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Over the course of their wildly successful proliferation across the earth, the insects as a taxon have
evolved enviable adaptations to their diverse habitats that include adhesives, locomotor systems,
hydrophMes, and sensors and actuators that transduce mechanical, acoustic, optical,

thermal, a ignals. Insect-inspired designs currently appear in a wide range of contexts,
incIudingam!weecive coatings, optical displays, and computing algorithms. However, as over one

million distUhighly specialized species of insects have colonized nearly all of the habitable

ta
regions on et, they still represent a largely untapped pool of unique problem-solving
strategies.m intent of providing materials, scientists and engineers with a muse for the next
generation pired materials, a selection of some of the most spectacular adaptations that

insects ha d is assembled here, organized by their function. The insects presented display

dazzling opgical properties as a result of natural photonic crystals, precise hierarchical patterns that

span lengt om nanometers to millimeters, and formidable defense mechanisms that deploy
an arsenal offc cal weaponry. Successful mimicry of these adaptations may facilitate

technologi jons to a wide a range of problems as they solve in the insects that originated
them.

L

1. Intro

The centragotivation behind the development of bioinspired materials — indeed, behind all

biomideea that evolution by natural selection can be considered as a long-running

algorithm #or EevS)ping solutions to the problem of survival in response to a wide variety of

environmental i:sures.m Since life began in the oceans 3.8 billion years ago, living organisms have
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colonized almost every niche on the earth’s surface using a diverse array of adaptations.m Engineers

seeking to develop solutions to problems with even remote analogues in nature do well to closely

t

investigatethe solutions developed by evolution.

Insects are ular attention from a bioinspirational perspective given their astounding
|

abundance@nd diversity; they arguably represent natural selection’s wildest success. Around half of

all known cies®f living organism are insects.” Over one million species in the class Insecta have

oG

been describe ith estimates of the total number of insect species ranging from three million to

tens of mil tles alone claim 240 000 known species (by comparison, there are around 6000

known species of flammals);"®! a single tree in Peru was found to house 43 distinct species of ants.™

Ul

Insects are ubigei@us, having adapted to nearly all of the environments on earth, though only a

handful of ve in the oceans or in polar regions.” Some insects lead solitary lives, while

groups with strict social hierarchies; a single “supercolony” of ants in Hokkaido
illion workers and 1 million queens.™ Insects’ Latin-origin namesake translates
to “cut into pi ¥ this theme extends throughout their body plan, which consists of a three-part
form (head, thorax, and abdomen), three pairs of jointed legs, compound eyes, and one pair of

antennae. Bhese cornerstone appendages, along with countless other structural adaptations such as

[

wings or sp organs, exist in all shapes and sizes. Adult insects range in length from 0.2 mm

O

(fairyflies o ily Mymaridae)™® to over 300 mm (stick insects of the family Phasmatidae);”

their mass'@an vary 500 000-fold. Accordingly, insects occupy many roles in the global food chain,

q

eating li d plants, fungi, other insects, and vertebrates and serving as a common food

!

. . . . 2
source for higher amimals, including Homo sapiens.”

Ul

A
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A multitude of selective pressures accompany this diversity of lifestyle, and many insects have
evolved complex and effective solutions to the particular problems they face. Many of these
solutions i

olve functional materials. Some adaptations, like the photonic structures that give

butterfly iridescence, are a part of the anatomy of the insects themselves. Some have
their basis ! Blomaterials secreted from glands, like the wax that honeybees use to form their
precisely hbm homes. Some insects, like the ants that cluster to form buoyant rafts and aerial

bridges, ag o form functional materials with their bodies.

Humans h eeffentranced by these creatures and their materials since the beginning of recorded
history. The practi@e of beekeeping is at least 5000 years old,® and it is said that the inventor of
paper in Chj nd 150 A.D. was inspired by watching vespid wasps make their nests.” The

history of iscovery owes a lot to insects, as well. The fruit fly, Drosophila melanogaster,

has been a@ant model organism in the study of genetics and was the original subject of the

studies red sex-linked inheritance and genetic mutation from exposure to radiation.™”

More recentl ying social insects has led to insights about the nature of adaptive behavior in all

social animals, including humans.™" Today there are over 100 active peer-reviewed journals

dedicated ! field, applied, and experimental entomology.

