimated above, and the
contact pressure in the center of the spine tip, calculated using
the Hertz theory, is even higher (2.6 GPa to 3.3 GPa; see SI/
Appendix, Eq. S6). These high contact pressures therefore sug-
gest that, during a jump from glass, the tips of the spines should
become plastically deformed or fractured.

However, the tips of the tibial and tarsal spines in Philaenus
are adapted to minimize plastic deformation and fracture by the
high zinc content of their tips (Fig. 1C). Sclerotized insect cuticle
with incorporated metals such as zinc and manganese has been
found to exhibit increased hardness, corresponding to yield
strengths as high as 500 MPa (39, 41, 42). Moreover, when Phi-
laenus froghoppers slip on glass, most of the energy of the jump is
dissipated by the rapid slipping and kicking of the hind legs. The
body’s kinetic energy is more than ninefold reduced (12), and the
fourfold smaller takeoff velocity may result in a proportional re-
duction in the pressure at the center of the spines (ca. 0.6 GPa to
0.8 GPa). Thus, the tips of the spines may still escape plastic de-
formation when they slip on glass substrates. Nevertheless, jumps
from rough and hard substrates such as rocks would probably
cause deformation, wear, or fracture of the spine tips. As frog-
hoppers spend most of their life on plants, they will only rarely
perform jumps from such substrates under natural conditions.

Goetzke et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814183116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814183116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1814183116

Fig. 3.

*

Jumps of P. spumarius from ivy leaves, and tracks left in the leaf surface. (A) Image sequence of P. spumarius jumping from variegated ivy leaf. (B and

C) Same leaf stained with methylene blue after the jump in A, showing blue marks at the position of both hind feet during the jump. (D-F) Scanning electron
micrographs of damage to leaf tissue left by froghopper spines. Arrows point in the proximal direction of the leg, corresponding approximately to the jump

direction; Ta1 and Ta2, indentations by spines on hind left tarsomeres 1 and 2.

Plowing Friction Model for Spines on Smooth Substrates. What
friction forces can froghopper spines achieve? When the spines
sink into the substrate, their friction coefficient can be estimated
using a simple theory proposed by Bowden and Tabor (ref. 43 and
SI Appendix) that considers a rigid conical spine with half opening
angle 6 in contact with a smooth surface of a softer, purely plastic
material (SI Appendix, Fig. S1)

2
p="1%coto, [
O'y T

where 7 is the shear stress of the spine—substrate interface.
Estimating 7~ 0.1 MPa for the shear stress of cuticle on epoxy
(44, 45), 0, ~40 MPa and 0~ 18.5° it can be seen that the in-
terfacial shear term is negligible compared with the plowing term:
u~0.0025 + 1.9028 ~ 1.9053. With such a high friction coefficient,
froghoppers should be able to jump forward with takeoff angles as

Goetzke et al.

low as tan™!(1/1.9053) ~27.7°, consistent with the observation
that Philaenus froghoppers never slipped on epoxy.

The above estimate of the friction coefficient is a simplification
for several reasons. First, the model considers a perpendicularly
oriented conical spine, whereas froghopper spines during the ac-
celeration phase may be tilted by some angle. Second, the model
considers a fully plastic substrate material (thereby potentially
overestimating plowing friction; ref. 46) and ignores the shear
resistance arising from material piling up ahead of the sliding cone
(thereby potentially underestimating plowing friction). These
factors are considered in more complex models of plowing friction
(47) but are difficult to quantify, and their opposite effects on
friction may approximately cancel out.

Why do froghopper spines slip on glass? The Hertzian esti-
mate for the contact area of the spines (SI Appendix, Eq. S7)
gives maximally 3.6 um” on glass. Assuming 45° jumps, producing
the required forward thrust of 3.0 mN to 5.6 mN would involve
shear stresses of 833 MPa to 1,555 MPa. These values exceed
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shear stresses measured for adhesive cuticle by at least two or-
ders of magnitude (44, 45), confirming that the elastic increase in
contact area alone is insufficient to produce the required friction
forces. Only when stresses exceed the yield strength of the sub-
strate can the spines plastically deform the substrate, thereby
allowing high friction and jumps without slipping.

