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Resilin in Insect Flight Systems

Esther Appel,* Jan Michels, and Stanislav N. Gorb*

Compared to wingless insects, pterygote insects profit from numerous
wing-related benefits including a wider distribution range, the exploitation of
various food resources and the escape from water- or land-confined
predators. In order to maintain the wings´functionality, the wing design and
resistance to material fatigue are of key importance. This is even more
essential for survival when considering that wings are used for millions of
wing beat cycles but cannot be repaired and do not contain inner muscles so
that their aerodynamic performance is mainly based on passive,
structure-based wing deformations. One of the components serving this
purpose is the endowment of certain wing components with the elastomeric
protein resilin building stable and complex material composites with the
tanned cuticle. Resilin endows the respective structures with, e.g., higher
flexibility and compliance and enables elastic energy storage. In this study, the
occurrence of resilin in the insect flight system is reviewed based on previous
studies of several insect orders including Odonata, Orthoptera, Hymenoptera,
Coleoptera, Dermaptera, and Diptera, and the function of resilin is discussed
with reference to the respective structures.

1. Introduction

Elastomeric proteins occur in a wide range of organisms, rang-
ing from elastin in vertebrates, gluten in plants, abductin in bi-
valve molluscs to resilin in arthropods.[1] They endow the respec-
tive system with elasticity and longevity and show a broad spec-
trum of mechanical properties, depending on, e.g., their degree
of structural (dis-)order and their linkage to other molecules via
specific binding domains.[2] Whereas spider silk is known for its
unmatched toughness and elastin for its exceptional durability,
resilin exhibits an almost perfect resilience of 92–97% and, there-
fore, has often been called “rubber-like protein.”[1,3]
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Resilin is a disordered protein and
mainly occurs in the insect exoskeleton,
where it is linked to chitin via a Rebers
and Riddiford chitin-binding domain. It has
a low stiffness (Young’s modulus of 0.6–
2.0 MPa), can be extended to more than
three times of its original length and has a
high fatigue limit of over 300 million cycles
as well as the ability of elastic energy stor-
age and damping.[2–8] Apart from its high
resilience and durability, low stiffness, and
high extensibility, it also features high heat-
and solvent-stability, high biocompability
and biodegradability, a lack of immuno-
genicity, multi-stimuli responsiveness and
the ability to self-assemble.[2–9,10] Due to
this combination of various advantageous
properties, the development of resilin-like
polypeptides (RLPs) and modular RLPs for
various medical and industrial applications
in bioadhesive and tissue engineering, drug
delivery, biosensor techniques, bioimaging,
catalysis, and hydrogel bioelectronics has
been strongly advanced since the report of

the synthesis of the first recombinant pro-resilin in 2005.[7,9] The
potential to readily change the RLPs’ responsiveness to various
stimuli (like pH, temperature [RLPs exhibit a dual-phase tran-
sition behavior], mechanical stress, ions, etc.) and to influence
its capability to self-assemble by changing the amino acid com-
position, the hydropathy index and the number and length of
elastic repeat motifs are only one of many advantages of resilin-
like polypeptides.[9,10] As the original RLPs lack properties such
as cellular adhesion and proliferation, the development of tun-
able modular RLPs with additional secondary domains further
widened the range of potential fields of applications.[9,10] Since
the synthesis of the first modular RLP in 2009 (RLP12-RGD2-
MMP-HBD) that was equipped with a fibronectin cell-binding
sequence (RGD), a matrix metalloproteinase-sensitive sequence
(MMP) for proteolytic degradation and a heparin-binding do-
main (HBD) for heparin or growth factor immobilization and
controlled release, various different modular RLPs with func-
tional, bioactive domains as well as structural domains have been
synthesized.[9,10,11] For example, modular RLPs with an integrin-
binding sequence (RGD) for cell adhesion and insertions of ly-
sine residues as crosslinking sites were used in combination with
a thiol-cleavable crosslinker.[12] The latter can be cleaved in the
presence of reducing agents that commonly occur in, e.g., tu-
mors, thereby creating a soft, biocompatible, selectively degrad-
able hydrogel that can be used for drug delivery and as tissue
engineering scaffold.[12] The combination of RLP blocks and hy-
drophobic elastin-like polypeptide (ELP) blocks was shown to
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create stable spherical micelles that can be used for drug deliv-
ery as well.[9,13] By varying the RLP block repeat number and the
ELP block hydrophobicity, it was shown that a minimum num-
ber of RLP blocks is necessary for self-assembly into micelles,
that an increasing RLP number can further modulate their size
and that increasing the ELP-hydrophobicity promotes the forma-
tion of cylindrical instead of spherical micelles.[13] Other studies
showed that combining the cellulose-binding module (CBM) and
the amphiphilic hydrophobin protein domain (HFBI) with an
RLP region in between not only allows for the design of nanocom-
posite biomaterials with, e.g., nanocrystalline cellulose and for
an increase in coacervate size, but also enables the testing of the
RLP’s mechanical response to a change in, e.g., pH by attach-
ing the modular RLP to a cellulose substrate (via CBM) and an
AFM cantilever (via HFBI).[9,14,15] Additionally, RLPs can be used
to form nanobioconjugates with platinum noble metal quantum
clusters, acting as structure-directing and reducing, stabilizing
agent for the synthesis of precise nanoclusters.[16] Furthermore,
modular RLPs can also be used for the purification of proteins
by adding multiple RLP repeats to a target protein, e.g., the en-
hanced green fluorescence protein (EGFP), and taking advan-
tage of the RLP’s upper critical solution temperature (at around
6 °C) while conducting a cold-temperature coacervation.[17]

Therefore, designing modular RLPs not only endows biomateri-
als with desired bioactivity, mechanical properties and modified
stimuli-responsiveness as well as enhanced crosslinking, self-
assembly and self-healing, but also facilitates purification and se-
lective biodegradation.

During the last decades, various putative resilin-like proteins
have been identified, but not all of them might exhibit the sur-
passing rubber-like elasticity known from the resilin samples
tested so far. Apart from the microscopical and mechanical analy-
ses described below, the amino acid sequence of proresilins pro-
vides useful information about, e.g., the translocation (the un-
crosslinked pro-resilin is secreted into the extracellular space),
potential binding partners, the structure and the potential elas-
ticity of a protein.[19] With the identification of the Drosophila
Dm-CG15920 gene and the production of a synthetic resilin with
long-range elasticity by using it as template, several important
regions of a standard pro-resilin have been identified and can
be used as reference for the comparison with putative resilin-
like pro-resilins.[7,19–22] Beginning from the N-terminal region,
the Drosophila pro-resilin features 1) a signal peptide (MFKLL-
GLTLL MAMVVLG or variants), which allows the transport of
the protein to the extracellular space, 2) a glycine- and proline-
rich, elasticity-endowing region—the exon I peptide—, contain-
ing 18 relatively short A-repeats, which consist of the sequence
GGRPSDSYGA PGGGN or variations of it, 3) an extended Rebers
& Riddiford consensus sequence of type RR-2 (YDNDEPAKYE
FNYQVEDAPS GLSFGHSEMR DGDFTTGQYN VLLPDGRKQI
VEYEADQQGY RPQIRYEGDA NGGSGPSGP (The exact range
of the R&R sequence is still not clear. Inconsistent amino acids
are italicized.), which enables the protein to bind to chitin (The
RR-2 type does normally occur in proteins of sclerotized, hard
cuticles, and the RR-1 type is typically present in soft cuti-
cles, but so far the RR-2 type has been found in most of the
analyzed pro-resilins.), though there is also a slicing variant
without chitin-binding domain, 4) a glycine- and proline-rich,
elasticity-endowing region—the exon III peptide—containing

ten B-repeats, consisting of the sequence GYSGGRPGGQDLG
or variations of it, and 5) a relatively high content of tyrosine al-
lowing for the formation of dityrosine and trityrosine crosslinks
(Figure 1A,B).[7,19–24] These crosslinks link the randomly coiled
polymer chains to a network structure and hinder the stretched
polymer chains from irreversibly sliding past each other and,
therefore, have a major contribution in resilin’s surpassing
resilience.[19,25–27] The covalent bonds are very stable, even when
exposed to acid hydrolysis.[27] In standard pro-resilin, tyrosine is
distributed regularly throughout the repeat sequences, and 20–
25% of the tyrosine is used for crosslinking with around 40–
60 residues separating the crosslinks.[2,7,28] Trityrosine crosslinks
are assumed to increase the protein’s stiffness, and the ratio of
dityrosine-to-trityrosine crosslinking was supposed to depend on,
e.g., the deposition time (before/after ecdysis, at day/night) and
temperature conditions (constant/changing).[27–30]

When putative resilin-like proteins lack the signal peptide,
have only very few or no repeats (A higher amount of repeats in-
creases the potential extent of extensibility/stretching.), show a
high content of alanine together with a low content of glycine or
proline, exhibit a reduced amount of tyrosine or completely lack a
chitin-binding-domain, they should be critically reviewed.[19] For
example, an increased proportion of alanine (e.g., above 20%)
favors the formation of turns (helix-stabilizing effect), thereby
increases the protein’s stiffness and often occurs in proteins of
hard, sclerotized cuticle.[19]

Analyses of the two repeat-containing regions revealed that the
exon I peptide is probably located outside the cell membrane
and has a resilience of around 90% (93% when cross-linked;
termed “soft segment”), whereas the exon III peptide is sug-
gested to be located inside the cell membrane and to have a re-
silience of around 63% (86% when cross-linked; termed “hard
segment”).[23,24] Qin and co-workers suggested that upon stress
application, the super-elastic soft segment is readily deformed
and transfers energy to the hard segment, which transforms to
more ordered beta-structural conformations.[24] In contrast to
structurally ordered proteins like collagen or keratin, whose elas-
tic recoil relies on the change in internal energy upon deforma-
tion of the protein’s structure, the main driving force in struc-
turally disordered proteins like resilin, elastin, silk or abductin
is a change in entropy, favoring the protein’s relaxed state with
the maximum amount of potential polymer chain configurations
(Figure 1C).[2]

Key factors for the rubber-like behavior of resilin are a high
chain length combined with a high degree of chain flexibility and
mobility based on the presence of structure-disrupting amino
acids for ensuring a large deformability and spatial flexibility
in the relaxed state and to promote entropy-driven elastic recoil
from the stressed state.[2] Resilin’s pronounced chain flexibility is
based on the high repetitiveness of certain low-complexity amino
acid sequences with a high amount of glycine (30–40%) and
proline (7–13.5%).[1,19,31] Whereas glycine, with its single hydro-
gen side chain, bestows the polymer chains with high conforma-
tional flexibility, the heterocyclic ring of proline is connected to
the protein backbone twice, thereby leading to a high conforma-
tional rigidity. Therefore, if present in large amounts, both amino
acids act as structural disrupters, resulting in a near-absence
of any extended secondary structure like hydrogen-bonded
𝛽-sheets or 𝛼-helices.[1,2,20,25,31,32] Instead, resilin’s characteristic
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Figure 1. Amino acid sequence and elasticity mechanism of resilin. A) D. melanogaster CG15920 pro-resilin protein sequence with signal peptide (in
yellow), N-terminal elastic domain (in red), Rebers & Riddiford 2 consensus sequence (in green) and C-terminal elastic domain (in blue). Reproduced with
permission.[22] Copyright 2014. B) Amino acid sequence of D. melanogaster CG15920 pro-resilin (obtained by UniProt) with signal peptide (in yellow),
A-repeats-containing region (in red) (after,[22] 2014), R&R2 sequence (in green) (after,[19] 2010, and the cuticleDB website http://bioinformatics2.biol.
uoa.gr/cuticleDB/) and B-repeat-containing region (in blue) (after[22]). Repeat sequences are underlined (after,[19] 2010). C) Scheme of the mechanism
of resilin’s elasticity relying on a change in entropy and favoring the relaxed state with maximum potential chain configurations.

amino acid sequence leads to a high propensity for more flex-
ible conformations like the highly hydrated polyproline II he-
lices in the stretched state and 𝛽-turns in compression, result-
ing in a decrease in overall polymer stiffness and an increase in
backbone hydration by water, thereby decreasing protein aggre-
gation and promoting elastic recoil.[2,4,33–36] The effect of an in-
creasing amount of glycine and proline in changing the main
driving force for elastic recoil from internal energy to entropy
by increasing the structural disorder was shown for spider silk
by comparing the ampullate and flagelliform silks of different
araneid spiders, i.e., the spidroin-1 fibroins containing ampullate
silk of Nephila clavipes with a reduced proline content of 3.5%
and the spidroin-2 fibroins containing flagelliform silk of Ara-

neuus diadematus with a higher amount of proline residues of
16%.[37,38] The authors showed that an increase in the amount
of proline from 3.5% to 16% in glycine-rich silks (45% glycine
in spidroin-1 fibroins and 40% in spidroin-2 fibroins) is enough
to change the elastic recoil from 100% internal-energy-driven
(by at least 10% extension, N. clavipes) to 100% entropy-driven
(A. diadematus).[38] By comparing the proline and glycine com-
position of various elastomeric protein domains and amyloids,
Rauscher and co-workers revealed that there is a linear thresh-
old of proline and glycine content above which the majority of
these sequences belongs to structurally disordered, entropically
recoiled proteins and that around two glycines have the same
effect as one proline in elastin.[34] The amount of glycine and
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proline in the standard resilin samples of different insect species
in most cases varies within a range of 30–40% for glycine and
7–13.5% for proline.[19] Nevertheless, there are also proteins like
the XP_002428637.1 Pediculus humanus protein, which contain
much less glycine (12.1%) but can still be classified as resilin-
like protein due to, e.g., the existence of a signal peptide, which
enables the transport to the extracellular matrix, a R&R consen-
sus sequence of type RR-2 and an A-repeat-containing region
containing six nearly identical repeats.[19] The lower amount of
glycine and repeats, however, might indicate that the peptide
chains are not as mobile and flexible as in standard glycine-
rich (pro-)resilins.[19] Additionally, a higher amount of alanine
(as present in several examined putative resilin-like proteins, e.g.,
XP_002428637.1 with an amount of 10.4% versus CG15920-PA
with an amount of 4.8%) in repeat regions might lead to the for-
mation of a series of turns and finally to the protein being stiffer
and less rubber-like.[19]

Together with glycine and proline, hydrophobic amino acid
residues like alanine, valine, leucine, isoleucine, and pheny-
lalanine make up a proportion of around 66% in standard re-
silins, which is lower than in other elastomeric proteins like
silk or elastin.[10] In comparison to collagen and elastin, re-
silin contains an increased amount of hydrophilic amino acid
residues like glutamic acid, aspartic acid, arginine, and lysine
with more acidic than basic side chains. This leads to a de-
crease in protein-protein interactions and an increase in hydra-
tion, amounting to 50–60% at a pH value of 7, as well as to a low
isoelectric point at around a pH value of 4–5, where swelling is
minimum.[4,19,33,39,40]

In summary, the local manifestation of resilin’s mechanical
properties highly depends on 1) environmental factors, such as
hydration level (and, therefore, the supply with hemolymph) and
motion frequency, whether it is mainly used in tension or com-
pression, 2) the amount and directional arrangement of em-
bedded chitin fibers, 3) the structure of the polypeptide chains,
including, e.g., the amount of single amino acids like glycine
and proline, 4) the abundance of resilin with and without a
chitin-binding domain, and 5) the density and ratio of dityrosine
to trityrosine cross-linking.[18,19,21,27,41–45] Recently, Lerch and co-
workers compared the distribution of Pro-Resilin-GFP and dity-
rosine bonds in fruit flies and showed that in some areas signal
intensities did not match, supporting the assumption that there
is a varying activity of cross-linking enzymes controlling the di-
tyrolisation and thereby changing the extent of resilin’s elastic-
ity in different tissues.[46] Furthermore, they suggested the term
“Resiliome” to refer to a composite resilin matrix composed of
not only resilin, but other presumably elastic cuticular proteins
with Rebers & Riddiford chitin-binding domain (Cpr) like the
Drosophila Cpr56F protein, as well, thereby modulating the de-
gree of elasticity.[46] This assumption is i.a. based on the fact that
some dityrosine signals were still present in resilin-less flies, that
Cpr56F-GFP and Pro-Resilin-GFP signals partly matched, that
pro-resilin, in contrast to Cpr56F, is not expressed in the elastic
cuticle of larval stages and that a reduced or eliminated pro-resilin
expression leads to nonlethal mutants (in contrast to elastin mu-
tants in mice), suggesting that other elastic proteins compensate
for resilin´s elasticity in pro-resilin mutants.[46] However, further
studies are needed so that we further refer to resilin as it is the
most thoroughly studied protein of the resilin matrix.