The range tions in insects that have potential for translation to engineering problems is
both wide idely catalogued, but we wager that the majority of today’s materials scientists and
engineﬁle time reading entomology journals. We therefore intend to bridge an
inspiratimhowcasing some of the most notable ways in which insects have developed

specialized anato;/, physiology, and behavior that exploit physical and material principles to allow

them toqe functions that ensure their survival (Figure 1). Even basic material adaptations
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in insects are potentially translatable. Each creature is surrounded by an exoskeleton that imparts
long-term functionality and protection despite direct exposure to the stresses of the outside world;
such a dmmal with tunable mechanical, optical, and surface properties is attractive in a
variety of ide as the insects themselves inhabit. Furthermore, specialized glands allow
the emis-siimm variety of secretions, providing insects with the ability to deploy chemical
adhesives, cgatings, and signals on demand for shorter-term use; this theme perhaps hints that
engineere Is could benefit from similar active secretory capabilities. These two building
blocks appwurring structural motifs that provide insects with remarkable and diverse

functional ;es (Figure 1). Engineered systems ranging from miniature robots to specially

designed s rovide exciting opportunities to apply lessons learned from these creatures.

The sectiorCIIow are organized by function, describing specialized structures for adhesion,

movemenion with water, and for the sensing and production of optical, thermal,

vibrati mical signals. Finally, we discuss the special capabilities of insect societies, which
perform com sks involving specialized materials and often can be considered as materials unto
themselves. Each (sub-)section begins with a discussion or case study of the manners in which

lessons fros insects can be applied to engineering problems, then presents some of nature’s most
compelling s and details the physical principles relevant to the task at hand. An overview of

insect adap arranged by material motif can be found in Table 1.

i -
R —
2. AdheS

<
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Slippery surfaces and steep slopes are omnipresent in nature. To overcome these obstacles,
organisms including (but not limited to) marine invertebrates, arthropods, and amphibians have

developed !r s that promote surface adhesion.>*” Natural adhesives have been the subject of

h,[18,19]

several hu f researc and the adhesion techniques of mussels, barnacles, and tree

frogs have iarnerea considerable attention, inspiring an array of synthetic mimics.?>??' Adhesives

utilized by iEect: however, have gone largely understudied when considering their diversity and

abundance e insect adhesive systems exist as two overlapping categories: physical adhesive

structures w—\anically interlock or generate attractive force through van der Waals’

interaction emical adhesive secretions that act via molecular bonding, capillary forces, and

viscous for e e insect adhesives generate impressive forces relative to body mass,****

however, lgir strength alone is often outperformed by commercial adhesives which operate in a
much diffe ce-area-to-volume regime. They do, however, excel in rapidly attaching to (and

often detacifn m) surfaces with a variety of roughnesses and chemistries, and can self-clean

[26,27]

after enco contaminants.

Fibrillar or branching structures are fundamental to many of the adhesive systems found in insects.

. . . . o 28,2
In fact, var!tlons of these nano- and microstructures exist in other areas of biology as well,[ 8,29]

suggestingDmetry and mechanism of action are broadly beneficial. Researchers have spent

[15,29]

considerab trying to replicate the van der Waals-based dry adhesion of gecko foot pads,

but insect&one of which have been found to employ purely dry adhesion, indicate that other
interactMrogen bonding, viscous forces, and capillary forces can enhance or even

dominate overa!!ihesion capability.[23'28'31] These additional forces are particularly relevant when

adhering to wet tstrates, as is necessary in wound dressing and tissue repair. Recent research
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reported a bioinspired “tough adhesive” designed to stick strongly to biological surfaces for medical
applications.?? The adhesive is composed of two layers: a lower adhesive layer which binds to
materiaracombination of covalent bonds, electrostatic interactions, and interpenetration
(material with an upper matrix designed to dissipate energy when the contact

interfacgiss!ressea. Here, as discussed in the insect adhesives below, a multifaceted adhesive

approach I@\creased versatility and functionality.

