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Summary

To glide in forest canopies, arboreal vertebrates evolved various skin-derived
aerodynamic structures, such as patagial membranes or webbing, but no
comparable structure has been reported from wingless arboreal arthropods.1-3
Orchid mantises (Hymenopus coronatus) have been traditionally considered a
textbook example of flower mimicry for ~200 years due to their highly expanded,
petal-shaped femoral lobes. However, the empirical evidence substantiating the
petal-mimicry function of the femoral lobes has not been entirely conclusive.4—6
Observational and experimental evidence suggests that these lobes do not
contribute to flower mimicry for luring pollinators6,7 and likely serve other
functions.7,8 After observing their aerial escape initiated with active jumping, we
hypothesized that orchid mantises can glide and that their femoral lobes are used
for gliding. Through behavioral investigations and morphological analyses, we
show that orchid mantis nymphs are excellent gliders, exhibiting the shallowest
gliding trajectories observed in terrestrial invertebrates.9-13 The lobe extensions
on their femoral segments are cambered airfoils, which increase the mantis
projected area by ~36% and play a vital role in the aerodynamic underpinning of
the observed gliding. Despite a 165-fold increase in body mass throughout
ontogeny, older female mantis nymphs maintained a persistent gliding capability.
We further showed a notable 40%—-56% reduction in wing loading attributed to
the positive size allometry of these lobes, indicating a clear promotion of gliding
throughout ontogeny. This is the first documentation of gliding-adapted “leg
wings” in a wingless arthropod. The evolution of such structures is potentially
common among arboreal arthropods and demands a systematic re-examination.



Results and discussion
Orchid mantis nymphs are excellent gliders

We first tested whether orchid mantis nymphs (Figure 1A) could glide. We
dropped 6th instar nymphs (n = 9 for each sex; STAR Methods) from a crane, 10 m
above an open lawn (Figures S1 A-S1E). After release, the nymphs adopted a
right-side-up body posture and glided over 6.09 + 2.25 m (mean * SD; maximum =
9.57 m) horizontally within 3.24 + 0.26 s prior to landing (VIDEOS S1 and S2). The
mean glide speed was 3.08 + 0.25 m/s in the vertical and 1.88 + 0.15 m/s in the
horizontal (Figure 1B), with the effect of wind excluded (STAR Methods). The 6th
instar female nymphs glided better than other wingless arthropods with an
average glide angle of 52° (Figure 1C; STAR Methods), compared with a typical
~75° in gliding ants.10
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Figure 1 Orchid mantis nymphs exhibit controlled gliding (A) An orchid mantis nymph (6th instar). (B and C) With femoral lobes,
a 6th instar nymph achieves an average glide angle (8) of ~52° with the horizontal and glide speed (U) of ~3.8 m/s. Lobe
ablation led to reduced 6 and increased U, whereas anesthesia led to complete loss of the gliding capability. Values are means +
SD. (D) Sequence of postures exhibited by a mantis nymph after release, from aerial righting (left) to gliding (right; in dorsal
view). Black arrows denote dorsiflexion of legs.See also Figures S1 and S2; Videos S1, S2, S3, and S4; and the STAR Methods.



We expected the gliding behavior to be influenced by visual cues. After
preliminary experiments (STAR Methods), we tested whether gliding was directed
toward or away from black surfaces in a large glide arena (Figures S1IF-S1H). We
found a distinct landing bias, with a significant majority of individuals (79.8%; 154
in 193 drops) landing near the black background (G = 74.677, p < 0.001; G test)
(Video S3). This confirmed visually influenced steering and a potential preference
for landing on dark surfaces, a potential anti-predator strategy in rainforests.

Postural control in gliding

Intentional control of body and leg postures is required for both steering and
forward gliding.1 With the same experimental setup, we dropped anesthetized
individuals and found a complete loss of gliding (Figures 1B, 1C, and S2; Video S4).
From video recordings of normal orchid mantises, we identified three body-leg
postures adopted during initial descent and subsequent gliding (Figure 1D): (1)
immediately after release, the mantis rapidly adopted a stereotypic posture,
elevating abdomen and legs dorsally, presumably inducing aerodynamic instability
to correct dorsoventral orientation.14 (2) Subsequently, during the initiation of
gliding, the mantis unfolded its abdomen and extended its mid and hind legs
laterally, imposing the petal-shaped femoral lobes to the vertically upward
incidental flow. (3) Last, the mantis extended its fore-legs in alignment with the
abdomen and maintained this posture during gliding.