Apart from differences regarding the properties of resilin (ma-
trices) itself, very often, resilin-bearing structures exhibit a gra-
dient in the material composition with a transition from areas of
virtually pure resilin to chitin-dominated areas with an increasing
proportion of chitin and an increasing degree of sclerotization,
and this is reflected in the presence of a stiffness gradient.[1,3,47]

In many structures, like in the adhesive tarsal setae of beetles,
such a stiffness gradient—from 1.2 MPa at the tip to 6.8 GPa
near the base of the seta—can considerably improve the system’s
performance.[47] However, when analyzing biological resilin sam-
ples for their stiffness, the proportions of resilin and chitin as
well as the arrangement of the chitin fibers have to be consid-
ered in the interpretation of the results. For example, a dragonfly
tendon consisting of virtually pure resilin has an elastic modulus
of 0.6–0.7 MPa, whereas a locust prealar arm with around 24%
of chitin and 76% of resilin was shown to have an elastic mod-
ulus of around 0.9–2.0 MPa and to deform three times less in
longitudinal stretching than in compression or bending due to
the arrangement of chitin lamellae.[3–6,48]

In order to analyze the presence and distribution of resilin, a
variety of methods can be used. In contrast to most of the other
exoskeleton parts, resilin is colorless, transparent, and amor-
phous and, thereby, can sometimes be discerned even with the
naked eye.[4] It exhibits an anisotropic swelling when immersed
in water (especially due to its high content of proline, glycine,
and hydrophilic groups) and becomes birefringent when being
tensioned in a hydrated condition.[2,4] When dried or dehydrated,
resilin becomes solid, glass-like and brittle but can be rehydrated
within seconds to minutes.[4,33] As resilin’s covalent crosslinks of
di- and trityrosine show a relatively pronounced violet/blue aut-
ofluorescence when excited with UV light (with excitation and
emission maxima of 320 nm and 415 nm, respectively), it can
also be visualized with fluorescence microscopy, given that ap-
propriate filter sets are available.[49–51] As described by Michels
and Gorb, confocal laser scanning microscopy can be used to
not only analyze the distribution of resilin but also to get an
overview about the general material composition of a cuticu-
lar structure.[51] They used four different excitation wavelengths
ranging from 405 to 639 nm (together with respective filters)
to excite and detect four autofluorescences, to which they allo-
cated different colors. Overlays created from data obtained by this
method show the following color code and are also used in this
work: blue colors indicate resilin-dominated areas, green colors
indicate the dominance of non- or only weakly-sclerotized chiti-
nous material, and red colors indicate structures dominated by
strongly sclerotized chitinous material.[51–53] Additionally, differ-
ent dyes have been shown to stain resilin, e.g., Masson and Mal-
lory dyes (resilin is stained red) or methylene blue and toluidine
blue dyes (resilin is stained violet/blue).[3,51,54,55]

Since its first description by Weis-Fogh in 1960, resilin
has been found in various arthropod systems, including joint
and neck membranes, elastic springs, tendons, leg and wing
vein joints, inner layers of wing veins as well as in tarsal
attachment pads and setae, mouthparts, reproductive organs,
and mechanoreceptors.[4,51,56–60] In these structures, resilin
serves, e.g., the storage of elastic energy, the reduction of
stress concentration and material fatigue, the generation of
flexibility and adaptability and the improvement of damping
properties.[4,52–54,56,57,61–66]
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In the insect flight system, resilin-containing structures are
subjected to a variety of forces at different frequencies and oc-
cur in various forms from bulky chunks to delicate fold or flex-
ion lines and in nearly pure state or as composites with neatly
layered chitin fibers to fulfill a large range of specialized func-
tions. In order to maintain the functionality and efficiency of
their wings even after millions and millions of cycles, insects
have evolved an elaborate wing structure with a refined network
of veins and a relief to influence the wing’s directional rigidity
and to increase the aerodynamic efficiency, a circulatory system
for nutrient and water supply, a sensory apparatus for accurately
monitoring external and internal signals and a composite mate-
rial of varying stiffness, ranging from a few MPa to several GPa,
depending on, e.g., the amounts of resilin and chitin and the
extent of sclerotization. Before we discuss the occurrence and
function of resilin in different structures of the insect flight sys-
tem, the following section focuses on the aforementioned adap-
tations of the insect wing in order to allow analyzing resilin-
supported structures in terms of a wider structural and biological
context.

Insect flight evolved about 400 million years ago.[67,68] The in-
sect wings’ evolutionary origin and development are not fully re-
solved yet.[69] Several studies have examined the wing develop-
ment during organogenesis and morphogenesis, including the
imaginal ecdysis and expansion, up to the removal of apoptoti-
cally dissolved epidermal cells and the connection of the two cu-
ticular wing halves.[70–80] In contrast to the still widespread as-
sumption that mature wings are mostly non-living tissue, wings
are far from being plain dead appendages. After the connec-
tion of the two wing halves, their hollow veins stay connected to
the circulatory body system. They contain hemolymph, tracheae,
and nerves, which enable the wing’s supply with oxygen, water,
hormones, nutrients, and other important substances as well as
the removal of metabolic products.[79,81,82] Hemolymph is trans-
ported out of the wing with the help of accessory pulsatile organs
creating a global bulk flow pattern, which can be circuitous or
tidal.[79–81,83,84] The local flow behavior in wings is quite complex,
involving cross and longitudinal veins as well as some membra-
nous areas, and can be characterized as pulsatile, continuous, or
leaky, with each flow pattern predominating in different areas of
the wing.[79–81,85] Recently, tracheation, which until then had been
assumed to be restricted to the wing veins, was even found within
the wing membrane of a dragonfly.[86]

The importance of the circulatory system within wings be-
comes clear when considering the drastic changes in mechan-
ical properties of a hydrated versus a desiccated wing. The lat-
ter rapidly loses weight and flexibility, its stiffness and tough-
ness increase, and it becomes brittle.[87–93] This has also been re-
ported for wings of aged insects, in which circulation slows down
and some veins even lack hemolymph.[81,94,95,96] Apart from, e.g.,
the reduced flexibility in joints or other resilin-containing struc-
tures, it can be one of the reasons for wing fracture in the pre-
dominantly affected posterior part and trailing edge of dragon-
fly wings.[79,97–99] Furthermore, recent studies by Hou and co-
workers[100,101] suggest that due to the hemolymph and its dif-
ferently distributed mass throughout the wing, the moment of
inertia should be considered to increase by around 50% and the
center of mass should be shifting anteriorly and is probably dif-
ferent from what has been shown by Norberg,[102] thereby influ-

encing wing pitch, the onset of flutter and, therefore, the critical
flight speed.

Additionally, hemolymph circulation, as well as tracheal and
neural connections, are also important for the complex multi-
modal sensory apparatus of insect wings.[79] Receptors are mainly
located at veins or joints and often contain resilin (e.g., at the
basis of flexible mechanoreceptors). Wings show a variety of re-
ceptor types, including 1) mechanoreceptors like a) hair sen-
silla at the margins of the wings, which detect air-borne vibra-
tions, b) campaniform sensilla at various locations on the wing,
which measure wing cuticle deformations, c) stretch and chor-
dotonal proprioreceptors at the wing base, which monitor wing
movements and influence wing beat rhythmicity (stretch recep-
tors) and encode vibrations during flight (chordotonal receptors),
d) auditory organs (tympanal organs) at the wing base used
in the intraspecific communication and predator detection, 2)
chemoreceptors (gustatory receptors) at the leading edge and 3)
thermoreceptors, which prevent overheating by influencing wing
folding.[79] Recently, Fabian and co-workers[103] mapped the route
of axons with terminal soma as well as the distribution of eight
classes of sensory structures (including, e.g., single- and double-
innervated hair sensilla, campaniform sensilla, hair plate sen-
silla and chordotonal organs) on the dorsal and ventral sides of
dragonfly and damselfly wings in particular detail. Their study
showed the existence of over 750 sensors on each dragonfly wing
(and around half of this amount in damselfly wings), with the
number of sensilla positively scaling with the wing length.[103]

They further revealed specific sensilla distribution patterns asso-
ciated, e.g., with the wing’s corrugation, the strain distribution
during flight and the position along the wing length and chord,
with the wing tip and the posterior wing chord being less densely
covered by sensilla.[103]

Maintaining the functionality and efficiency of the wings
is of great importance for the survival of pterygote in-
sects as it assures the access to food sources, enables the
animals to escape more easily from predators and opens
up a wider distribution and migration range. Additionally,
wings do not only serve locomotion but are also used
for sound production,[104–107] thermoregulation,[108,109] visual
communication,[110–112] orientation[79] or, in a more sclerotized,
derived form, as a protective covering for the tightly folded and
packed hindwings of some insect orders.[113,114] To fulfill all these
functions and maintain the wings’ functionality, wing structure
and resistance to failure are of key importance, especially when
considering that insect wings 1) do not contain inner muscles so
that their aerodynamic performance is mainly based on passive
deformations with only some support of the muscles attached to
the wing base and 2) are made only once during lifetime and can-
not be repaired.[98,115,116] Considering that the life span of an adult
flying insect ranges from several hours or days up to years and
that insects flap their wings with wing beat frequencies of 20 to
over 1000 Hz (Schistocerca gregaria vs Forcipomya sp.), often sev-
eral hours a day and, therefore, millions and millions of cycles,
the latter is even more astonishing.

During the past few decades, many studies have elucidated
how wings of different insect orders are adapted to these
tasks.[52,53,97–99,116–119] Although insect wings are diverse in size,
shape, number, density and arrangement of longitudinal and
cross veins as well as resilin-containing flexion and fold lines and
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flexible joints (which lead to varying wing bending and torsion
during flight) and are used at different wing beat frequencies and
with different muscular control, all of them have certain charac-
teristics in common, which especially improve their mechanical
stability, flexibility, and flight efficiency.

Insect wings normally show a high relief at their anterio-
proximal part, which serves as rigid support to resist higher bend-
ing moments.[116,120] Towards the wing tip (and often towards
the trailing edge), the relief diminishes in the form of decreas-
ing wing corrugation, membrane thickness, vein diameter, or the
complete absence of veins, thereby increasing the flexibility of the
wing tip (in which inertial forces peak at stroke reversal), in order
to 1) reduce stresses at the wing base, 2) minimize energy expen-
diture for wing acceleration and 3) reduce damages from impact
forces.[116,120,121]

Another wing characteristic is the existence of large-scale cam-
ber, small-scale corrugation or both.[116,118,122,123] Camber forma-
tion can be influenced by certain wing structures, such as the
arculus in dipteran and odonatan wings, flexion lines in, e.g.,
hymenopteran or megalopteran wings (like the median flexion
line, which can also be partly controlled basally by muscles at-
tached to the axillae), or simply by wing torsion or spanwise
transversal corrugation, which makes the wing more flexible
in chordwise than in spanwise direction.[116,122,123] Such a 3D
shape has an effect on the flexural and torsional rigidity of the
wing, mostly creating a ventrally concave and a dorsally con-
vex wing side at downstroke (and a slightly reversed camber
during the upstroke).[116,122,123] This asymmetry increases the re-
sistance to the aerodynamic forces (with a maximum at mid-
stroke) and the manifold higher inertial forces (with a maxi-
mum at stroke reversal) applied from the concave wing side in
comparison to the convex wing side.[116,120,121] When the aerody-
namic and inertial forces are centered behind the torsional axis
(thought, the maximum of aerodynamic forces lies closer to the
anterior wing part), the camber also induces asymmetric wing
twisting, with the wing twisting more during supination than
during pronation.[102,116,124–126]

Camber formation has been shown to improve the aerody-
namic efficiency (lift-to-drag-ratio) of a wing in several studies,
although Engels and co-workers[127] stated that its influence on
the temporal distribution of aerodynamic forces particularly re-
lies on the change of the effective angle of attack.[127–131] If small-
scale corrugation, apart from improving the wing’s stiffness
against bending and influencing its deformation, also increases
its aerodynamic efficiency, is still under debate.[127,128,130,132–143]

There are indications that corrugation valleys can trap vortices
and stagnant air cushions and thereby contribute to improve lift
production,[134,138] but smaller scale corrugation, spanwise flow
advecting vorticity, low Reynolds numbers and high angles of
attack decrease the probability of trapping vortices in flapping
wings.[127,140,142,143]

In all these above-mentioned structures and processes, resilin
plays a more or less important role in ensuring, e.g., directional
deformation and adaptability, elastic energy storage, the reduc-
tion of stress concentration, and the increase of fracture resis-
tance. In the following sections, we will summarize the results
on the existence and function of resilin in various structures of
the insect flight apparatus of different insect orders. Starting with
the three structures described in the pioneer study of Weis-Fogh

in 1960, a dragonfly tendon, a locust wing hinge ligament and a
locust prealar arm, we will further continue with the insect orders
Odonata, Hymenoptera, Coleoptera, Dermaptera, and Diptera.