2.1, Physic:l Afhiiive Systems
Insects’ hardened exterior is made almost exclusively of cuticle: a versatile biomaterial that forms

the rigid a&;ultifunctional exoskeleton of all insects (Figure 2). Two types of cuticle

microstruc p insect feet adhere to surfaces that have varying degrees of roughness.?® The
first type, used arily by flies and beetles, consists of arrays of small fibers (setae) ending in thin
spatulasEints.[?’”s] The fibers are flexible and can bend extensively to accommodate large
surface ile the terminal tips fit within finer features to engage in close-contact van der
Waals’ integctions.m] The second variety, found mainly in stick insects, ants, and cockroaches, are
smooth pads_with a soft cuticle which can deform in response to varied roughnesses. The cuticle has
an internal g structure consisting of rods directed perpendicular to the surface —an

orientatio!EmE Is thought to help increase contact area and thus strengthen surface-area-

dependentgttractiye forces.®® Fuller and Tabor reported that densely arranged surface features

smaller thmresent major difficulties for climbing insects,®® and certain plant species take

advantage ffect. For instance, pitcher plants, from the carnivorous Nepenthes genus, have

<
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developed epicuticular wax crystals to serve a variety of purposes from increasing surface

microroughness to contaminating adhesive structures with exfoliated crystals in order to capture

[40,41]

£

and consumme their prey.

A curious hysical adhesion has developed in the Colorado potato beetle, Leptinotarsa
[ |

decemlinedia to suit its copulation posture.[“] The tarsal microstructures of the beetle exhibit sexual

dimorphisnf¥= botRkmale and female beetles have setae that terminate in points and spatulas, but

G

only males have.a third style of disk-shaped setae.”*** These terminal disks allow the male to

S

adhere str he smooth back (elytra) of female beetles for extended periods of time during

[45]

mating.”™ Unsurpfisingly, male beetles can adhere to smooth surfaces slightly better than female

Ul

beetles, th ales can adhere more than twice as strongly to rough, plant-like surfaces."*? This

I

observatio d a direct link between structure and function in tarsal adhesive structures. Disk-

shaped tips{im@arta larger surface contact area on smooth surfaces, leading to improved long-term

al

adhesi urfaces. Conversely, the flexibility of spear- and spatula-shaped setae makes

them well-sui rough surface adhesion on short time scales (e.g., for locomotion).

M

As a passive form of defense, many different animals have developed hiding strategies which involve

[

covering t with small materials and debris in their surrounding environments."*® The most

well-resea nsects with this behavior are reduviid nymphs and chrysopoid larvae (Figure

insect subsets rely on adhesive properties of physical microstructures for their

ities. Chrysopoid larvae specifically are thoroughly covered in hair-like setae that

|

vary with y position and are specialized for different types of debris. Setae emerging from the

back of the larvaedre relatively long and flexible (often longer than body-length), are hooked on the

J

ends, and “suited to carrying large, light objects./”® The setae found on the thorax or

A
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abdomen are densely packed and much shorter and stiffer than those on the back, typically have

microtextured tips to increase contact area, and assist with carrying smaller objects like dirt or sand

48] g

grains. ch selective adhesion properties may also be useful in engineered systems designed to

perform a ion, e.g., devices that target specific nanoparticles or cells, or machines that

pi

separate-d erently sized parts along an assembly line.

§

2.1.1. Ana j stening

SC

A variety o t insects have convergently evolved physical methods to fasten two separate

U

anatomical parts ogether.”g] Nearly all of these techniques take advantage of complementary lock-

and-key strictures. Unlike other physical adhesive systems, these were not adapted to stick to

F

generic ro ooth surfaces, but are rather complete systems of reversible adhesion similar to

d

Velcro.

Dragonflies selflies (order Odonata) have a small and delicate connection between head

V]

and the rest of the body (Figure 4A,B).®” This fragile joint is beneficial for its extreme flexibility, but

poses a proklem during relatively high-force actions like feeding, perching, and mating.®**% To avoid

1

potential d uring these activities, dragonflies and damselflies have developed a set of

0

opposing fric surfaces to provide support to the neck (Figure 4B,C). The system incorporates

four com nts: arrays of epidermal microtrichia (small stiff hairs on the outer surface), muscles to

h

|

orient t neck surfaces, sensory mechanisms to monitor surface contact, and cells to

secrete adhesion-fkomoting lipid-based substances."*” Similar to locomotive setae, microtrichia can

Ul

take on a varie forms depending on the particular taxa of Odonata (Figure 4D).”® When placed

A
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into contact, the complementary surfaces do not fully interlock with one another. Instead,

deformations of the microtrichia vastly increase surface contact area and also prompt the release of

(54]

t

wet adhesiVe secretions, both of which lead to relatively large adhesive forces.