Femoral lobes enhance gliding

To determine the importance of femoral lobes to gliding, we tested gliding in 6th
instar nymphs (N = 11) with their femoral lobes ablated (Figures S2 A-S2D). Lobe
ablation led to a reduced gliding capability. The horizontal distances traveled
reduced to 4.08 + 2.39 m, ~33% shorter than in the control group (6.09 + 2.25 m;
t=-2.28, p = 0.015). Also, the glide angle averaged 67°, compared with 52° in
intact individuals. The femoral lobes thus contribute to lift generation during
descent and play a key role in orchid mantis nymphs gliding ability.

Morphology of femoral lobes

The morphological examination of orchid mantis’ femora revealed they are
ventrally cambered. Cross sections showed that the camber structure was
anteroposteriorly asymmetric, and the thickness of exoskeletal lobes ranged from



0.03 to 0.10 mm, extending in anterior and posterior directions with a greater
posterior size (Figures 2A and S3).
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Figure 2 Femoral morphology and wing loading reduction by femoral lobes during ontogeny (A) Femur segments are ventrally
cambered and anteroposteriorly asymmetric, with a posterior lobe larger than the anterior one. Inset shows the cross-section
sampled at 75% femur length from the basal end in 8th instar female (Data S1 at https://doi.org/10.17632/ggsxps2v6f.1). (B)
Ontogenetic sequences in both sexes (wings ablated in adults for clarity), showing the disproportionate increase of femoral lobe
size (body sizes along ontogeny not in the same scale). (C) Older nymphs have rounder femoral lobes. (D) Ontogenetic increases
in femoral area effectively reduce the mantises’ wing loading. Values are means + SD. See Data S2
(https://doi.org/10.17632/ggsxps2v6f.1) for detail. See also figure S3 and the STAR Methods.

The camber ratio ranged from 8% to 12%, with the maximum deviation from
chord line located at ~38% of the chordwise position. This camber ratio falls
within the range of many airfoils found in flying and gliding vertebrates (e.g., bird
wings, 10%—20%; flying lizard membrane, ~9%; flying squirrel patagium,
~14%).15-17 Notably, these mantis’ femur segments have a corrugated profile on
both dorsal and ventral surfaces, with the leg hemocoel forming a thickened
section at ~20% chord length from the leading edge. Such configuration is distinct
from other biological airfoils with relatively uniform thickness (e.g., insect wings)
or smooth profile (e.g., bird wings).

Ontogenetic augmentation of femoral lobes
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As the mantis nymphs grew in size, the femoral lobes also became rounder and
disproportionately increased in area (Figures 2B and 2C). The lobe area increased
continuously throughout the whole nymphal stage, until an abrupt reduction
occurred when the mantis reached adulthood. In the last nymphal stage (6th for
males and 8th for females), the combined area of all femora covered a remarkable
~30% and ~36% of the whole-mantis projected planform area (Atot) in males and
females, respectively.

We evaluated the functional importance of femoral size allometry by calculating
wing loading (Pb, with b representing“body”), which indicates the aerodynamic
pressure experienced by the mantis during equilibrium gliding. This calculation
relies on the projected area of the entire mantis (Atot) and is expressed as
Pb=mg/Atot, with m representing mass and g denoting gravitational acceleration
(STAR Methods). An increase in the lobes’ relative area should reduce wing
loading. Integrating the allometric scaling of body mass and planform area
throughout nymphal stages (Figures S4), we developed a power-law scaling model
and showed that the reduction of wing loading (Apb) increased with the relative
area of lobed femur segments (rL) and body size (L) (Figure 2D). Overlaying the
ontogenetic trajectories of rL onto a landscape of Apb, an increasing effect of wing
loading reduction was evident in both sexes, reaching 28%—36% reduction in late
instars.

For each nymph, the total area of their four lobed femora contributed a
remarkable 21%—-36% of the total planform area, contrasting with the lack of
extensions in other gliding arthropods (e.g., gliding ants and spiders). In a gliding
related morpho-space defined by body size and relative area of gliding-adapted
flat extensions, the orchid mantis nymphs characterize unique positions by laying
between other wingless gliding arthropods, 10,13 gliding salamanders,18 and
gliding vertebrates with large areas of membranes or webbing (Figure 4A).