1.1. Elastic Dragonfly Tendon

One of the first resilin-bearing structures described by Weis-
Fogh in 1960 is a sausage-like swelling of the thoracic tendon for
the pleuro-subalar muscle in the dragonfly flight apparatus.[4] In
Aeshna grandis (Linnaeus, 1758), the swollen part of the tendon,
called elastic tendon, has a length of about 0.7 mm and a width
of about 0.15 mm and was assumed to consist of 99% resilin.[4]

In the native state, it is surrounded by thick hypodermal cells and
their basement membrane.[4] These cells were assumed to form
the tendon in the course of 3 d before the final molt.[3,29] After re-
moving the surrounding tissue, the elastic tendon has a hyaline,
colorless appearance and was shown to contain virtually pure re-
silin (Figure 2A). Weis-Fogh described the tendon as a cylindri-
cal tube-like structure consisting of a central epicuticular tube, a
thick-walled tube of pure protein and a cortical chitinous tube.[4]

While the central and cortical tubes withstand protease digestion,
the prominent inner proteinaceous tube was shown to be fully
digested.[4] Figure 2B illustrates a virtual 1 μm thick cross section
of the dorsal half of the elastic tendon of Aeshna cyanea (Müller,
1764) visualized with confocal laser scanning microscopy. Based
on differences in the autofluorescence composition of the ma-
terial, it indicates that the tendon has a threefold layering, with
the outer and innermost layers being dominated by autofluores-
cence shown in green and the bulk material being dominated by
autofluorescence shown in blue.

The entire tendon belongs to the group of cap tendons. It is
a hollow invagination from the dorsal body wall and ventrally
forms a wide cap-like insertion for the pleuro-subalar muscle,
which originates from the lower part of the pleuron.[4] Both ends
of the tendon are usually rather tough and inextensible, show-
ing a dominant lamellate cuticle structure mainly composed of
chitin.[3] At the transition zone between the tough endings and
the elastic, resilin-dominated part, resilin first appears in form
of irregular patches, interspersed with concentrically arranged
chitin lamellae.[3] Further toward the elastic part of the tendon,
the chitin-resilin composite takes up the whole cross section, get-
ting more and more devoid of chitin lamellae.[3] On the dorsal
end, the tendon is attached to the subalar sclerite via a flexible
membrane, which has a complex pattern of microfolds, and is
further indirectly connected to the axillary sclerites of the wing
base via the subalar sclerite (Figure 2B–D).[4] At the dorsal end
of the elastic tendon and in the transition zone towards the flex-
ible membrane, the inner resilin-dominated area of the tendon
becomes more and more interspersed with chitin lamellae, and
the thin epicuticle begins to show wrinkles, which turn into mi-
crofolds at the level of the flexible membrane (Figure 2B).[4]

The elastic tendon can be stretched up to 2.5–3.0 times the
swollen length in extension and compressed up to one third with-
out showing any permanent deformation.[4] Being released from
the applied force, it shows an instantaneous elastic recovery with
resilience (i.e., recovery of the stored elastic energy after defor-
mation) of up to 92% (the resilin-like polypeptide Rec1-Resilin
shows a resilience of up to 97%).[4,6–8] It has a fatigue limit of
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Figure 2. Resilin-bearing thoracic tendon (t) of the pleuro-subalar muscle (sm) in the dragonfly Aeshna cyanea. A) Light microscopy. B–D) Confocal laser
scanning microscopy (CLSM). B) 1-μm-thick cross section of the tendon showing the tendon´s hollow channel opening (co) toward the dorsal end.
The tendon consists of a prominent layer being arranged as a thick-walled tube and featuring dominant autofluorescence shown in blue and a second
thinner layer that surrounds the first layer and is dominated by autofluorescence shown in green. Small wrinkles on the inside of the hollow tube turn
to more complex microfolds in the dorsally connected membrane. C,D) Maximum intensity projection. C) Tendon in unstretched state with a flexible
membrane (fm) on the dorsal side and a non-swollen part (nt) of the tendon on the ventral side. D) Upper part of the tendon connected to sclerites (s)
through a flexible membrane (fm) with microfolds. co—channel opening, fm—flexible membrane with microfolds, nt—non-swollen part of the tendon,
s— sclerite, sm—subalar muscle, t—elastic tendon. Scale bars: B,C) 50 μm, D) 100 μm.

over 300 million cycles, a tensile strength (stress at the rupture
point) of about 3–4 MPa and a stiffness (elastic modulus) of about
0.6–0.7 MPa in extension and compression.[4,144]

During flight, the elastic tendon was assumed to support the
role of the anterior coxoalar muscle in controlling wing twisting
(i.e., supination) during the upstroke.[3,145,146] While the coxoalar
muscle causes supination on the last 10° of the downstroke and
during the first part of the upstroke, the pleuro-subalar muscle
with the attached tendon controls supination at a later phase of
the upstroke.[145] For this, the muscle contracts slowly and toni-
cally and keeps the tendon at a certain length and tension, while
the elastic tendon probably takes up wing movements and oscil-
lates in length, showing a large reversible extensibility (e.g., over

250% in the forewing of Libellula luctuosa (Burmeister, 1839)) and
endowing the structure with a long fatigue life.[145] This mecha-
nism can be particularly beneficial for hovering flight and other
flight maneuvers but can also apply during turbulent flows when
the wing is subjected to excessive movements.[146]

Recently, Bäumler and Büsse examined the pterothorax of five
different dragonfly and damselfly species for the existence of re-
silin in the cap tendons of their pterothoracic muscles.[147] They
showed that resilin can be found in all 20 (21 for Anisoptera) cap
tendons of the pterothorax in all investigated species. These cap-
tendon-bearing muscles are mostly associated with flight (with
the exception of two muscles involved in moving the abdomen)
and include phasic muscles, which directly move the wing, as
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Figure 3. Locust wing hinge ligament. A,B) Confocal laser scanning microscopy. A) Shown in grey scales. A) Wing base with the wing hinge ligament
(wh) being connected to the (meso-) pleural wing process (pwp). B) Wing hinge of a female of the locust species Locusta migratoria, Reproduced with
permission.[51] Copyright 2012, Wiley. Dorsal side consisting of a lamellar rubber-like part (lrp) and a pure resilin part (prp) and ventral side consisting
of a tough flexible part (tfp); sclerotized cuticle (sc) is present at the dorsal and ventral ends of wing hinge ligament. ax2—second axillary wing sclerite,
ba1—first basalar sclerite, ba2—second basalar sclerite, li—ligament, lrp—lamellar rubber-like part, pa—prealar arm, prp—pure resilin part, pwp—
(meso-) pleural wing process, sa—subalar sclerite, sc—sclerotized cuticle, tfp—tough flexible part, wh—wing hinge ligament. Scale bars: A) 500 μm,
B) 100 μm.

well as tonic muscles like the pleuro-subalar muscles described
above.[147] Except for Odonata, resilin has also been found in ten-
dons of other insects, e.g., in the tergopleural tendon in flies.[148]

1.2. Locust Wing Hinge Ligament

The locust forewing wing hinge ligament is attached to the
(meso-) pleural wing process and to another sclerotized pro-
cess located underneath the second axillary wing sclerite
(Figure 3A).[3,4] It consists of three different zones: 1) a rather
tough, dense and mainly chitinous ventral part, which contains
a small amount of resilin (tfp), 2) a soft dorsal part, which is di-
vided into a pad of pure resilin (prp), and 3) a pad of resilin in-
terspersed with chitin lamellae (lrp). The dorsal and ventral ends
of the wing hinge ligament are lined by dark, sclerotized cuti-
cle (sc) (Figure 3B).[3,4,51] On its external exposed side, the wing
hinge ligament is framed by hypodermal cells.[3,4] The deposi-
tion of resilin and chitin lamellae (zone 3) by these hypodermal
cells starts at around three days before emergence in the pharate
adult.[29,48] After around one week, chitin deposition ends, and
only pure resilin (zone 2) is deposited until around three weeks
after the final molt.[48] As in the prealar arm (see below), growth
layers fluorescing under UV-light can be found in the locust wing
hinge ligament, with thin, faintly fluorescent layers formed dur-
ing the day and wide, brightly fluorescing layers formed each
night.[29] Finally, the wing hinge ligament consists of 86% resilin
and 14% chitin and residual proteins and was found to have an
elastic modulus of around 2.6 MPa.[45,48]

Several studies suggest that the wing hinge ligament is able
to absorb tensile and compressive forces.[1,3,54,149] For example,

during the upstroke, when the proximal end of the second axil-
lary sclerite rotates around the (meso-) pleural wing process, the
wing hinge ligament is stretched and can store kinetic energy at
maximum wing deflection.[3,4,150] During the subsequent down-
stroke, the elastic recoil of the wing hinge ligament can then sup-
port wing acceleration.

In contrast to locusts, Lepidoptera, Coleoptera, and some Hy-
menoptera have tough and inextensible wing hinge ligaments.[3]

In these insects, elastic energy storage for wing acceleration can
probably be provided by the flight muscles and the rigid thorax
cuticle.[1,3] Consistently, several studies suggested that resilin´s
resilience might be too small at high wing beat frequencies to
serve elastic energy storage, as resilin was mainly found to oc-
cur in insects with synchronous flight muscles, a low wing beat
frequency of <50 Hz and high inertial forces during the wing
beat cycle.[1,3,5,6] However, some small, seemingly resilin-bearing
wing hinge ligaments have also been found in Calliphora, Bom-
bus, Apis and Oryctes between different sclerites, raising the ques-
tion whether the high resilience of resilin can also be given at
higher wing beat frequencies.[3,151] Since the study by Jensen and
Weis-Fogh in 1962, only a few studies have investigated the dy-
namic mechanical properties of native resilin, and there is still
some controversy going on.[3,5,6,45,146,152] While Jensen and Weis-
Fogh[5] investigated the prealar arm’s frequency-dependent be-
havior up to a frequency of 200 Hz, King[146] and Choudhury[152]

used the technique of time temperature superposition principle
(TTSP) with varying frequency, temperature, and hydration level
to obtain data for a larger range of frequencies, including a phase
transition frequency. In contrast to most other studies that ex-
amined resilin in tension, Kovalev and co-workers characterized
the mechanical properties of the locust wing hinge ligament in
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compression using microindentation and analyzed the data us-
ing the poroelasticity theory, a generalized Maxwell model with
two characteristic time constants and a 1D model.[45] So far, the
data suggest that the cockroach tibia-tarsal joint resilin is less
resilient than locust prealar arm resilin and the dragonfly ten-
don resilin at low frequencies.[5,6,146,152] This might be due to the
amount and purity of resilin in the examined structures, with the
tendon showing the highest purity. Furthermore, the authors re-
ported that the resilience of resilin test pieces was optimal at low
frequencies but seemingly show only some decrease in resilience
(≈5–15% of the values measured for around 10 Hz) with increas-
ing frequency of up to 200 Hz (prealar arm resilin not tested
at higher frequencies), but a significant decrease from around
600 Hz on (exact values strongly depending on the examined
structure; examined: cockroach tibia-tarsal joint resilin, prealar
arm resilin and dragonfly tendon resilin).[5,6,146,152] Gosline and
co-workers, who measured a frequency range of up to 200 Hz,
even inferred that the prealar arm resilin in insect flight systems
can only work efficiently as elastic energy storage material at wing
beat frequencies at around or below 25 Hz (range of wing beat fre-
quency of, e.g., locusts and dragonflies), at which the resilience
is at around 70%.[6] For insects with asynchronous flight mus-
cles and a wing beat frequency in the range of 100 to 700 Hz,
they concluded that resilin is probably not playing a major role in
elastic-energy storage.[6] Kovalev and co-workers conducted sev-
eral indents (each with a load application time of 10 to 80 s) within
a few minutes and detected that at the second indentation with
lower indentation depth, the time-force curve showed an increase
instead a decrease in force, a phenomenon that is called inverse
stress relaxation and that is linked to viscosity.[45] They concluded
that the locust wing hinge ligament might be adapted to both
rather fast (e.g., flight, ≈25 Hz, range of milliseconds) and slow
(e.g., wing folding, range of seconds) mechanical processes, with
relatively fast processes eliciting an elastic response and slow pro-
cesses showing a viscoelastic behavior.[45] Further examinations
are needed to get comparable results with different samples of
native resilin at a wide range of frequencies in tension and com-
pression.

1.3. Locust Prealar Arm

The locust prealar arm can be described as a hyaline peg, which
is located at the front edge of the mesotergum anterior to the
wing base (Figures 3A and 4A–C).[3] It has a diameter of about
250–450 μm and a length of about 500–600 μm, and it is of ir-
regular shape having curved ventral and lateral sides and a V-
shaped groove along its dorsal side (Figure 4A–D).[3,5] The tip
of the prealar arm is connected to the anterior tip of the first
basalar sclerite of the pleuron through a thick, tough and flex-
ible ligament (Figures 3A and 4C).[3] Through the connection
to the basalar sclerite, the prealar arm is further indirectly con-
nected to the humeral angle of the anterior part of the wing base.
The prealar arm features a dark sclerotized base, which shows
a relative abrupt transition to the hyaline, resilin-dominated
peg, the latter consisting of around 24% chitin and 76% resilin
(Figure 4A–D).[3,48] It is composed of thin (<0.2 μm (0.06 μm[153]))
concentric chitin lamellae, which are separated by thick (1–3 μm)

layers of resilin, resembling the lamellate transition zone in drag-
onfly tendons.[3,153]

Resilin and chitin are deposited by the surrounding hypoder-
mal cells, which remain constant in number throughout the de-
position and secrete chitin or resilin synchronously so that coher-
ent sheets arranged parallel to the hypodermal cell layer can be
formed.[5,48] The prealar arm of an 11-day old locust has about 130
chitin lamellae.[48] In contrast to the wing hinge, in which chitin
deposition is already ceased one week after emergence with only
pure resilin being deposited afterward, in the prealar arm, depo-
sition of both chitin and resilin by the hypodermal cells continues
until the formation of the prealar arm is completed (about three
weeks).[48] The chitin lamellae seemingly continue into the scle-
rotized base, thereby probably forming a firm anchoring for the
elastic peg.[3]

Due to the arrangement of the chitin lamellae, the pre-
alar arm’s deformation in longitudinal direction (extension) is
mainly determined by its chitin component and was shown to
be about three times less pronounced than in compression at
varying stresses.[3,5] During bending and compression, the pre-
alar arm behaves like a pure rubber with its mechanical be-
havior being predominantly based on the properties of the re-
silin component.[3,4] Weis-Fogh[4] and Jensen and Weis-Fogh[5]

showed that the prealar arm has a static elastic modulus of about
1.96 MPa measured perpendicularly to the chitin fibrils and an
elastic modulus of about 0.9–2 MPa.[4–6]

Contraction of the basalar muscle, which is connected to the
basalar sclerite, causes wing pronation and depression through
the connection to the humeral angle. During muscle contraction,
the prealar arm is deformed and stores elastic energy that likely
contributes to wing supination.