Examples se adhesives can be found in many different flying insects that attach their

wings to th&ir bodies when not in use. These fastening mechanisms take on a variety of different

) [55]
7’

forms, incldding sRap-like binders in aquatic true bugs (order Hemiptera and the pointed, angled

structures use beetles (order Coleoptera).[SG] Aquatic Hemiptera secure their forewings tightly to

SC

the thorax e @lrest using a knob-and-socket geometry similar to metal snaps used for fastening

clothing, but mucflsmaller.”> The thorax of these insects contains an array of knobs or button-like

Ul

protrusions re rounded, pear-shaped, or dome-like depending on the species. Each knob is

1

entirely co h small, densely packed tile-like microtrichia. Some of the microtrichia contain

ducts or pares ect adhesive secretions into the contact zone. The wings contain

a

[55]

comple haped sockets with matching tile-like microtrichia.

M

2.2. Chemigal Adhesive Systems

[

The comm esives industry has recently been affected by strict environmental and health

O

regulations regulations, in combination with pressures from volatile oil markets, have driven

[57]

h

adhesive ufacturers away from fossil-fuel-derived products and toward natural products.

L

Insects [titude of biocompatible, biosynthesized solutions that could theoretically be

mass-produced usihg state-of-the-art techniques including recombinant protein expression and

U

microfabricati

A
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2.2.1. Che*’cal AWesives for Stasis and Locomotion

To comple @ r physical-adhesion-promoting architecture, each of the physical systems

describes prewiemsty also utilizes complementary adhesive secretions. Both fibrous and pad-based
tarsal struhrete an epidermal fluid. This fluid is composed of three key parts: i) an aqueous

portion ricin amjfjo acids and carbohydrates, ii) oily nanodroplets containing hydrocarbons, and iii)

C

an emulsifiéPt ilize the mixture (e.g., cholesterol, monoglycerides, etc.).”® A study of the

S

chemical composition of the smooth pad secretions of the migratory locust, Locusta migratoria,

revealed t are discernible differences between the composition of the lipid membranes of

U

the pad ext€rior and the adhesive residue that it leaves behind. The pad surfaces themselves have a

N

much greater pr rtion of long chained (C,4,—Cs,), saturated fatty acids in the form of wax esters,

while the s

a

contain short chained (C,6—C,0) unsaturated fatty acids that are either in free
formo cerol esters. Unlike the pads, the secretions also contain significant quantities of

carboh 40% of detectable organic components, mostly glucose), which are thought to play a

M

key role in the fluid viscosity and overall adhesive function.®®

[

Several theorigs.attempt to explain the purpose of these locomotive secretions. First, they were
thought to by insects as a glue-like adhesive. However, Jiao et al. showed that the

grasshopp@r Tettigonia viridissima could quickly attach and detach its pads because its adhesive

£

secretions were naj sticky in the traditional sense.” An alternative explanation is that a thin film of

{

fluid could stronger intermolecular forces by playing the role of a coupling agent, adapting

u

to both hy Ic surfaces (through van der Waals’ interactions) and hydrophilic surfaces

A

This article is protected by copyright. All rights reserved.

11



WILEY-VCH

(through hydrogen bonding).’™ Additionally, the fluid may promote capillary and/or viscous
adhesion at the insect-surface interface. Emulsions and colloid-rich solutions can exhibit non-

Newtoniante vior, so the oil/aqueous mixture may promote stronger viscous forces under shear

stress in th ion than the viscous forces of a pure aqueous solution.!®"

H I
Another intgresting property of adhesives intended for locomotion is their ability to self-clean.

Insects oftd trav@halong surfaces littered with small particles (e.g., dust, pollen, etc.). As with
commercial jves, one might expect their adhesion ability to decline with time and walking
d

distance, a

[26]

al surfaces and substances become contaminated. It has been shown, however,
that insects retainSpproximater consistent adhesive strength throughout their lifespan.®® Both

fibrillar ant pad structures are able to remove contaminating particles after only a few steps

using seve gues. For example, many insects perform sliding movements while their feet are

in contact mface in order to induce shear stresses that not only increase viscous adhesive

forces, islodge contaminants.’®**¥ Secreted adhesive fluid also plays a key role in self-

cleaning by m it possible to deposit contaminating particles with each step, essentially washing

[26]

the epidermal layer

The abilityh\ insects to strongly fasten themselves to a variety of surfaces is also remarkable.
For instang @ beetle, Chrysolina polita, can withstand drag forces from wind speeds of up to 48
ms (170 -and branch accelerations that can impart forces of around 16 times greater than
its bodﬁe beetles are able to achieve this feat using feet with a fibrous exterior in
combinatidh with secreted adhesive. In a comparative study of adhesive secretion viscosities, it was

found that fI; sec;ions (from Calliphora vicinia) have a much lower viscosity (10.9 mPa s) than

secretioqtles (Coccinella septempunctata, 21.8 mPa s).*® Both of these insects have

This article is protected by copyright. All rights reserved.
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fibrous adhesive feet, so the difference can be attributed to the composition of the fluid. This finding

provides insight into the role that viscous forces play in general insect adhesion: fly secretions are

t

rip

suited for shorter detachment times to escape from predators, while beetles sacrifice rapid mobility

[65]

for increas force.