Wider Implications: Biology and Robotics. All jumping insects living
on plants face the challenge that they have to take off from sur-
faces which can be microscopically smooth (48, 49). To achieve
large jump distances, takeoff angles of 45° or slightly less are
optimal (50), but such jumps require high forces parallel to the
ground. For takeoff angles of <45°, these shear forces have to
exceed the normal force, which is only possible for friction coef-
ficients (Fgjear/Fromat) greater than 1. However, friction coeffi-
cients for rigid, dry surfaces are usually less than 1 (51), indicating
that insects have to develop special adaptations to solve this
biomechanical problem.

We recently showed that leathoppers (4. bicinctus/makarovi,
Cicadellidae) possess several soft, pad-like structures (platellae)
on their hind tarsi, which contact the surface briefly during the
acceleration phase of the jump, thereby producing the high fric-
tion forces required for a jump (12). Platellae are absent in
froghoppers, which explains why Aphrodes but not Philaenus were
able to jump from smooth glass surfaces without slipping (12). On
natural plant surfaces, however, Philaenus can jump successfully by
piercing the surface with sharp spines.

Why have two lineages of the Hemiptera evolved such dif-
ferent solutions to the same problem? A key biomechanical
difference between Philaenus froghoppers and Aphrodes leaf-
hoppers is that Philaenus have hind legs 1.8 times shorter than
Aphrodes, and that they accelerate with a 2.6 times higher force
acting on the feet (21, 52).

Therefore, using soft, pad-like structures for jumping may not
work for froghoppers, as producing higher friction forces over a
shorter acceleration time with adhesive pads would require these
to have much larger contact areas, and to attach and detach
extremely rapidly, thereby exposing these soft structures to sig-
nificant damage and wear.

For Aphrodes leathoppers, on the other hand, using spines to
pierce plant surfaces may not be feasible, as high forces and
stresses are required to use this strategy efficiently. Moreover,
Aphrodes possess very short spines at the same locations as those
of Philaenus, and we did not detect any zinc in them, both factors
making them even less suitable for piercing plant surfaces. The
tibial spines of Aphrodes leathoppers are also flexibly articulated
with the tibia, whereas the spines are not hinged in Philaenus
froghoppers (12). It is likely that the compliant linkage in Aphr-
odes will help distribute the load between different spines and
thereby reduce peak stresses, which will be beneficial for gripping
on rough surfaces (a principle recently explored in climbing ro-
bots; ref. 18). By contrast, the stiff, nonarticulated spines in Phi-
laenus may serve to concentrate stresses on a small number of
spines, helpful for penetrating plant tissue.

Aphrodes could theoretically compensate for their lower
jumping forces by developing sharper spines (with a v/2.6~1.6
times smaller tip radius, assuming that they have to achieve
similar spine stress levels as Philaenus). However, such sharp
structures might be at a high risk of fracture or wear during other
types of locomotion.

The importance of tip strength is highlighted by the fact that
some spine tips in Philaenus were broken (Fig. 1E). The large
number of spines on the tibia and the first two tarsomeres pro-
vide some redundancy so that slipping is still prevented if a few
individual spines have become blunt or have broken off.

The spines of froghoppers may not only be adapted for high
sharpness and strength, but also for preventing excessive pene-
tration, to allow easy detachment. Sinking too deep into soft
tissue may be avoided by the spines being relatively short and by
the hairs protruding from their dorsal side (Fig. 1 A and B),
which might act as penetration arresters.
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Piercing of plant tissue by insects is common among plant
sap-sucking insects and insects ovipositing in plant tissue. The
mouthparts and ovipositors that pierce and cut into plant tis-
sue also possess sharp tooth-like structures enriched with zinc
and manganese, but the sensory, chemical, and biomechanical
adaptations are much more complex, as they include mecha-
nisms for continued cutting and targeted steering through
plant tissue, prevention of buckling, egg transport and de-
position, fluid injection and drinking, and inhibition of plant
defenses (53-58).