1.4. Dragonfly Wing Vein Joints and Veins

Wings of dragonflies and damselflies show a corrugated net-
work of slender, short cross veins, which are connected to thick,
longwise running longitudinal veins by wing vein joints. These
vein joints can be either flexible or fused (Figure 5A,B). Flexible
vein joints only form a limited contact to the adjacent longitu-
dinal vein and were found to be dominated by resilin.[61,154–156]

In contrast, fused vein joints establish a much broader con-
tact to the adjacent longitudinal vein and are dominated by
chitinous, sclerotized cuticle.[61,154–156] Flexible vein joints can
be secondarily stiffened by so-called spines (or spikes), which
are mostly cone-shaped, hollow protrusions (Figure 5C).[61,157,158]

Spines are located in direct proximity to and are often directed to-
wards the adjacent longitudinal vein and were supposed to limit
the free movement of cross veins around the longitudinal vein,
therefore, secondarily providing the vein joint with a directional
stiffness.[61,154–156] Nevertheless, spines vary in their proximity to
the adjacent longitudinal vein and show a great diversity in shape
and size among dragonflies and damselflies and can, therefore,
be assumed to have a more or less pronounced effect on limiting
the directional rotation around the longitudinal vein.[155]

Finite-element modeling suggested that in contrast to fused
joints, which show a high local stress concentration at the
connection between cross vein and longitudinal vein, in flexi-
ble resilin-bearing joints (i.e., double flexible joints with resilin
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Figure 4. Locust prealar arm. A,C,D) Confocal laser scanning microscopy. B) Light microscopy. A,B) Prealar arm (pa) situated at the front edge of the
mesotergum (mt). C) Prealar arm (pa) located on the mesotergum (mt) and connected to the first basalar sclerite (ba) by a ligament (li) and a flexible
membranous suspension (ms). D) 6.6 μm thick optical section of the prealar arm with highly sclerotized base (sc) and resilin-dominated part (rdp).
Reproduced with permission.[51] Copyright 2012, Wiley. ba—first basalar sclerite, li—ligament, ms—membranous suspension of the prealar arm and
first basalar sclerite, mt—mesotergum, rdp—resilin dominated part, sc—sclerotized cuticle. Scale bars: A,B) 200 μm, C,D) 100 μm.

patches on both the ventral and dorsal sides) the stress levels
are higher on the adjacent wing membrane and lower on the
joint itself, therefore, most probably contributing to the reduc-
tion of fatigue-related damages.[160,161] Therefore, resilin can be
assumed to reduce stress concentrations at vein joints, thereby
preventing failure at higher deformations.[160] As can be seen
in Figure 5B, wing membrane cells show a gradient in ma-
terial composition, with the border area adjacent to the wing
veins being dominated by autofluorescence shown in blue and
the central area showing an increased proportion of autofluores-
cence shown in green, suggesting a softer cuticle in the border
area.[65] Such a kind of flexible suspension might help reduce
stress levels in the connection area between veins and membrane
and contribute to delay the tear-off of the wing veins from the
membrane.[65]

In a wider context, flexible resilin-bearing vein joints were
further assumed to generally contribute to the increased chord-
wise flexibility of odonatan wings and to play a role in con-
trolling directional passive wing deformations, like promoting

the aerodynamically advantageous camber formation during the
downstroke.[61,155,156] As insect wings lack internal muscles for
precisely controlling the wing form, they largely rely on such pas-
sive mechanisms. Donoughe and co-workers[156] and Rajabi and
co-workers[160] showed that different joint combinations (con-
sisting of two vein joints, one on the dorsal and another one
on ventral side) have a different rotational stiffness, with the
double-flexible joint combinations being the most flexible vein
joint type.[156,160] Distribution analyses of the different vein joint
types and spines on the dorsal and ventral wing sides in different
families of Odonata revealed pronounced differences between
the Anisoptera and the Zygoptera (but also within the suborders),
leading to a classification into five different groups.[155,156,162] Fur-
ther analyses by Rajabi and co-workers, who analyzed wing sec-
tions comprising five vein joints (joint combinations) by finite-
element modeling, showed a high degree of variation in the de-
formation and stress distribution in different wing sections de-
pending on vein joint distribution and occurrence of spines.[163]

Furthermore, they demonstrated that the angular deformation
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Figure 5. Occurrence of resilin in dragonfly wings. A,B,C,E,F) Confocal laser scanning microscopy. D,G) Scanning electron microscopy. A) Left hind-
wing of Sympetrum vulgatum, dorsal side; nomenclature of the wing structures after.[159] D–G) Reproduced with permission.[65] Copyright 2015, Wiley.
B) Detail of A) (red square) showing a cross vein (cv) being flexibly connected (fl—flexible joint) to an adjacent longitudinal vein (lv) on one end and
being fused (fu—fused joint) with a longitudinal vein on the other end. C) Flexible joint with spine (sp) directed towards the longitudinal vein. D) Cross
section of a cross vein consisting of epicuticle (epi), exocuticle (ex) and endocuticle (en). E) Cross section of the ScP vein (layering comparable to a
longitudinal vein) with the cuticle being composed of five different layers: epicuticle (epi), exocuticle (ex), mesocuticle (me), second, thinner exocuticle
(ex2) and endocuticle (en). Flexible membrane (mb) is attached to the vein. F) Cross section of a cross vein composed of three layers: epicuticle (epi),
exocuticle (ex) and endocuticle (en). G) Cross section of a longitudinal vein with the cuticle being composed of the five usual layers plus an additional
mixed layer (mi). AA—anal vein anterior, arc—arculus, CA—costal vein anterior, CP—costal vein posterior, CuA—cubital vein anterior, CuP—cubital vein
posterior, dc—discoidal cell, epi—epicuticle, ex—exocuticle, ex2—exocuticle 2, fl—flexible, resilin-bearing joint, fu—fused joint, IR1—intercalated vein
interradial sector 1, IR2—intercalated vein interradial sector 2, MA—median vein anterior, mb— membrane, M&Cu—mediocubital stem, MP—median
vein posterior, Mspl—medial supplemental vein, RA—radial vein anterior, RP’—radial vein posterior (anterior branch of basal radial fork / midfork),
RP’’—radial vein posterior (posterior branch of basal radial fork/midfork) ( = RP3/4), RP1—radial vein posterior (anterior branch of distal radial fork),
RP2—radial vein posterior (posterior branch of distal radial fork), Rspl—radial supplemental vein, ScA—subcostal vein anterior, ScP—free subcostal
vein posterior, sp—spine, ta—triangle, ps—pterostigma, tr—tracheal membrane. Scale bars: B) 50 μm, C) 20 μm, D) 1 μm, E,F) 10 μm, G) 5 μm.

of a single vein joint depends on the type of surrounding vein
joints.[163]

A special joint in odonatan wings is the nodus. It is located at
the leading edge, comprises costal and subcostal vein parts and
divides the wing into a dorsally upwards facing pre-nodal leading
edge and a downwards facing post-nodal leading edge. Through
its specialized morphology with a dorsally often prominent ele-
vated ridge, it creates a dorsoventral asymmetry, providing higher

resistance to aerodynamic forces during the downstroke.[164] Re-
silin is present on both sides of the nodus but more promi-
nent on the ventral side. Finite-element simulations showed that
it increases translational and rotational displacements of the
nodus, thereby enhancing lift generation arising from leading
edge twisting,[126,165] and transmits the stress to the costal and
radial veins, away from the thinner subcostal vein.[164] The more
proximally such a flexible joint in the leading edge is located, the
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higher is the torsion of the wing, with Diptera and their costal
breaks representing an extreme example (e.g., review by Woot-
ton in 2020).[116]

Resilin was not only found in dragonfly wing vein joints but
also in the inner layers of dragonfly wing veins.[65] While the
outer layer (exocuticle) of such veins is rather stiff and sclero-
tized, one of the inner layers, the endocuticle, was assumed to
be rather soft and compliant due to a large proportion of a pro-
teinous, resilin-bearing matrix (Figure 5D–G).[65] This stiffness
gradient is especially pronounced in longitudinal veins, which
significantly differ from cross veins in having a much thicker en-
docuticle than exocuticle (exceptions are the cross veins spanned
between the costal and subcostal posterior veins).[65] Such a stiff-
ness gradient was further suggested to 1) reduce the overall vein
stiffness, 2) enhance elastic energy storage and 3) increase the
load-bearing capacity against failure by Brazier ovalization.[65,166]

1.5. Alar Fenestrae, Flexibly Anchored Hamuli, Flexion and Fold
Lines in Hymenoptera

In contrast to wings of dragonflies and other Palaeoptera, which
have a rich and pronounced venation and corrugation along the
whole wing, wings of Hymenoptera and some other orders of
the Neuroptera show 1) a pronounced reduction of corrugation
and the number of cross veins and 2) an increase of the relative
membrane cell size. The longitudinal veins of Hymenoptera tend
to end blindly in the distal wing area, thereby creating incom-
pletely bordered distal cells.[167] In such wings with a reduced
and incomplete vein network, the latter is not the main source
for the wings’ directional deformation during flight. Wing de-
formation is also directed by flexion along so-called flexion lines
(not to be mixed up with the “flexion lines” in Odonata, which
are based on the distribution of flexible vein joints),[61,158] which
pass through wing membrane cells and wing veins and are inde-
pendent from longitudinal-vein-to-cross-vein joints.[117,168] They
can be perceived as more hyaline areas in the wing membrane
and as transparent breaks within veins (so called alar fenestrae)
and often contain a large proportion of resilin, which increases
their flexibility and simultaneously prevents wear at these highly
stressed regions (Figure 6A–C).[62,119,169] Through the sometimes
asymmetrical distribution of resilin in the flexion lines on the
dorsal and ventral wing sides, the flexion lines can endow the
respective area with directional stiffness.[170] They allow the rota-
tional movement of whole wing areas and thereby contribute to
major wing shape changes in hymenopteran wings during flight.
For example, they permit camber generation and reversal during
downstroke and upstroke, respectively, and help control the an-
gle of attack and the extent of deformation of the distal part of the
wing.[117,168,171]

Wings of Hymenoptera show up to six different flexion lines
in the forewing and a reduced set (of usually one or two) in
the hindwing.[167–169,172] These include the following longitudi-
nal flexion lines: 1) the median flexion line, 2) the radial flex-
ion lines (anterior, posterior), 3,4) the medial flexion lines (an-
terior, posterior), and 5) the claval furrow (also named claval flex-
ion line) (Figures 6A,C,7A).[167,169,172,173] Except for the median
flexion line, which is convex with respect to the dorsal side of
the wing, all other flexion lines in Hymenopteran wings are con-

cave and, therefore, can be easily distinguished from the convex
wing veins (Brackenbury claimed that the median flexion line
is concave, but from his description, it can be deduced that he
mixed up the median flexion line with the posterior radial flex-
ion line.).[168,169,172,173]

The median flexion line runs posterior to the Sc+R vein and
anterior to the median vein and sometimes crosses the radial vein
branches (for all flexion lines, see Figures 6A,C and 7A).[169,171,174]

The radial flexion lines run between the medial and radial
veins.[169] The medial flexion lines, which have also been denoted
as medial folds, run posterior to the medial vein.[169,173,175] The
claval furrow (or claval flexion line) is a nearly universal flexion
line, which can be found at more or less the same position in the
fore and hindwing and in different families of the Neoptera.[171]

It normally lies between the posterior cubital vein (or M+Cu)
and the first anal vein. It extends to the claval notch at the wing
margin of the trailing edge, thereby separating the (posterior)
remigium from the anal wing area.[168,171,174] During the down-
stroke, the wing is deflected in the claval flexion line to compen-
sate for a shortening of the wing blade caused by the approach-
ing medial (or M+Cu) and anal veins.[151] The latter is caused by
the (1) contraction of the dorso-longitudinal muscles at the one
hand (leading to a downwards directed movement of the anterior
part of the wing, with the rotational movement of the first and
secondary axillary sclerites being involved) and (2) contraction of
the axillary lever muscle (having a decreasing effect on the wing
pronation and causing the upper end of the third axillary sclerite
and, therefore, also the base of the anal vein to move and tilt for-
ward and down so that the leading edge rises to a higher level
than the trailing edge).[151]

Apart from these more universal flexion lines, Ma and co-
workers showed the existence of a resilin-dominated stripe on
the ventral side of the area separating the costal vein and the
Sc+R vein (In their publication, they wrongly denoted the costal
and Sc+R veins as outer and inner sub-veins of the costal vein.)
(Figures 6A,C,D and 7A).[176]

When flexion lines pass through wing veins, the latter often
show an alar fenestra, a hyaline, resilin-containing break, at this
region.[168,177] In hymenopteran wings, resilin usually is either
only present at the dorsal side of the alar fenestra or can be found
on both sides with the dorsal side showing a more pronounced
resilin patch (Ma and co-workers most probably mixed up dorsal
and ventral wing sides.) (Figures 6A–C and 7A,B,E).[177,178] Exam-
ples for veins showing alar fenestrae are 1) the two m-cu cross
veins (1m-cu: one fenestra (Figures 6B and 7B); 2m-cu: two fen-
estrae; with the medial flexion lines passing through), 2) the 1cu-a
(=cu-v) cross vein (Figure 7D) and the distal end of the Cu1b
vein (=2CU[169]) (Each having one fenestra; with the claval flex-
ion line passing through.), and 3) the second free abscissa of Rs
(=2RS[169]) and both r-m cross veins (2RS: one fenestra; 1r-m: one
fenestra; 2r-m: two fenestrae; with the radial flexion lines passing
through) (Figures 6A–C and 7A,B,E).[167,169,179] In contrast to the
forewing of Hymenoptera, which often shows a full set of alar
fenestrae, the hindwing usually only has one or two (the cu-a alar
fenestra and the r-m alar fenestra) (Figure 7A).[167,178]