2.2.2. Perm@nent [@isect Adhesives

C

The manna@k inBwhi€h female insects position and fasten their eggs on surfaces is critical to

S

reproducti s. Insects accomplish this egg fastening by using a thick adhesive coating that can

U

account for ca. 20% of egg mass.'®® The sticky substance is typically a permanent glue with the ability

F)

to join egg both hydrophobic and hydrophilic surfaces, as well as to surfaces covered in dirt or

wax crysta nants.’” Physical properties of this substance vary widely across species, ranging

d

from hydrogels ater-soluble or insoluble liquid glues or light foams,®® but the majority share a

predominan ugh surprisingly diverse) proteinaceous composition.ml For instance, praying

\',

mantis ntodea) use a foam-based egg coating that dries rapidly into a cement-like casing

and is pri ily composed of proteins with a-helical structural motifs in combination with various

[

enzymatic crgssli kers.® One of the strongest measured insect egg-glues, a hydrogel from the gum

moth Opo sp., consists of up to 50% protein by dry weight. Much of this protein has a

O

strong oveffrepresentation of glycine residues, which impart flexibility, and serine residues, which

£

encourage faydrogen bonding; these are common characteristics of structural, adhesive and elastic

{

[57,

proteins. -moth glue has a dry shear strength of 1-2 MPa with high elastic extensibility

AU
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and tack, which makes it a biocompatible alternative to currently available “permanent” synthetic

adhesives.®”®

pt

2.2.3. AdhesivesBrey Capture

L

Adhesives alsgyused by insects in prey capture. A noteworthy example of this behavior is
employed b eetles, Stenus spp. (Figure 5).7%"" These beetles have developed a sticky,
extensible WOuthpart) as a predatory weapon. With no prey present, the labium is stored

within a mﬂus tube inside the beetle's head. To attack, the beetle rapidly extends and
m (

retracts its labium (typically on the order of 1-3 ms), drawing the prey into the beetle’s jaw-like

mandibles S; consumption. The labial structure is terminally tipped with a pair of adhesive pads, so-
called parﬁeach with an intricate, outwardly branching structure.” The surface area and
branching extent'of these pads differs widely with species and there is a positive correlation

between gre rface area/branching and adhesive strength.”®”*! From an evolutionary
perspe ment of these paraglossae likely allowed beetles to target a niche of larger and
74]

faster ereiE prey.!

Adhesive a chanisms of the Stenus beetles are suited to prey with many different physical
and chemica ace properties.”" As with the locomotive adhesive systems, paraglossae combine a
surface magin; microstructure (Figure 5B—E) with a viscous secretion that is produced by
speciaIiZH/ithin the membranous tube. The composition of this fluid, again similar to that

found on insect fes, is a combination of two or more immiscible phases containing proteins,

carbohydra{fatty acids in a viscous milieu.”® Two key aspects set the paraglossae apart from

This article is protected by copyright. All rights reserved.
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their locomotive counterparts. First, their microstructures are almost entirely immersed in secreted
fluid. The viscosity of the fluid is therefore assumed to be the dominant adhesive force.”® Second,
the adhhth of these pads was found to be entirely independent of surface roughness. This
independe ibuted to the relatively large amount of fluid in combination with the
compres-siv—sorcesgenerated from rapid protrusion which help to effectively fill voids in the

surface.”