Piercing of plant surfaces by sharp spines may represent a
widespread attachment strategy but has been little documented.
We are aware of only one report of a similar interaction in crawling
caterpillars, where sharp claw-like crochets on the abdominal
prolegs cut visible footprints into leaf tissue (59, 60), and it is still
unclear under which biomechanical conditions these footprints are
produced. Unlike the situation in hind legs during a jump, climbing
insects can produce high forces against the substrate, independent
of their body acceleration, by pulling together opposite legs (ad-
duction), potentially allowing their claws to grip by piercing. Future
work should explore the distribution of this attachment mechanism
among plant-living insects, and what adaptations insects and plants
have evolved for it.

Our findings may provide biological inspiration for robotic
grippers. Insect-inspired spines have been used to enhance sur-
face attachment in wall-climbing robots (14); moreover, the
improved traction mediated by spines of jumping locusts and
crickets has inspired new foot designs for jumping robots (15,
19). Such robots can navigate large obstacles and could be used
for search and rescue missions in disaster areas (61, 62). Gen-
erally, gripping smooth and plastic materials is an engineering
challenge with many potential applications. Needle grippers have
been used for handling soft foodstuff such as meat and cakes
(63), but could also be adapted for handling of plastic and
cardboard packaging. Studying the detailed biomechanics of
penetration-based grip in natural systems and the relevant ad-
aptations in plants and insects may provide information for the
design of new biomimetic grippers.

Materials and Methods

Animals. A total of 57 adult P. spumarius (Linnaeus, 1758) froghoppers were
collected in and around Cambridge (United Kingdom) between late May
and November (body mass: 12.0 + 2.6 mg; data given as mean + SD unless
stated otherwise). P. spumarius can be found on diverse plant species but
were mostly collected from thistle (Cirsium arvense) and, occasionally, ivy
(Hedera helix). Ivy leaves possess a smooth cuticle membrane (64, 65) with an
elastic modulus of ~0.3 GPa (64). To produce epoxy substrates for micros-
copy, glass coverslips were coated with low-viscosity epoxy [PX672H/NC;
Robnor Resins; elastic modulus ~ 1.8 GPa (66); compressive strength: 40 MPa,
from technical data sheet].

Morphology. Hind legs of P. spumarius were investigated using light mi-
croscopy (Leica MZ 16; Leica Microsystems GmbH) and SEM (see S/ Appendix,
SI Materials and Methods). The presence of metals in tibial and tarsal spines
was studied using EDX (see S/ Appendix, SI Materials and Methods).

High-Speed Recordings of Jumps. Jumps were recorded with two synchronized
Phantom V7.1 high-speed cameras (Vision Research) at 4,700 frames per
second. Froghoppers jumped voluntarily or were gently stimulated to jump
with a single human hair. To film jumps from transparent glass or epoxy
substrates [glass coverslips coated with low-viscosity epoxy PX672H/NC;
Robnor Resins; elastic modulus ~ 1.8 GPa (66); compressive strength: 40 MPa,
from technical data sheet], one camera recorded a side view, while the other
was attached to a Leica DMIRE2 inverted microscope (Leica Microsystems
GmbH) to record the surface contact and movements of hind feet from
below with high magnification and epi-illumination (5x lens; field of view:
3.6 mm x 2.7 mm). To film jumps from ivy leaves, the cameras were both
oriented horizontally at an angle of 90° to each other to record side views of
the jumps.
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Study of Tracks Left on Leaf Surfaces. After froghoppers had jumped from ivy,
the leaves were stained with 0.1% methylene blue to reveal possible foot
marks and imaged using SEM (SI Appendix, SI Materials and Methods).
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