While in wings of Hymenoptera alar fenestrae are mainly
found in cross veins, in wings of Ephemeroptera, such alar
fenestrae are called “bullae” and are located at concave lon-
gitudinal veins (e.g., ScP, RP, MP), spanning a flexion line
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Figure 6. Occurrence of resilin in wings of bumble bees and wasps. A,C) Light microscopy. Blue, red, and pink coloration indicate the presence of resilin
on the ventral, dorsal or both wing sides, respectively. Green, dashed line indicates the course of the fold line, type A. Black dashed lines show the
course of flexion lines. B,D) Confocal laser scanning microscopy. A,B) Bombus terrestris. A) Left forewing, ventral view. B) Detail of red square in (A), 1
m-cu joint of the dorsal side of the left forewing. C,D) Vespula vulgaris. C) Left forewing, ventral view; white arrowhead—alar fenestra only present on
the last abscissa/2CU vein of vespids. D) Detail of red square in (C), costal break (cb) at the leading edge and resilin-dominated stripe (rds) between
C and Sc+R, left forewing, ventral view. 1A—first anal vein, 2A—second anal vein, amfl—anterior medial flexion line, arfl—anterior radial flexion line,
C—costal vein/Costa, cb—costal break, cfl—claval furrow (claval flexion line), cn—claval notch, 1Cu—first cubital vein/Cubitus, 2Cu—second cubital
cell, cu-a—cubito-anal cross vein, Cu1a/3CU—first cubital branch, Cu, abscissa/ 2CU—second cubital vein, Cu1b—second cubital branch, 1 M—
first medial cell, 1m-cu—first medio-cubital cross vein, 2 M—second medial cell, 2m-cu—second medio-cubital cross vein, M—medial vein/Media,
M+Cu—Media + Cubitus, mnfl—median flexion line, pmfl—posterior medial flexion line, prfl—posterior radial flexion line, 1r-m—first radio-medial
cross vein, 2r-m—second radio-medial cross vein, R—radial vein/Radius, 1Rs—first radial sector, 2Rs—second radial sector, Rs+M—radial sector +
Media, Sc+R—Subcosta + Radius. Scale bars: 50 μm (B, D).

along the wing chord in anterio-posterior direction and en-
abling a spanwise wing bending in ventral direction during wing
supination.[116,180,181]

A study by Mountcastle and Combes showed that even the stiff-
ening of a single resilin-bearing alar fenestra affects the flight per-
formance of a bumblebee (Bombus impatiens Cresson, 1863).[177]

They found a full set of the above-described alar fenestrae in the
forewing and artificially stiffened one of the 1m-cu vein (called
1m-cu joint, (Figure 6A (red square), B)) of a living bumble-

bee with a microsplint glued across the joint with cyanoacrylate
and examined the wing’s flexural stiffness and the maximum
vertical aerodynamic force production.[177] Their study showed
that the stiffening of the 1m-cu joint causes a reduction in over-
all chordwise flexibility, thereby preventing concave camber for-
mation in the wing during supination and transition into the
upstroke.[177] They further found that bumblebees with stiffened
1m-cu joints produced less maximum vertical aerodynamic force
and supposed that such a wing stiffening can negatively affect the
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Figure 7. Occurrence of resilin in wings of the honey bee Apis mellifera. A) Light microscopy. Blue, red and pink coloration indicate the presence of resilin
on the ventral, dorsal or both wing sides, respectively. B–E) Confocal laser scanning microscopy. A) Ventral side of the left forewing and hindwing with
the leading edge of the hindwing being connected to the trailing edge of the forewing. B) Detail of red square in (A), 1 m-cu joint of the dorsal side of
the left forewing. C) Distal hamuli (ha) with a flexible base (ba) at the leading edge (le) of the hindwing, dorsal side. D) Connection of the distal hamuli
(ha) of the hindwing (hw) to the sclerotized trailing edge (te) of the forewing (fe), ventral view. E. Alar fenestra of cu-a with claval flexion line (cfl) passing
through. af—alar fenestra, A—anal vein, amfl—anterior medial flexion line, ba—flexible base of the hamuli, C—costal vein/ Costa, cfl—claval furrow
(claval flexion line), 2CU—second cubital vein, cu-a—cubito-anal cross vein, fw—forewing, ha—distal hamuli at the leading edge of the dorsal side of
the hindwing, hw – hindwing, le—leading edge, 1m-cu—first medio-cubital cross vein, 2m-cu—second medio-cubital cross vein, 1 M—first medial vein/
Media, 2 M—second medial vein/ Media, M+Cu—Media + Cubitus, prfl—posterior radial flexion line, R—radial vein/ Radius, 1r-m—first radio-medial
cross vein, 2r-m—second radio-medial cross vein, Rs—radial sector, 2Rs—second radial sector, Sc+R—Subcosta + Radius, te—trailing edge of the
forewing. Scale bars: B–D) 50 μm, E) 10 μm.
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production and/or maintenance of the leading edge vortex dur-
ing supination and thereby decrease lift production.[177,182]

Ma and co-workers examined wings of the western honeybee
(Apis mellifera Linnaeus, 1758) and found a reduced set of alar
fenestrae in the forewing with the ones in 2r-m and the poste-
rior one in 2m-cu lacking (Figure 7A, reviewed distribution of
resilin).[178] As already assumed by Mountcastle and Combes,
they supposed that resilin in the form of alar fenestrae and flex-
ion lines in bumble bee wings can increase the wings’ chordwise
flexibility, support camber formation and, thereby, improve the
aerodynamic performance.[177,178] Based on the distribution pat-
tern of wing veins and resilin patches, the occurrence of a flexi-
ble hook-mediated forewing-hindwing-connection and recorded
wing deformations, they further suggested the existence of five
flexion lines in one forewing-hindwing entity.[178,183] These flex-
ion lines or rather some parts of them can be interpreted as the
claval flexion line (flexion line 1 and 3 in hindwing and forewing,
respectively), the anterior medial flexion line (flexion line 4) and
the posterior radial flexion line (flexion line 5), supplemented by
the flexible forewing-hindwing-connection (flexion line 2) (nu-
meration according to Ma et al. 2015) (Figure 7A).[178]

Besides their aerodynamic function, flexion lines or parts of
them can also serve other purposes like mitigating collision dam-
age when the wings hit an obstacle.[119] The reduction of wing
fracture is very important because wing area loss reduces the
load-lifting capacity, necessitates a higher wing beat frequency
and increases the rate of mortality.[184,185] In this context, Mount-
castle and Combes described another peculiarity of some hy-
menopteran wings, the costal break (also called costal notch).[119]

It is a flexible, resilin-bearing joint or break in the leading edge,
usually separating prestigma and stigma (Figure 6C (red square),
D).[119] According to Danforth, it can be interpreted as part of the
posterior radial flexion line and was observed to support flexion
and twisting of the distal wing half during supination.[167,172] In
order to test the role of the costal break in minimizing collision
damage, Mountcastle and Combes rotated the wings of a yellow
jacket wasp (Vespula maculifrons (Buysson 1905)) against the sur-
face of a leaf.[119] They used wings with a splinted, immobilized
costal break and unaltered ones and found that the immobiliza-
tion of the costal break results in a drastically increased rate of
wing wear (i.e., loss of wing tip area).[119] They further demon-
strated that bumblebee wings (Bombus impatiens Cresson 1863),
which do not have such a pronounced costal break, show less
collision damage than the splinted yellowjacket wings and con-
cluded that wing wear in bumblebees is rather reduced through
the increased flexibility of the unreinforced wing tip than through
a pronounced costal break.[119] The role of the spanwise vein ta-
pering towards the tip in reducing the wing tip’s moment of in-
ertia and generated stresses and in increasing its flexibility was
already discussed by Wootton in 1992.[115]

A study by Zhao and co-workers further showed for honey-
bee wings that wing stiffness and recovery time after wing defor-
mation due to collision with an obstacle is probably not only af-
fected by the wing’s structure and material composition but also
by hemolymph pressure in the wing veins (especially in leading
edge veins like the subcostal vein), which increases wing stiffness
and thereby reduces the recovery time.[186] Additionally, they as-
sumed that hemolymph affects the wing’s vibration characteris-
tics by increasing the mass and the moments of inertia.[115,186]

Another character of the Hymenoptera and all other Neu-
roptera is their ability to flex and tightly abut their wings hori-
zontally against their abdomen instead of simply position their
outspread wings at the sides or over the abdomen like the
Palaeoptera (with the exception of the Diaphanopterodea, which
evolved a second mechanism to fold their wings horizontally
over their abdomen).[187–190] Thereby, they are able to move faster
through the vegetation to, e.g., escape predators, hide in small,
narrow spaces and colonize new habitats.[191] In addition, many
Neopterans are able to fold their wings along special fold lines of
higher flexibility in fan-wise, transverse and/or longitudinal di-
rection to create an origami-like wing package of much smaller
dimension if compared to the unfolded wings.[191] Like flexion
lines, fold lines are flexible and supplemented by resilin.[62] How-
ever, in contrast to most of the hymenopteran flexion lines, fold
lines in wings of Hymenoptera tend to be convex with respect to
the dorsal side of the wing.[168] Unlike flexion lines, which pri-
marily serve aerodynamic functions, fold lines most of all serve
wing folding.[171] To some extent, however, flexion lines can also
contribute to wing folding, and fold lines can additionally sup-
port wing flexion during flight.[171] Based on the number and ar-
rangement of fold lines, wing folding in Neoptera ranges from
being quite simply (as in most Hymenoptera) to very complex
(as in Dermaptera).[62,191] While Hymenoptera, some Lepidoptera
and Trichoptera usually use only one wing folding mechanism
(longitudinal folding), Coleoptera combine two folding mecha-
nisms (transverse and longitudinal folding), and Dermaptera use
a combination of all three folding types (transverse, longitudi-
nal and fan-wise folding).[191] The mechanisms for wing folding
and unfolding as well as the ones for stabilizing the folded or
unfolded wing are quite diverse and include the involvement of
different body parts, muscles, movements, the use of resilin’s
intrinsic elasticity, and structure-based click-mechanisms (see
below).[168,191]

In most of the hymenopteran wings, a single, dorsally convex,
longitudinal fold line is used to form a single plaiting fold with
the ventral sides of the wing halves touching each other.[168] Dan-
forth and Michener distinguished between two fold line types,
namely plaiting fold A and B.[168] Plaiting fold A was shown to
be present in wings of Vespidae, Eulonchopria, Gasteruptiidae,
Figitinae and Leucospidae.[168] It runs from the posterior wing
margin near the wing base across the anal vein (vannal vein) and
the cu-a (cu-v) cross vein where it passes through the alar fenestra
(Figures 6A,C and 8A,C).[168] It then runs across the second cu-
bital cell, the last abscissa of Cu, through the medial cell and the
anterior alar fenestra of the 2 m-cu cross vein and finally across
the distal part of the medial vein (Figures 6A,C and 8A,C).[168] In
wasps, an additional alar fenestra on the anterior part of the last
abscissa of Cu (=2CU[169]) exists, which cannot be found in wasps
that do not fold their wings (Figure 6C, white arrow).[168,169] Plait-
ing fold A is very pronounced and is only less acute at the base
and the tip of the wing.[168] Variations between different families
include the existence of additional or less alar fenestrae or diffuse
vein weakenings, a slight alteration of the fold line’s path through
the respective veins and a varying acuteness of the fold line and
degree of vein sclerotization.[168] Plaiting fold B is present in the
wings of the pompilid genera Episyron and Poecilopompus.[168] It
starts at the wing base anterior to the M+Cu vein and further con-
tinues parallel and very close to M+Cu, then passes through an
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Figure 8. Folding line types and folding in ensign wasps. A–C) Wing schemata with green line indicating the fold line. D,F) Light microscopy. E) Confocal
laser scanning microscopy. A–C) Course of folding and flexion lines according to data from.[168] B,C) Drawings of wing and veins based on a photograph
kindly provided by the Smithsonian National Museum of Natural History, Department of Entomology. D–F) Reproduced with permission.[169] Copyright
2014, Public Library of Science. A) Forewing of Vespula maculifrons, showing a type A fold line. B) Forewing of Poecilopompilus algidus, showing a type
B fold line. C) Enlarged schemata showing the alar fenestra of the cu-a cross vein in wasp or bee forewings with fold lines of type A and B (in reality,
both fold lines never occur together in one species); grey box: folding mechanisms of fold lines of type A (normal folding) and B (zigzag folding), with
blue dots indicating flexible areas and black dots indicating veins, mechanism shown in cross section. D–F) Forewing of Afrevania longipetiolata sp. nov.
D,E) Fully unfolded forewing, showing flexion and fold lines. F) Folded forewing. 1A—first anal vein, 2A—second anal vein, afl—anal-marginal fold line,
anf—anterodistal notch of the forewing, cfl—claval furrow (claval flexion line), Cu—cubital vein/ Cubitus, 1Cua (= 1Cu)—first cubital vein, 2Cu—second
cubital cell, Cu, abscissa/ 2CU—second cubital vein, cu-a—cubito-anal cross vein, dfl—discal fold line, M—medial vein/ Media, 2 M—second medial
cell, M+Cu—Media + Cubitus, m-cu ( = 1m-cu)—first medio-cubital cross vein, 2m-cu—second medio-cubital cross vein, mfl = mnfl—median flexion
line, pfl—prestigmal fold line, pnf—posterodistal notch of the forewing, prf = prfl—posterior radial flexion line, 2r-m—second radio-medial cross vein,
r-rs—cross vein between radius and radial sector, 1Rs—first radial sector, 3Rs—third radial sector, Rs+M—radial sector + Media, sfl—poststigmal fold
line. Scale bars: A,B) 1 mm, D–F) 500 μm.
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alar fenestra at the medial (M) vein, then runs parallel to the cu-
bital (Cu) vein, passes through the 1 m-cu vein at a less distinct
vein weakening and finally passes through the medial cell and
the 2 m-cu vein (Figure 8B,C).[168] Danforth and Michener fur-
ther supposed that wings with the plaiting fold B can get another
shape (z-shape) than wings with plaiting fold A when folded be-
cause the convex plaiting fold B and the concave claval furrow
(claval flexion line) do not intersect (Figure 8C).[168]

Besides these usual longitudinal folds, some Hymenoptera
have more curved fold lines, which are limited to special regions
of the wing, like in the wings of the eucoilid genus Kleidotoma,
which uses two curved fold lines in the distal part of the wing to
wrap its wings over the metasoma.[168]

Mikó and co-workers further showed that hymenopteran
wings also possess more complex wing folding mechanisms.[169]

They reported on ensign wasps of the genera Afrevania and Tris-
sevania that are able to fold their forewings along intersecting
fold lines, a folding pattern comparable to the one used by some
cockroaches.[169] Here, three intersecting fold lines, namely the
anal-marginal fold line (afl), the discal fold line (dfl, which is
probably derived from the posterior radial flexion line of other
Evaniidae) and the poststigmal fold line (sfl, which is probably
derived from the anterior radial flexion line) are used for the four-
plane wing folding (Figure 8D–F).[169] Together with the anal-
marginal fold line, the other two fold lines, namely the prestigmal
fold line (which is probably derived from the stigmal break[169,192])
and the posterior radial fold line, seem to play a role in a locking
mechanism, which is necessary for securing the unfolded wing
position for flight (Figure 8D–F).[168,169]