LISC

3. Speci tructures for Movement

I

When inse busy performing gravity-defying adhesive walks, many of them also fly or swim

to ensure thei yday survival, employing a broad array of physical structures with unique

d

proper ucture is composed of cuticle arranged into macrolayers, thin membranes,

porous arc s, or 3D protrusions (Figure 2). Insect appendages combine these material motifs

M

in a way that precisely balances mass, elasticity, force output, and material cost to suit a particular

need.”®7”®

Flying inse icular have an obvious technological analogue in micro-aerial-vehicles (MAVs),

or

which hav ed tremendous buzz for their abundance of potential applications.”*®" Flying

robots

N

esign constraints with insects, as their ability to fly relies on striking a delicate

{

balance between the power output of their movement machinery, the amount of available energy,

U

and mass s.182 Flying-robot miniaturization is further complicated by the fact that large

aircraft-d otifs fail at small sizes due to differences in force scaling.™ Researchers recently

A
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developed a compelling solution to these problems in the form of a “robotic insect” —a small,
battery-powered flying robot with flapping wings. Its energy-efficient locomotive design is derived
directlyMs and it incorporates a switchable, electrostatics-driven adhesive pad that allows
it to perch a variety of surfaces. We posit that robotic developments like this are not
mere an® Mey rather represent a shift toward engineered microsystems interacting with
weak forces Thisis a relatively new size regime for engineers, but is one that insects have been

inhabiting ut their existence.

3.1. Insectmrphology and Composition

Nearly tweg thousand vertebrate species and more than one million insect species have developed
wings for WIight.[“’gS] Flying vertebrates have wings containing embedded musculature
which they use t0 actively manipulate wing shape in various flight styles.® The span of an insect
wing, howevE, most entirely passive and is controlled only by muscles localized to the wing
base.® unigue morphological and/or compositional features are responsible for any

necessary gformations.[sn

Across all f@ct species, wings provide three key functionalities: i) they act as levers, relaying

force from m s at the wing-base to the surrounding air, ii) they are oscillating airfoils that direct
air throua&in; strokes to generate lift, and iii) they act like cantilevered beams, deforming under a

variety HS] To do each of these successfully, the wings must be lightweight, flexible, and

strong, making th§y intriguing targets for material biomimicry. Quantifying these properties in

insects &ely nontrivial, as the delicacy and heterogeneity of wing material is not

This article is protected by copyright. All rights reserved.
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particularly suited to standard material characterization methods. In response, researchers have
developed custom tensile-testing apparatuses and have used other techniques like nanoindentation
or staticm measure flexibility descriptors such as Young’s modulus.®%°Y These systems
determine nable consistency that the Young’s modulus of an insect-wing membrane is
2-5 GPgwEomparable to that of nylon, though this value can vary with location on the

wing, insect species, and general wing structure.”

As is the case formost other structures on insect exteriors, wings are made of cuticle. The cuticle is
venated b g hollow tubes of varying diameters and wall-thicknesses, with elliptical,
circular, or bell-sh@ped cross sections to impart axial-dependent bending stiffness.**! Generally,

veins are la iameter and have thicker walls near the wing base where stresses are great, and

then taper ut toward the wingtips to reduce inertial forces.® Those veins spanning the

leading edmwing are largest and carry oxygen, fluids, and neuronal connections. Other,

smaller ugi ly air-filled and serve to either strengthen or promote bending in particular wing
sections./”® E

Different insects have developed unique and diverse vein branching patterns.”” While all patterns
tend to prL exponential decay in bending stiffness from wing base to tip, spatial mapping of

artant role in flexibility variation between the leading and trailing edges of wings

(Figure 6).°%22] method to promote further deformations within this relatively rigid venous

structu igle of certain insect wings contains flexible linear segments which act as fold

|

[100 S

lines. ands are distributed independently of support veins — those running radially (base to

3

tip) mediate bendifig and twisting, while others oriented transversely (leading edge to trailing edge)

act as one- ges to help the wings bend and reset after the completion of a downstroke.!""!

A
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Other flex-lines stay rigid during flight movements, but deform reversibly when the wings contact
obstacles to prevent structural damage."® A bumblebee is estimated to strike one obstacle per
second Mng for pollen,™ which means its wings will sustain approximately 500 000
collisions o an of a month."%! After splinting the wings to prevent them from bending,
researcHerQMd an order-of-magnitude increase in the rate of wing loss from collisions.™®
These dama

imizing crumple zones are therefore essential to wing longevity, especially in

foraging in

o5C

Wing mem egfot only serve as a deformable element, but may also contribute to overall

flexural rigidity.“* & Their thickness varies approximately four orders of magnitude across insect

U

species, ra less than 500 nm in the delicate wings of fruit flies (Drosophila sp.) to thicker