Ontogeny of gliding capability

Orchid mantis nymphs’ body mass underwent a dramatic 165-fold increase in
females (from 6.2 + 0.8 mg in the 1** instar to 0.99 + 0.20 g in 8th instar) and 24-
fold in males (0.18 £ 0.04 g in 6th instar) (Figure S4). With isometric scaling, larger
gliding animals experience a proportionally higher aerodynamic loading compared
with smaller animals and demand a greater equilibrium glide speed; they likely fall



over a greater distance before reaching equilibrium speed and thus exhibit
reduced glide index (i.e., increased average glide angle). A positive allometry of
body mass leads to a reduction in average glide angle, as shown in flying lizards,19
gliding ants,10 and spiders.13 For wingless arthropod nymphs, ontogenetic
increases in body size and mass should also lead to a positive allometry of wing
loading and a glide angle reduction. This can be overcome by developing more
aerodynamic surfaces. Is the ontogenetic augmentation of orchid mantis’ femoral
lobes an adaptation for gliding with larger size? If the femoral lobes were
ineffective in helping glide, we would at least expect an ontogenetic reduction in
glide angle.

We tested this hypothesis by dropping different-aged nymphs from the 10-m
crane. In female nymphs, we found relatively persistent glide distances (4—6 m)
across age groups (Figure 3A), whereas mean glide speed increased from ~2 m/s
in 1st instar nymphs to ~4 m/s in 8th instar females (Figures 3B, 3C, and 3E). The
increases in glide speed correspond with an increase in aerodynamic force to
offset body weight.3 With increasing wing loading, the average glide angle
remained between 60° and 70° in females but increased more steeply in males
(Figures 3D and 3E). This showeds sex-specific allometries in gliding reduction,
with a persistent gliding capability in female nymphs despite a two-order of
magnitude increase in wing loading.
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Figure 3 Ontogeny of gliding in orchid mantis nymphs (A and B) Despite increases in body size and mass, the horizontal
distance traveled (A) did not decrease, whereas duration (B) declined. Boxplots show 25th to 75th percentiles, median (lines),



mean (crosses), maximum and minimum values (whiskers), and outliers (dots). (C) Mean glide speed increased with increasing
wing loading. (D and E) Mean glide angle increased in male nymphs but was relatively consistent in females. Values are means +
SD in (C) and (D); trend lines represent linear regressions with log10-transformed ( ); shades representing SEM. (E) Increase in
glide speed without reduction of glide angle in female nymphs, comparing 2nd and 8th instars. Arrow size represents the

relative magnitude of velocity components based on mean values. See Data S2 (https://doi.org/10.17632/ggsxps2v6f.1) for
details. See also Figure S4.

Orchid mantis nymphs exhibited an intermediate wing loading (2.2-11.9 N m-2)
between those of wingless gliding arthropods and vertebrates (Figure 4B).
Compared with gliding ants and spiders, orchid mantis nymphs also showed
negative allometries of glide index (with sex-specific slopes), but they glided
better at equivalent body masses (Figure 4 C). In particular, female mantis nymphs
(glide index 0.4-0.6) traveled 20%—50% farther than gliding spiders and 50%—
200% farther than gliding ants of similar masses. Despite their gliding abilities,

wingless gliding arthropods are limited to a glide index < 1 (with average glide
angle > 45°).
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Figure 4 Comparisons of gliding morphology and gliding capability between gliding animals (A) Relative areas of extended
surfaces (relative to the animal’s projected planform area) against whole-animal mass. Orchid mantis’ femoral lobes provide a



smaller surface area compared with vertebrate gliders” membranes or webs (orange highlight), but they stand out compared
with gliding animals without obvious extensions. (B) Comparison of wing loading ( ) between orchid mantis nymphs, gliding
ants, and gliding vertebrates within a morpho-space defined by mass and the relative area of extensions. For orchid mantis,
points represent instar-specific means of both sexes. Morphology data of other taxa were aggregated based on availability (Data
S3 at https://doi.org/10.17632/xzx5srxf8k.1). (C) Glide index versus mass in different gliding animals. Glide index allometries in
wingless arthropods (lower left) and vertebrates (upper right). Slopes in orchid mantis (female, -0.09 + 0.05, p < 0.0001; males,
-0.28 £ 0.06, p < 0.001) are comparable to those of gliding ants (-0.097)10 and spiders (-0.164).12,13 Orchid mantis nymphs
traveled farther per unit descent than the other two arthropods of similar mass. Lines represent linear regressions for all
nymphal stages, excluding the first; shades represent SEM. Vertebrate data were obtained from the literature.3,19