In most of the hymenopterans that fold their wings along the
type A fold line, the unfolded wing is prevented to fold up during
flight by the so called click mechanism.[168,169] Usually, this mech-
anism involves wing regions where a concave and convex (flexion
and/or folding) line intersect. An example is the alar fenestra of
cu-a where the dorsally concave claval flexion line and the convex
plaiting fold A converge (Figures 6A,C,7A,E, and 8A,C).[168,169] In
the unfolded state, the alar fenestra is extremely concave, while
it becomes strongly convex in the folded state.[168] Both positions
are very stable and can only be inverted by alternating the config-
uration of cu-a.[168] Wing folding involves the intrinsic elasticity
(energy storage) of resilin and the active flexion of the wing to-
wards the longitudinal body axis, which (via the rotation of wing
base sclerites) causes the M+Cu and anal veins to twist in op-
posite directions, leading to a reduction of the concavity at the
alar fenestra and promoting convex plaiting.[168] Wing unfolding
and stabilization of the unfolded state seems to be correlated with
moving the wing to a position orthogonal to the body axis.[168]

As in wing folding, wing unfolding (as well as wing flexion and
camber formation) can be additionally supported by the connec-
tion to the hindwings through hamuli.[122,168] Hamuli are hook-
like setae, which are situated at the anterior margin of the leading
edge of hymenopteran hindwings. Based on their morphology
and the position along the leading edge, Basibuyuk and Quicke
distinguished three classes of hamuli: the basal hamuli, the sec-
ondary ones and the distal ones.[193] Basal hamuli are apically
flattened and generally curved towards the wing’s tip but show
some twisting after one third of their length.[193] They can be
found clustered at the separation point of costa and subcosta
on the hindwings of the members of three symphytan families

(Xyleidae, Pamphiliidae, Xiphydriidae).[193] Secondary hamuli do
not have the typical hook-like shape of basal and distal hamuli
but are rather slightly bent and often show a bifurcated tip.[193]

They are either dispersed along the proximal leading edge (in
almost all Symphyta) or clustered beyond the separation point
of the costa, subcostal and radius (in, e.g., Trigonalyoidea, Ich-
neumonoidea, Mutillidae, Bradynobaenidae, Rhopalosomatidae,
Pompilidae).[191] Distal hamuli are present in all winged Hy-
menoptera and are normally found at the proximal end of the
first radial vein in the distal wing half.[193] They are S-shaped and
interlock with a strongly sclerotized ridge (also called recurved
margin, frenal fold or retinaculum) at the posterior margin of
the forewing’s trailing edge (posterior rolled margin (PRM))
(Figure 7A,C,D).[193] The recurved margin’s Archimedean spiral
configuration, together with its thickened and sclerotized cuticle
are assumed to improve the stability of the interlocking system by
increasing the maximum coupling force the recurved margin is
able to endure.[194] The surface of this ridge often features small
protrusions, which provide additional grip for the hamuli.[195]

The latter are sclerotized hooked structures and are embedded
in a resilin-dominated membrane surrounded by a strongly scle-
rotized socket, which makes them flexibly suspended, compa-
rable to insect mechanoreceptors (Figure 7C).[196] Their flexible,
resilin-bearing bases and their rather stiff, hooked tips enable the
hamuli to maintain a tight but flexible forewing-hindwing con-
nection at alternating wing movements and forewing-hindwing
tilt angles (allowing large angle variations of 135–235° between
the wings), which is crucial for the wings’ aerodynamic effi-
ciency (especially by building a zone of ventral flexion (claval
flexion line and connection line between forewing and hind-
wing) and thereby allowing strong camber reversal during the
upstroke).[122,196–198] In addition, the movability of the hamuli al-
lows certain lateral sliding along the ridge and was suggested to
be advantageous for decoupling and re-coupling.[196] In this con-
text, it is interesting that bees are able to re-couple their wings
even in flight when they were uncoupled because of, e.g., con-
tact to the vegetation (www.ibycter.wordpress.com/tag/hamuli/
—video, leafcutter bee (Megachilidae)). Furthermore, the resilin-
dominated membrane was suggested to increase the durability
and reduce the risk of failure of the hamuli structures through-
out a bee’s lifetime.[196,198]

The number of distal hamuli varies widely within the Hy-
menoptera (ranging from two to over sixty), and sometimes
differences in the number of distal hamuli occur even within
one species and sometimes between the two hindwings of one
individual.[193,199] Schwarz proposed that the number of hamuli
can be related to body weight and (foraging) flight range, which is
in agreement with the observation that the foraging flight range
correlates with the number of hamuli in the alfalfa leafcutting
bee Megachile femorata (Megachilidae).[199,200]

Apart from the wing plane, resilin has also been found in the
wing base of Hymenoptera.[151] In the honey bee, it is present
in the form of “resilin stripes” stretching between the basalare
and the front edge of the humeral complex, where it is stretched
during the upstroke, and between the third axillary sclerite
(=pterale 3) and the anal vein as well as between the third ax-
illary sclerite and the second axillary sclerite (=pterale 2).[151] In
the latter case, Nachtigall and co-workers proposed that the re-
silin stripes might act as shock absorbers during the downstroke
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when the sudden tilting movements of the second axillary sclerite
are transmitted to the third axillary sclerite.[151]

1.6. Fold Lines in Earwigs and Beetles

In winged beetles and earwigs, forewings are thickened and scle-
rotized (elytra, beetles) or have a leathery appearance (tegmina,
Dermaptera) and serve the protection of the membranous hind-
wings. In beetles, they were shown to not only protect against
physical damage but also against diverse environmental chal-
lenges like desiccation, predation, and cold shock.[114] Hindwings
are often meticulously folded into smaller wing packages to fit
underneath the thickened forewings, thereby enabling the ani-
mals to hide in small crevices and to escape predators without
damaging their hindwings.[191] In earwigs, the anciently long,
stiff tegmina are further reduced in size, thereby increasing the
movability of the abdomen, enabling its unhindered flexion in
every direction and thereby facilitating crawling through narrow,
twisted spaces. This adaptation requires an even more meticu-
lous wing folding of higher packing ratio and leaves a sclero-
tized part of the wing, the squama, sticking out from under the
tegmen. As mentioned above, wing folding occurs along flexible
so-called fold lines. Based on the respective distribution and di-
rection of these fold lines and additional flexible wing patches,
coleopterans normally fold their wings in the longitudinal and
transverse direction, whereas dermapterans show a more com-
plex folding pattern with longitudinal, transverse and fanwise
folding.[191]

1.6.1. Coleoptera

By examining Coleopteran hindwings (Pachnoda marginata
(Drury, 1773) and Coccinella septempunctata Linnaeus, 1758) with
fluorescence microscopy and high speed video recording, Haas
and co-workers showed the existence of the following flexible fold
lines: an anal fold line, a longitudinal fold line (which branches
around the radial posterior vein in P. marginata hindwings) and
one or two transverse folds (Figure 9A,C).[63,201] In addition, of-
ten shorter fold lines, which are folded or only briefly bent and
re-flattened during wing folding, support the accurate execution
of the folding process. The anal fold line runs along the anal an-
terior (AA or 1A). The longitudinal fold line is often located be-
tween RA and MP1+2 and partly runs along RP (in P. marginata,
it branches in the middle of the wing and runs along RP2 and
RP3+4&MP1+2). The first transverse fold runs from the leading
to the trailing edge at around the middle of the wing and coin-
cides with the distal end of RA (and MP1+2 in C. septempunc-
tata) and the presence of the marginal joint (P. marginata). The
second transverse fold line, if present, is located at the veinless
wing tip (C. septempunctata). Most of the fold lines are convex
with respect to the dorsal side of the wing, with the exception of
the anterior longitudinal fold, the stiffening fold (which has also
been denoted as a stiffening flexion line by Haas and co-workers)
and some additional small fold lines.[63,201] The fold lines are sup-
ported by resilin on their ventral and dorsal sides at the proximal
and center part of the wing and the leading edge (Figure 9A–D).
Depending on its location, resilin can be suggested to help pre-
vent material failure, to support wing deformations, and to assist

wing unfolding. At the trailing edge and the wing tip, where the
wing becomes thinner and thereby more flexible, the occurrence
of resilin along the fold lines is less dominant.

Beetles normally fold their wings by brushing against them
with their abdominal anisotropic microstructures in anterior di-
rection and unfold them by using their thoracic muscles.[202,203]

The overall folding process is comparable in all beetles.[204] When
the wing is brushed towards the body, wing folding starts with
the most proximal part of the wing being folded ventrally and the
cubital (together with the media and radius posterior) veins mov-
ing closer to the radius anterior and the costa in the proximal
part of the wing.[204] In the next step, the wing is transversely
folded, bending the distal part of the wing ventrally, and the fold-
ing process often ends with additional folding of the wing tip.[202]

However, despite different species have a comparable set of fold
lines and fold their wings in an overall likewise manner, the de-
tails of the wing folding are quite diverse and lead to striking dif-
ferences between the species not only in the shape and packing
ratio of the folded wing but also in the distribution of resilin, here
explained based on the two species Coccinella septempunctata Lin-
naeus, 1758 and Pachnoda marginata (Drury, 1773).[63,191,204–212]

In C. septempunctata, wing folding begins with a bending along
the convex anal fold and another small concave fold present in
this area (Figure 9A). At the same time, the wing is folded along
the concave anterior longitudinal fold line and the concave stiff-
ening fold line, enabling a deep folding and being supported by
resilin-dominated cuticle (Figure 9A,B). The anterior longitudi-
nal fold line is mainly folded along its proximal part, whereas it
remains mostly flat in the distal part behind the first transverse
fold, and concave folding is pursued along the stiffening fold line.
This explains the lack of resilin along the distal part of the ante-
rior longitudinal fold line, which is running posterior to the trans-
verse fold line. In the further course, the distal wing half bends
in ventro-proximal direction, thereby increasing the folding along
the anterior longitudinal fold line and the stiffening fold and in-
ducing the folding along the convex posterior longitudinal fold
line. As a result of this, RP and RP2 are brought even closer to
the leading edge joint, and the distal part of the wing is flipped
over the leading edge so that its ventral side is facing up. During
this process, the wing is folded along the convex first transverse
fold line, thereby supporting the flipping movement. At the point
where the first transverse fold line passes the radius posterior,
the vein shows a flexible area comparable to the alar fenestrae of
Hymenoptera. The wing is not only folded along the main fold
lines but also briefly along some additional short fold lines at the
leading edge (see examples in Figure 9A). In addition, Saito and
co-workers proposed the existence of a diamond-shaped crease
pattern comparable to that found in P. marginata.[212] Although
the folding of this central part does not appear to have a great in-
fluence on the global folding, it can have an effect on the folding
pattern of the stiffening fold and prevent material failure.[211] At
the end, the wing is folded along the convex second transverse
fold so that the folded wing obtains a zigzag shape. The func-
tion of the second alar-fenestra-like gap in the radius posterior be-
comes apparent when examining the fully folded wing, which is
primarily folded in transverse direction along the first transverse
flexion line and, in addition, slightly bent at this area (for wing
folding in Coccinellidae, refer to, e.g., Haas and co-workers,[63]

Saito and co-workers[211] (watch micro-CT animation), Song and
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Figure 9. Occurrence of resilin in beetle wings. A,C) Light microscopy. B,D) Confocal laser scanning microscopy. A,B) Coccinella septempunctata.
A) Left hindwing, ventral view. B) Detail of red square in (A), flexible folding zone with central sclerotization (cs) and anteromedian sclerotization (ams),
stiffening fold line (sf), first transverse fold line (tf1) and shallow anterior longitudinal fold line (lfa). C,D) Pachnoda marginata. C) Left hindwing, ventral
view. D) Detail of red square in (C), marginal joint (mj) with transverse fold line (tf). AA—anal anterior vein, af—anal fold line, ams—anteromedian
sclerotization, AP1+2—first and second anal posterior vein, AP3+4—third and fourth anal posterior vein, bz—bending zone, C—costal vein/ Costa,
cfl—claval flexion line, cs—central sclerotization, CuA—cubitus anterior vein, fj—flexible joint, ilf—intermediate longitudinal fold line, J—jugal vein,
lf—longitudinal fold line, lfa—anterior longitudinal fold branch, lfp—posterior longitudinal fold branch, lfp1—first posterior longitudinal fold branch,
lfp2—second posterior longitudinal fold branch, lj—leading edge joint, mb—medial bridge, mf—median flexion line, MP1+2—first and second media
posterior vein, mj—marginal joint, pcas—postcosto-apical sclerotization, RA—radius anterior vein, RA3—third radius anterior vein, RA4 + RP1—fourth
radius anterior and first radius posterior vein, RP—radius posterior vein, RP2—second radius posterior vein/branch, RP3+4 & MP1+2—third radius
posterior and first and second media posterior vein, ScA—subcostal anterior vein, sf—stiffening fold, tf—transverse fold line, tf1—first transverse fold
line, tf2—second transverse fold line. Scale bars: B,D) 100 μm.

co-workers[212]). Ladybird beetles unfold their wings before flap-
ping, and, for this reason, unfolding of the wing was suggested to
be driven by elastically stored energy in resilin-dominated areas
and tape spring veins.[211,213,214]

Wing folding in Pachnoda marginata is driven by abdominal
and elytral movement and begins with folding of the proximal
part of the wing in ventral direction along the dorsally convex
anal fold (Figure 9C). Subsequently, the wing folds along the con-
cave anterior longitudinal fold (which runs along more or less
the same path of the median flexion line). The RA and MP1+2
veins are moving against each other, with the medial bridge as
pivot point and resilin at this proximal part avoiding material
fatigue.[63] Haas and co-workers also suggest that the occurrence
of resilin between the veins can be an indication for elastic en-

ergy storage taking place when RA, MP1+2 and CuA are approxi-
mated during wing folding.[63] The anterior longitudinal fold line
further runs across a rather complex diamond-shaped fold field,
which is dominated by resilin in those areas where fold lines are
present (Figure 9C,D). At the same time, the convex fold lines
(first and second posterior longitudinal fold lines) surrounding
the RP, MP1+2 and RP3+4&MP1+2 vein area shift the latter dor-
sally so that the RP and MP1+2 veins come closer to the leading
edge (RA) and now lie almost parallel to the RA vein.[63,203] In
the further process, the distal wing half is folded in ventral di-
rection along the convex transverse fold, which is running from
the trailing edge up to the marginal joint. Where the transverse
fold line crosses, RP3+4 and MP1+2 show a flexible articula-
tion dominated by resilin on the dorsal and ventral wing sides
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(comparable to an alar fenestra).[63,203] The more the wing is di-
rected ventrally and downwards, the more the two convex prox-
imal folds of the diamond-shaped fold field below the marginal
joint are folded dorsally, thereby creating a small folding bag with
the anterior longitudinal fold running through its center. Further
folding along the anterior longitudinal fold establishes a close
contact between the area of the diamond-shaped fold field ly-
ing above and the one lying below the anterior longitudinal fold.
Together with the ventrally directed wing folding, this leads to
folding in this upper part of the transverse fold, i.e., the part of
the transverse fold that lies above the anterior longitudinal fold
is folded in concave and the part lying just below the fold line
is folded in convex direction. Finally, the two distal folds of the
diamond-shaped fold field (see Figure 9D for the upper of the
two distal folds), which are now lying on top of each other, are
slightly folded in opposite direction to the part of the transverse
fold that runs through the diamond-shaped fold field and their
crossing point tugged in the ventrally concave fold of the MP1+2
and RP veins on the ventral wing side. As a result of this, the
wing tip finally ends up lying under the CuA vein.[63,203] Dur-
ing this folding movement, the wrinkled bending zone is most
probably stretched, bent and twisted, and its wrinkled structure
helps avoid material failure.[63,215] In the course of the whole fold-
ing process, the wing is folded and flattened again along some
rather indistinct fold lines in the trailing edge (one example is
the (here termed) intermediate longitudinal fold line visible in
Figure 9C).