1

than 1 mm urdy fore-wings of beetles (order Coleoptera).”’® Certain regions within an

individual Win brane can also vary in thickness and mass. The wings of dragonflies (order

d

ple, contain a region called a pterostigma. This dark-pigmented spot sits adjacent

edge and is thicker and denser than that of the surrounding cuticle, with a much

coarser texture (Figure 6)."% It shifts the wing’s center of mass toward the leading edge, which
provides n‘!re gliding stability, helps to regulate wing pitch, and increases asymmetry between
upstroke a stroke in each flap."®'” Membrane composition is also a parameter that varies
spatially wit gs. The wings of certain beetles and earwigs specifically contain flexible regions

richina prgein called resilin that imparts elasticity.[ms’mg] These regions assist with wing folding for

storageMand with general deformation by reducing the elastic modulus up to three orders

of magnitude. in also increases the elastic energy captured during wing movements for better

flight efficiency. g%
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Unlike typical airfoils, which are smooth and aerodynamically streamlined, the wings of many
different insects are rough or textured. Some examples of this structuring include the cross-section
corrugatiot found in dragonfly wings (Figure 6) and scales on the wings of butterflies and

moths.!!**?

gonfly specifically, it is likely that corrugations improve rigidity between the
wing base §5 !Ip o compensate for the ultralight and ultrathin membrane composition.”**'? Some
researchers argug that air vortices fill the voids created by these corrugations and effectively smooth

the surface while others assert that dragonfly-wing corrugations trade aerodynamic
performan@e f8F stBuctural support.™****! Certain insect wings are also cambered near the wing
base, mea the top (dorsal) side of the wing has a convex structure while the bottom

(ventral) si cave.™ This adds an element of asymmetry to wing bending — downward force

acting on tg dorsal surface of a wing will result in more bending to reduce energy expended during
an upstrok he wing resists bending under upward force on the ventral surface due to
concavity to'gen@Fate more lift from each downstroke.”®

(family Mymaridae) and small flying insect species from at least six other families

Curiously, fair
do not conform to the insect-wing morphology described above, and instead have developed wings
predominily made up of long bristles (see Figure 7).”! The functional basis for this morphology is
stillupint t likely involves some combination of weight reduction, electrostatic dispersal

[117]

enhanceme chnique possibly used by ballooning spiders for flight),” " mechanosensation,

improvemSt of wing folding, and/or flight efficiency.****) When moving an appendage through a
fluid, thMp between the velocity of that appendage and the force applied to it depends on

the dimensmn!esieynolds number, which represents the ratio of inertial forces to viscous forces

and is calculated tm the fluid’s density, viscosity, and relative velocity as well as a characteristic
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dimension of the appendage. Most biological hairs are sized such that the force generated by their
movement is independent of their spacing at relevant speeds.™ Fairyfly wings, however, have tiny
hairs wiMs between 300 nm and 2.5 um, expanding the range of velocities where hair
spacing ha t effect on the force generated through movement; the velocity of their
wings s ﬂ!lmis range.’*?*1 By actively controlling wing bristle spacing or attack angle, they are
able to optimize their wingbeats to maximize lift and minimize work. In other words, fairyflies
reduce the e bristle spacing on downstrokes to make their wings behave like paddles, and
increase tw on upstrokes to achieve a more rake-like effect."?>*** The force required to
separate t which clap together at the top of a wingbeat, also plays a role in this adaptation.
Drag force solid insect wing separating from another are more than three times greater than

those on aWing translating independently, and this effect increases at lower Reynolds numbers.!*?”!

The bristle f a species of order Thysanoptera, Thrips physaphus, experience twelve times
less drag fo e separating than solid wings.?” By improving flight efficiency, hair-based wings
allow SHES to fly for sustained periods of time without large, energy-consuming

muscul iimilar design approach may allow even the smallest of MAVs to fly using minimal

battery power.
3.2. Swimﬁptations

Freshwategaquatigenvironments contain a disproportionately large amount of animal species.
Despite co of the surface of the Earth, they are home to more than 10% of taxonomically

identified $80% of which (up to 200 000) are estimated to be aquatic insects."*® At least

<
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fourteen orders of insects contain aquatic species, and five of those orders contain purely or mostly

aquatic insects.’” Insects have developed a variety of physiological systems to survive and thrive in

t

P

water, incldding systems optimized for feeding, for respiration (discussed in Section 4.2),
osmoregul omotion. Two notable solutions for aquatic movement have been developed

by the pﬂa om midge (Chaoborus crystallinus), and the mosquito (Culex pipiens). Both larvae and

pupae of thegphantom midge possess a tail fan, which is a structure containing an average of 26