Leg wings and gliding in orchid mantises

We showed that wingless orchid mantis nymphs are remarkable gliders owing to
their femoral lobes acting as wing-like structures. Why do orchid mantises glide in
the first place? They are presumably subject to the same selective pressure for
aerial escape and dispersal as other arboreal invertebrates,2,20 and they may also
rely on gliding to access hunting territories.

Lobe-ablation experiments and preliminary characterization of femoral lobe
morphology revealed a new type of biological airfoil—non-flapping “leg wings”
derived from exoskeleton and used in gliding. The ventrally cambered shape likely
facilitates lift generation during gliding,21 but its aerodynamic properties require
more detailed examination, especially concerning the contributions of the
corrugated camber profile, body kinematics, and leg postures. The aerodynamic
mechanism of these lobed femora may vary with their size, shape, and gliding
performance at different air speeds. For example, as female mantises progressed
from the 1st to the 8th instar, the Reynolds number increased by over 300 times
(from ~70 to 2.2 x 103), whereas the increase in body length was just ~14 times
(from ~9 x 102 to 1.3 x 104). The lobe-ablated mantises also performed well in
gliding compared with other wingless gliding arthropods, suggesting substantial
aerodynamic capability conferred by the body and legs, especially a flat, broad
abdomen. The expanded femoral lobes may be particularly important to reducing
wing loading in larger nymphs. This hypothesis may be partially supported by the
gliding capability of the 1st instar orchid mantis nymphs and gliding ants,10 which
have similar body mass and lack extensions on body and legs.

We further showed that the expansion of femoral lobes along ontogeny reduced
wing loading and improved gliding. This likely corresponds with a sustained
selective pressure for gliding throughout the nymphal stage. Compared with
males, the persistent gliding capability in females may help compensate for the
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relatively higher energetic cost of dispersal and higher predation risk associated
with larger body sizes.22 The decrease in relative lobe size from the last nymphal
stage to adulthood (Figure 2) could be indicative of a reduced need for gliding
because adults possess fully developed wings and are capable of powered flight.

Evolution of gliding-adapted structures in wingless arthropods

To our knowledge, this is the first documentation of an arthropod leg wing used
for gliding. The lack of reports of such structures may be partly attributed to the
long-term misinterpretation of their function. Among terrestrial arthropods,
although visual mimicry is frequently interpreted as the main function of flat
structures, the actual utility and underlying evolutionary motivation can only be
justified through empirical experiments. For example, orchid mantis femoral
lobes, although interpreted as flower mimics for ~200 years, do not contribute to
luring pollinating preys6 but facilitate gliding.

We speculate that a substantial diversity of flat exoskeletal structures found on
body and appendages in terrestrial arthropods may contribute to gliding,
especially among hemimetabolous insects, such as leaf insects, stick insects,
mantids, and leaf-footed bugs.23-25 Many of these insects are arboreal, undergo
relatively long nymphal stages, and grow into large nymphs, thus possibly being
subject to selective pressures for gliding.24

Unlike vertebrates’ collapsible membranes and webbings26—29 and insects’
winglets,30 rigid exoskeletal extensions on arthropod legs cannot change shape or
size during aerial performances and have limited flexibility and mobility. Although
larger lobes may be advantageous for improved gliding, they could potentially
have adverse effects on survivorship due to prolonged molting, increased risk of
molting failure, hindered locomotion, or increasing the mantis conspicuousness to
predators.19 Therefore, the evolution of flat extensions on arthropod body and
legs could be subject to functional tradeoffs, which deserves further investigation.

Future work should study three-dimensional glide trajectories in orchid mantises
to reveal mid-air maneuvers and forward gliding performance toward the end of
trajectories. Considering the scarcity of gliding allometry data (Figure 4 C), it
becomes crucial to conduct further investigations into the ontogeny of gliding and
gliding kinematics, particularly in large wingless arthropods. Such research is



essential to comprehending how gliding-adapted structures evolve in different
clades and body sizes.
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