In contrast to C. septempunctata wings, unfolding in P.
marginata wings is probably directed by wing flapping and the
scissor-like movement of RA and MP1+2 (and RP), thereby
tightening the flexible joint between RP and RA as well as the
diamond-shaped creases and the marginal joint and leading to
an outstretched apical wing area.[63,191,213] Accordingly, wing un-
folding is mainly driven by inertial and aerodynamic forces dur-
ing fast flapping and to a minor part by direct thoracic muscular
force but also by elastic energy storage during folding in the re-
gion of the marginal joint.[63,191,213]

During flight, the wing is bent along the concave flexion lines,
i.e., the median flexion line, the claval flexion line and the stiff-
ening flexion line, which is only present in C. septempunctata and
has also been named stiffening fold because it plays a major role
in wing folding (see above).[63] The median flexion line and the
anterior longitudinal fold run along the same path and closely
follow RP2 up to its end and can be regarded as one.[63,191,216]

Therefore, in contrast to most other winged insects, in which the
median flexion line is mainly essential for a proper wing defor-
mation during flight, this flexion line also plays a role in the wing
folding of the Coleoptera by being engaged in the angular sepa-
ration/joining of RA and MP1+2.[191]

In contrast to wings of P. marginata and Cyrtotrachelus bu-
queti Guérin-Méneville, 1844, in which resilin can only be found
at the intersection of the median flexion line with the anterior
(marginal) joint, the median flexion line of C. septempunctata is
accompanied by an enlarged resilin patch extending from its cen-
ter up to its apical ending.[63] The claval flexion line either runs
posterior to MP1+2 (C. septempunctata and C. buqueti) or poste-
rior to CuA (P. marginata). As reported so far, it is not accompa-
nied by a noticeable amount of resilin.[63,216] As already described
above, the stiffening fold/flexion line runs anterior to the anterior

longitudinal fold branch, starting from the centre of the longitu-
dinal fold, rising to the anterior wing margin, running below the
postcosto-apical sclerotization, thereby crossing the first and sec-
ond transverse fold, and ending at the wing margin. Along its
whole length, it is supported by resilin.[63] Meresman and Ribak
showed that resilin- and structure-based wing compliance plays
a role in increasing torque and causing camber and wing twist,
thereby not only providing a higher flight efficiency and a higher
maneuverability but also contributing to flight stability by de-
creasing the difference in wing pitch between the contralateral
wings at turn initiation.[217]

As already mentioned before, wing flexion during flight
takes also place at the fold lines (and the marginal joint in
P. marginata).[63] Phan and Park examined the wings of free-
flying rhinoceros beetles (Allomyrina dichotoma (Linnaeus, 1771))
under collision and found that under wing-tip collision, these
wings often collapsed along the fold lines, thereby absorbing
the collision forces, and returned to its outstretched form in
less than 4 ms within a wing stroke.[213] While collisions with-
out wing folding caused substantial changes in flight altitude,
body posture and often lead to a tumbling flight, flight path
and body posture were less perturbed in collisions with wing
folding.[213]

1.6.2. Dermaptera

Earwig wings offer a conglomeration of joints, flexion and fold
lines, veins, broadened vein patches and membrane areas sup-
ported by resilin on their dorsal and/or ventral sides (Figure 10A).
The distribution of resilin mainly follows the pattern of wing fold-
ing, which is quite complex. While the leading edge, consisting
of squama and apical fields, is stiff and tanned and only shows
one flexible, resilin-dominated intermediate field, which is as-
sociated with wing folding, the ulnar field below the squama is
less tanned and is interspersed with more flexible areas and lines
(Figure 10A,B). The remaining part of the wing is membranous
and more flexible, with several fold lines, flexible vein patches
and veins as well as alar fenestrae, all of them enabling the spe-
cialized fan-wise, longitudinal and transverse wing folding.[62,218]

Interestingly, the radiating (anal) veins at the distal membra-
nous wing part are more sclerotized and thicker than most of
the veins in the proximal part (except for the most proximal wing
veins).[62,219] Veins at the proximal membranous part are often
less sclerotized and thinner, dominated by resilin and flatten
out towards the trailing edge (Figure 10A).[62,219] Deiters and co-
workers assumed that the increased sclerotization and vein thick-
ness in the distal part of the wing, together with the partial fusion
of the second to fifth radiating (anal) veins, can help stabilize the
wing and withstand strong bending forces and deformations dur-
ing flapping flight.[219]

Wing folding in earwigs is not only special because of its com-
plex folding pattern but also because of its mechanism. While
beetles often actively fold and unfold their wings, earwig wings
are only actively unfolded, but they are folded exclusively pas-
sively by the intrinsic elasticity of flexible, resilin-bearing wing
vein patches and fold lines.[63,191,218,221] As in Hymenoptera, reg-
ular fold lines in earwig wings are convex with respect to the
dorsal wing side. Nevertheless, due to the fanwise folding, the
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Figure 10. Occurrence of resilin in wings of the earwig Forficula auricularia. A) Light microscopy. B) Confocal laser scanning microscopy. A) Dorsal side
of the left hindwing; dashed green lines indicate fold lines; except for the proximal part of the ring fold line, ring (rif) and radiating (rf) fold lines are not
traced with dashed green lines for keeping the visibility of the resilin distribution. B) Detail of the larger red square in (A), showing the contact area of
radiating veins (rv) with the ulnar field as well as flexible regions like the wing medium joint (wmj) with the intermediate/ central field (if) or radiating
fold lines (rf). C) Detail of the smaller red square in (A), showing a dorsally flexible broadened vein patch (fp) of a radiating vein (rv) and a dorsally
sclerotized broadened vein patch (sp) of an intercalary vein (iv), dorsal side of the left hindwing. ajc—anojugal cell, af—anal fold line (first transverse
fold line), AP—anal posterior, ap1—outer apical area, AP1+2—first and second anal posterior, ap2—inner apical area, AP3—third anal posterior, AP4—
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involved radiating fold lines alternately change in orientation
(Figure 10A). All fold lines are dominated by resilin on their
dorsal and ventral sides (Figure 10A). Where the radiating fold
lines cross veins (i.e., ring cross veins), the veins show a re-
duced form of the alar fenestra known from wings of Hy-
menoptera, with resilin present on their dorsal and ventral sides.
During the folding process, the dorsally alternating convex (+)
and concave (−) radiating fold lines are pushed together fan-wise
(Figure 10A–C).[62,218] Subsequently, the wing package is folded
along the ring fold line (=second transverse fold line) in ven-
tral direction with the fold line crossing the broadened vein
patches.[62] Broadened vein patches of radiating (anal) veins are
dominated by resilin on the dorsal side and more sclerotized on
the ventral side (Figure 10A,C).[62] The same is true for the broad-
ened vein patches of the intercalary veins, only the other way
around. As a result, during wing folding, the resilin-dominated
side of the broadened vein patches of radiating and intercalary
veins is pressed together and forms an acute angle (concave), i.e.,
radiating vein patches bend to the dorsal side, while intercalary
vein patches bend to the ventral side.[62] This automatic mech-
anism can be explained by the elastic recoil of resilin, which is
stretched (in a stressed state) when the wing is completely un-
folded and returns to its relaxed state during wing folding. After
fan-wise folding, the wing is transversely folded along the convex
anal fold (=first transverse fold).[62] Where the radiating (anal)
veins meet the ulnar field, they are separated from the latter by a
small ridge, which is part of the anal fold line and partially sup-
ported by resilin (see also Haas and co-workers[62]). On the dor-
sal side, the fourth radiating (anal) vein is connected to the inner
apical area (Figure 10B), whereas on the ventral side, the second
radiating vein meets the inner apical area.[62] Fusion of the third,
fourth, and fifth radiating veins on the ventral side serve the coor-
dinated folding and unfolding of the radiating veins.[62] Finally,
the wing is longitudinally folded in ventral direction along the
convex longitudinal fold line, which separates the squama and
the ulnar field (Figure 10A–C).[222] The last step also includes
folding along a short concave fold line, here termed the jugal
fold line, running from the trailing edge to the wing base, where
it meets the longitudinal and ring fold lines (Figure 10A). At the
end, the wing area is reduced to 10% and sometimes even 5.5% of
its size in the unfolded state and tightly packed under the tegmen,
with only the squama being visible.[222,223]

Wing unfolding is either directed by cerci movements (e.g.,
Forficula auricularia Linnaeus, 1758; Labia minor (Linnaeus,
1758)) or by wing flapping driven by thoracic musculature and
transmitted by the wing articulation (e.g., Auchenomus sp.; Tim-
omenus lugens (Bormans, 1894)).[63,191,221] The latter mechanism
especially occurs in earwigs with very long cerci that reach
or even surpass the abdominal length.[221] What is striking
about the wing unfolding are the bistable self-locking mecha-
nisms, which inhibit the wing from folding during flight and
work as a combination of fold and flexion lines and material

gradients.[62,218,219,222,224] There are two of such mechanisms in
the earwig wing, the mid-wing-mechanism and the claval flex-
ion line.[62,218,219] The mid-wing-mechanism involves the inter-
mediate (or central) field as well as the twofold lines, i.e., the
anal fold line and the longitudinal fold line, which cross at the
field.[62,218,219] It was described as bistable, basic mechanism, con-
sisting of four plates (squama, ulnar field, outer and inner apical
area), which are separated by four lines, i.e., the two crossing fold
lines mentioned above (Figure 10A,B).[62,218] Because the total of
the four angles around the crossing point are less than 360° (i.e.,
350°), increasing of the opening angle between two basal plates
beyond 180° leads to a sudden snap into the other of the two sta-
ble positions. When the wings are unfolded by the cerci or by
flapping and the angle between the squama and the ulnar field
(or between the two latter and the apical fields) rises above 180°

by these movements, the wing is locked in this second stable po-
sition, comparable to a switch.[62,218] Resilin can be found on the
ventral and dorsal sides of the involved fold lines and the inter-
mediate field and was supposed to serve not only energy storage
but also the prevention of material fatigue.[62] In addition, the
compliant, resilin-bearing rhombic intermediate field was found
to reduce the forces needed to change between the two stable po-
sitions, thereby alleviating the risk of failure as a result of high
stresses.[62] Apart from its function in wing folding, the interme-
diate field, together with the anal fold line (which here acts as a
flexion line), also play a role during flight by allowing the distal
(outer) part of the wing to move differently from the squama and
thereby supporting camber formation.[219] More precisely, dur-
ing the downstroke, the distal wing part is bent upwards, thereby
flattening the angle in the intermediate field and showing a more
flattened (slightly concave) shape, whereas during the upstroke,
when the distal part of the wing is bent downwards, the angle
becomes more convex.[219] The double function as fold and flex-
ion line with concave and convex bending can be a reason for the
occurrence of resilin on the ventral and dorsal sides of the fold
line.

The second mechanism for inhibiting accidental wing folding
during flight involves the concave claval flexion line, which is also
supported by resilin on both sides (Figure 10A).[62,218,219] It runs
from the wing base across the ulnar field and along the anal pos-
terior vein, thereby crossing the convex longitudinal fold line,
which runs across the ulnar field and separates the latter from
the squama. When the wing is folded along the longitudinal fold
line, the claval flexion line is rather flat, but as soon as the wing
is unfolded, the claval flexion line snaps into its concave form,
rendering the ulnar field stable and stiff and preventing the con-
vex folding or bending of the longitudinal fold line.[62] During
the upstroke, when the distal wing part is bent downwards, the
stiffening mechanism of the claval flexion line not only prevents
the longitudinal fold line from becoming convex but also inhibits
folding of the anal fold line by pushing it in through the stiffening
of the ulnar field.[219]

fourth anal posterior, bp – broadened vein patch, cfl—claval flexion line/ claval furrow, CuA—cubitus anterior, CuP—cubitus posterior, fp—flexible side
of a broadened vein patch, if—intermediate/ central field, iv—intercalary vein, jc—jugal cell, jf—jugal fold line, JP1+2—first and second jugal posterior,
lf—longitudinal fold line, mf—marginal field (costal area), MP—media posterior, rc—ring cross vein, rf—radiating fold line, rif—ring fold line (second
transverse fold line), rv—radiating (anal) vein/ branch (numbered from 1 to 8), sp—sclerotized side of a broadened vein patch, sq—squama, uf—ulnar
field, wmj—wing medium joint. Scale bar: B,C) 50 μm. Nomenclature after.[218,220]
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1.7. Membranous Resilin Patches and Halteres in Diptera

Flies are not only functionally two-winged fliers as hymenopter-
ans or lepidopterans. Their hindwings have been transformed
into a pair of mechanosensory halteres so that only the forewings
are left to serve lift production during flight. Halteres are special-
ized gyroscopic organs and are used to control body rotation and
to influence wing-steering muscles and head movements during
flight.[225–227] In some families, they also have some functions
during walking.[226,228] While other insect orders use their wings
or, e.g., antenna for additional haltere-like functions, the mor-
phology and material composition of dipteran halteres are specif-
ically adapted to such functions.[229–231] Both, wings and halteres,
contain resilin, and the hitherto existing knowledge of the distri-
bution and function of resilin in these structures is described in
the following paragraphs.

As in wings of Hymenoptera, dipteran forewings show flexion
and fold lines, however, the exact positions of these lines have not
been examined in detail until now. Wootton examined the wings
of a hoverfly and assumed that dipteran forewings normally have
two flexion lines (i.e., the median flexion line and the claval flex-
ion line) and one fold line (i.e., the jugal fold).[171] In contrast
to hymenopteran wings, in which the median flexion line lies be-
tween the Sc+R and M+Cu veins, this median flexion line is sup-
posed to be located below the media vein (M) and above the first
branch of the cubitus (CuA1) in Diptera (Figures 6A,C and 11A).
In Hymenoptera, the claval flexion line lies above the anal vein
and below the M+Cu vein (Figure 6A,C). For Diptera, Wootton
described that a flexion line, whose function is comparable to
that of the claval flexion line in other insects and which, there-
fore, is further termed as such (by Wootton in 1979), lies below
the first branch of the anal vein (A1), which is often fused with
the second branch of the cubitus (A1+CuA2) (Figure 10A,C).[171]

Autofluorescence analyses of the claval flexion line showed a nar-
row line of blue autofluorescence running posterior to CuP and
A1+CuA2 and ending in a broader patch of blue autofluores-
cence anterior to A2 (Figure 11A,C). For most of the length of
the suggested median flexion line, autofluorescence analyses do
not show much proof of the existence of resilin autofluorescence,
except for the part located in the basal medial cell, where it can
be recognized as a relatively blurry line (Figure 11A,C). Neverthe-
less, the results indicate the presence of a 1) flexion line anterior
to CuA1 and 2) one between the veins R4+5 and M, together with
3) a ventrally existing rudiment of an alar fenestra at the radio-
medial cross vein, 4) a flexion line running across the squama in
anterior-posterior direction and (5) a more flexible part of the me-
dia and the discal-medial-cubital cross vein (Figure 11A,C). The
jugal fold, which is convex and accompanied by resilin, separates
the alula, which is a part of the claval region of most brachyc-
era flies and whose state was supposed to indicate different flight
modes, from the alar squama, which represents the jugum in
dipteran wings.[171,232,233]

In addition to the presence of resilin in flexion and fold lines,
dipteran wings show highly distinctive resilin patches in close
proximity to wing veins in the proximal part of the wing on the
ventral and dorsal wing sides.[236] Such resilin patches have not
been found in wings of other insect orders so far. Interestingly,
they are lacking at the distal part of the wing, where the vein
network is less dense (Lehmann et al. 2011).[236] Analyses of the

wing’s autofluorescence composition show that there is a mate-
rial gradient, with the wing membrane being more flexible in
the proximal part than in the distal part (Figure 11A–C). As re-
ported by Lehmann and co-workers, bending moments are max-
imum near the wing root at the beginning of each half stroke
(acceleration phase), when inertial forces peak.[236] Therefore, re-
gardless of the elevated flexural stiffness of this wing area, local
deflection is high.[236,237] Depending on the forces acting on the
wing during the flapping cycle, the veins are either pressed to-
gether or pulled apart.[236] A mechanism for camber formation
through the arculus, translating the upwards movement of the
media to a twisting of the radius and the cubitus and thereby
producing a downward movement of the trailing edge, was de-
scribed by Ennos in 1989.[120,238] Such movements lead to a de-
crease or increase in membrane tension and possibly result in
a stress-stiffening effect by the membranes (through transverse
stiffening).[118,208,236,239] Resilin patches in these membrane areas
were assumed to reduce material failure and peak stress.[236,237]

High-speed video analyses of free-flying Diptera furthermore re-
vealed the existence of transverse anterio-posterior running flex-
ion lines, which bend the wings downwards at the end of the
downstroke.[238] These transverse flexion lines exactly match the
distribution of resilin patches (Figure 11A,B).

Despite the small bending moments near the wing tip, local
deflection is also high in this wing part due to its lower flexural
stiffness.[236] The lower flexural stiffness and higher compliance
of the wing tip are probably due to the less dense vein network
and decreased vein and membrane thickness and might serve the
decrease of material failure when the wing hits an obstacle.[115,236]

More flexible veins like the distal part of the media and the discal-
medial-cubital cross vein might serve the same purpose.

At the costal leading edge, dipteran wings show breaks (less
frequent/prominent in, e.g., lower Brachycera), i.e., the costa-
gial/costal break, the humeral break and the subcostal break,
whose location was supposed to be affected by pupal folds
(Figure 11A,C).[238] These breaks are supplemented by resilin and
are roughly comparable in function to the costal break in wasp
wings, though they are often less prominent in shape (see above).
In contrast to the costal break in Hymenoptera, the costal and
humeral break in Diptera are unusually proximally located so that
wing torsion can be quite extreme.[116]

By studying pro-resilin mutants as well as flies with mu-
tated Rebers and Riddiford chitin-binding domain, Lerch and co-
workers showed that flies without pro-resilin or chitin-binding
domain were unable to fly and showed the held-down wing (hdw)
phenotype, leading to the assumption that resilin in the wing
base is crucial for wing flapping and holding.[46]

Small resilin-bearing structures can additionally be found at
the tegula, near the wing base at the radial vein (or ScP+R
vein), near or at the humeral cross vein, the radio-medial
cross vein and the distal part of the first branch of the ra-
dius and along the radial branch anterior to the radio-medial
cross vein, and they are attributed to the presence of campan-
iform sensilla (Figure 11C,D).[234,240–243] Campaniform sensilla
are stretch-sensitive sensors and typically occur at sites of maxi-
mum strain.[231,234,241,244] They consist of a cuticular cap or dome,
which is assumed to contain resilin in its second layer, and a sen-
sory dendrite, which is connected to the cap by the tip of its sen-
sory process.[240,245] When the wing cuticle is deformed, the cap is
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directionally deformed as well, transmitting the force to the sen-
sory process of the dendrite, from where the signal propagates
and innervates the B1 motoneuron, thereby providing feedback
to and activating the first basalar muscle, which is an important
steering muscle.[227,231,246] Resilin in the cap was supposed to al-
low the cap to resume its original form and can probably also
serve fracture-resistance and as a flexible suspension for the sen-
sory process.[245]

Campaniform sensilla were not only found in the wing but
also on the bases of halteres in the form of sensilla groups and
fields (Figure 11E–H).[226,234,241] Halteres are dumbbell-shaped
appendages of the metathorax and consist of 1) a base, equipped
with plates of mostly oval-shaped campaniform sensilla at the
ventral and dorsal sides as well as Hicks papillae and chordo-
tonal organs, 2) a slender stalk, which is more prominent in an-
cient dipteran families and shorter in more derived ones, and
3) an asymmetric bulb or end-knob, which is filled with promi-
nent vacuolar cells, keeping the bulb cuticle constantly strained
(Figure 11E–H).[244]

General autofluorescence analyses showed that halteres are
more flexible at their tip than at their base.[247] The results of
more detailed analyses reveal that the bulb generally consists of a
homogenous flexible material, which is less flexible at the transi-
tion zone between the haltere stalk and head and at its posterior
side where the bulb overhangs (Figure 11F,G). The posterior side
of the stalk shows a comparable stiffness distribution towards its
posterior side. The asymmetric form of the haltere bulb leads to a
shift in the center of gravity to the rear axis of the haltere stalk and
can explain the stiffer material present at this side.[244] Although
the haltere base is relatively stiff in comparison to the stalk and
bulb, the haltere hinge and the cap-like structures of the campan-
iform sensilla are more flexible (Figure 11F–H).[240,245,248,249]

Halteres typically oscillate at the same frequency as the
forewings but at more or less the opposite phase (true only for
Brachycera: 138–182°; in the more ancient Nematocera: wide
variations from 0 to 211°).[228] This oscillation pattern is coor-
dinated by the subepidermal ridge, a mechanical wing-haltere
linkage in the thorax.[226,244,250] During flight, halteres experience
large inertial and significantly smaller aerodynamical forces, and
during body rotation, they are subjected to the angular velocity-
dependent Coriolis force.[251] All of these forces cause torsion and

bending of the stalk, thereby deforming the campaniform sen-
silla so that halteres can act as gyroscopes.[226,244,252] Therefore,
in contrast to the wings’ campaniform sensilla, which encodes
chordwise and spanwise wing bending and thereby changes in
aerodynamic and inertial forces acting on the wings,[227,253,254]

i.e., forces that are more repetitive or phase-constant, campan-
iform sensilla on the bases of halteres deliver, apart from the
more repetitive inertial forces, also rather quickly varying signals
(Coriolis forces associated with body rotations), thereby addition-
ally helping to counteract perturbations by influencing wing and
head movements.[225–227] Because campaniform sensilla of one
group or field often have a similar orientation, they are assumed
to have a certain directional selectivity.[226,244] Further studies
showed that campaniform sensilla of different fields (and also
of different intra-field locations) deliver position-specific signal
projections to specific locations in the thoracic ganglion.[246,255]

For example, inputs from campaniform sensilla fields (proba-
bly on the radial vein) in the wings and inputs from predom-
inantly those in the field dF2 of the halteres as well as from
the compound eyes are integrated by the motoneuron MN.b1,
having an effect on the generation of the typical phase-locked
single spike of the basalar muscle during each wingbeat cycle,
which can, however, dynamically change in its phase-value de-
pending on the incoming signals from the visual and proprio-
ceptive circuitry.[227,246,256]

2. Conclusions

In the insect flight system, resilin occurs in a variety of different
structures, ranging from tendons of nearly pure resilin to deli-
cate flexion and fold lines, vein breaks like costal breaks and alar
fenestrae, internal layers of wing veins, longitudinal-to-cross-vein
joints, wing membrane (patches), halteres, the flexible bases of
mechanoreceptors (hair and campaniform sensilla) and hamuli
to specialized structures like the prealar arm (peg) and the wing
hinge as well as membranes connecting wing sclerites at the
wing base.

According to its location and connection to other cuticle struc-
tures, resilin not only increases, e.g., the flexibility, adaptability,
elastic energy storage, stress reduction, and failure resistance of
the respective structure at its exact position, but often even tiny

Figure 11. Occurrence of resilin in the wings of the blow flies A–C,E,F) Calliphora vicina; D,G,H) C. vomitoria). A,E) Light microscopy. B–D, F–H) Confocal
laser scanning microscopy. A) Left forewing, ventral view. Blue, red, and pink coloration indicate the presence of resilin on the ventral, dorsal or both
wing sides, respectively. Green dashed line indicates the course of the jugal fold line. Black dashed lines show the course of flexion lines. For clarity
reasons, upper (alar squama, as) and lower calypter (thoracic squama, ts) on the wing base were removed during preparation and are indicated as grey
silhouettes. B) Detail of red square in (A), patches of resilin in the wing membrane. C) Wing base, left forewing, ventral side. White squares—groups of
campaniform sensilla (vg1, vg2, vg3) and single campaniform sensilla (versus), visible at magnification. D) Group of campaniform sensilla, located at
the forewing base, ventral side, detail of vg1 indicated in (C). E) Haltere at the left side of the metathorax, dorsal side of haltere visible. F) Haltere, ventral
view, two campaniform sensilla fields (vf1, vf2) visible. G) Haltere, dorsal view, three campaniform sensilla fields (df1, df2, df3) visible. H) Detailed view
of the three sensilla fields shown in (G). A1+CuA2—anal-anterior-cubitus branch, A2—second branch of the anal vein, as—alar squama, at—abdominal
tergite, bc—basal costal cell, bm—basal medial cell, br—basal radial cell, C—costa, c—costal cell, cb—costagial/ costal break, cfl—claval flexion line,
CuA1—first branch of cubitus, cua1—anterior cubital cell, CuA2—second branch of cubitus, CuP—posterior branch of cubitus, cup—posterior cubital
cell, cx—coxa (third leg), df1–3—first, second and third dorsal field of haltere campaniform sensilla, dm—discal-medial cell, dm-cu—discal-medial-
cubital cross vein, ds—dorsal single haltere sensilla, h—humeral cross vein, hb—humeral break, hba—haltere base, hbu—haltere bulb, hst—haltere
stalk, jf—jugal fold, M—Media, m—medial cell, mnfl—median flexion line, psp—posterior spiracle, R1—first branch of radius, r1—first radial cell,
R2+3—fused second and third branch of radius, r2+3—second and third radial cell, R4+5—fused fourth and fifth branch of radius, r4+5—fourth and
fifth radial cell, r-m—radio-medial cross vein, rp—resilin patch, Sc—subcosta, sc—subcostal cell, Scb—subcostal break, sc—scutum, scl—scutellum,
sfl—squamal flexion line, tfl1—transverse flexion line 1, tfl2—transverse flexion line 2, tr—trachea, ts—thoracic squama, vf1, 2—first and second dorsal
field of haltere campaniform sensilla, vg1-3——first, second and third group of campaniform sensilla on the ventral side of the wing, versus—single
campaniform sensilla on the ventral wing side (nomenclature adapted from.[234,235] Scale bars: B,H) 50 μm, C,F,G) 100 μm, D) 10 μm, E) 500 μm.
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flexible resilin-containing structures have an overall effect on the
entire wing, influencing, e.g., the mitigation of collision damage
or large-scale wing deformations like camber and, thereby, its
aerodynamic performance. As insect wings lack internal mus-
cles, resilin additionally supports (asymmetric) directional pas-
sive wing deformations, e.g., along precisely defined fold lines,
which allow, e.g., earwigs to fold their wings even passively with-
out any muscular force. All these functions are critical for the
insect’s survival, and due to its long fatigue life, resilin ensures
the structures’ functionability for millions and millions of cycles.

Interestingly, in nature (unlike most of the synthetically pro-
duced RLPs), resilin only rarely occurs in its pure form but is
usually mixed with chitin fibers that alter the material properties
of the respective structures according to their arrangement and
thereby enable a direction-dependent behavior. Whereas some
overall strongly sclerotized structures are embedded in a flexi-
ble, resilin-bearing base, resilin-containing structures often do
not abruptly transition to strongly sclerotized cuticle but show
a rather smooth gradient, thereby improving the systems perfor-
mance. Others are additionally combined with structurally exten-
sible structures like microfolds.

Apart from influencing the elastic behavior of resilin in terms
of its mixture with chitin fibers and its arrangement in the sup-
porting structure, studies on the sequence of natural resilin and
resilin-like polypeptides have revealed various factors (as, e.g.,
the proportion of hydrophilic to hydrophobic amino acids, the
amount of dityrosine crosslinks, the amounts of proline, glycine
and alanine, the number and length of elastic repeat motifs, etc.),
which allow an adaptation of the protein’s structure, stiffness,
stimuli-responsiveness to, e.g., pH, temperature or mechanical
stress and its capability to self-assemble. Including secondary
domains of other proteins in the form of modular RLPs even
widens the potential fields of applications for resilin-like polypep-
tides in various medical and industrial applications. However, al-
though significant progress has been made in understanding the
structure-function relationship of disordered proteins like resilin
and many putative resilin-like proteins have been identified in
various insect species via sequence analyses as well as microscop-
ical and mechanical testing, we still can only hypothesize about
the potential resilience, environmental factors like the hydration
level throughout the insect’s life, the behavior and extent of de-
formation during, e.g., the wing beat cycle and the complex func-
tion of chitin-resilin(-like proteins) composites in natural sys-
tems, and even questions like how the rare dual-phase transition
behavior (with upper and lower critical solution temperature) is
encoded in the RLP structure and sequence or how much glycine
and proline resilin needs to be structurally disordered or respon-
sive to multiple stimuli remain elusive so far.[9,10,19]
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