Cl]

cuticular fi y approximately 1 mm in length and 11 um in diameter (at the base), with 10 um

of base-segarationfihen fully splayed.!*?®! Each of these filaments has regions rich in the elastic

$

protein re h helps maintain a splayed-state while resting.[m] To move, the phantom midge

U

curls up its n actively retracted), and then rapidly straightens out while passively splaying the

fan. Fan ex@ension increases the surface area of the last abdominal segment by more than 500%,

)

which proy, le-like thrust and potentially even steering/stability control.!*?® Similarly,

d

mosquito laf¥a e a brush-like structure emerging from their mouth that resembles a

mustache. hairs, which number around 1000 per larva and are each approximately 400 um

i

long, ar| 20-30 rows with even spacing. They are actively swept back and forth at a rate

of 11 Hz within a roughly 90° range of motion.™*3Y This motion produces a one-directional current

{

that propels the larvae without producing any periodic disturbances, which would disrupt both
vision (see @ 5) and vibrational sensation (see Section 5).1"*! Techniques that promote uniform

(rather tha c or random) and energy-efficient locomotion are desirable from an engineering

n

L

viewpoin ey provide maximum autonomy and power to other on-board systems, e.g., cameras

or flow se (1321

Au
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Many of the best-known aquatic insects come from the true bugs (order Hemiptera), which includes

water striders, water boatmen, backswimmers, and shore bugs.[m] Legs of insects in this order are

well adaptg ovement through water or on its surface. Gerromorphan bugs (water striders,
shore bugs irs on their legs and bodies that increase surface area and create trough-shaped

depressﬁmi onthe surface of water.?’ They move across the surface in three distinct fashions: i)

walking bywhree legs at a time as alternating tripods, ii) rowing by moving the middle legs

simultaneo e the hind legs lay flat on the water surface, and iii) skating with powerful center

leg strokem like a jump-and—slide.[ml Water striders in particular are assisted by thin
chitinous s s) 50 um long that cover the surface of their legs."** These setae are oriented at
a 25°angl eg surface, which gives them interesting direction-dependent surface-adhesion

propertiesSemming from the solid—liquid air contact line (see Section 4)."*>*¢! When the setae are

directed o e motion of the water (against the grain), fluid force pulls them away from the
leg surface, hc ng both the relative angle between the two and the water—hair contact area.
This effect in greater adhesion to the air—water interface, which the water strider uses both
while d surface and for propelling motions.™* When the setae are oriented in the

direction of water flow (with the grain), surface adhesion is reduced, which is beneficial for passive

gliding after a |e s!roke.[la‘”

In fluid dynQrms, the microhairs help water striders modulate the slip length, i.e., the amount

of friction s drag force, between their legs and the fluid. Structured surface features that actively

manipthh have for example been applied in microfluidic and nanofluidic devices to

control flow rates, 371 and could inspire applications with larger size scales, e.g., to improve

<
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watercraft efficiency on the hulls of boats. Passive functional structures such as these have a range

of applications limited only by the creativity of the engineer.

Q.

4. Water=Assog€iated Structures

Insects hav€a number of nonlocomotive adaptations that relate to water, as well, as they inhabit
environments that range widely in terms of their humidity, access to moisture, and prevalence of
interfaces, ingto a number of evolutionary pressures with material solutions. Some of these

solutions are exte5a|: dragonflies, damselflies, and cicadas all have cuticular structures on their

[142-

wings thatgainst interference from raindrops and dirt."****Y Others are internal: to avoid

dehydrati s species of midges manipulate their systemic concentrations of osmolytes.

4] Despitmvctional and spatial differences, most water-specific adaptations in insects share

commo isins of action: they either modify wettability through a distinct air—water-surface
interface, or aintain specific osmotic or hydrostatic pressures.
The concept of air-gap-based (super)hydrophobicity, since its introduction in the first half of the 20th

century,[”Lnues to be applied in new contexts. Advances in microfabrication and surface

characterie provided critical physical insight into how micro- and nanostructures modulate

[147]

wettability. from choosing substrate materials, engineers ultimately have three control

param esigning a surface with roughness-induced hydrophobicity: the size, the shape,

and the delsity of fabricated surface features.!"*® As features become smaller and more densely

packed, their abil':s to prevent condensation of fogs and fine mists improves. This effect is optimized

when tfqre shaped like cones (rather than cylinders), as is the case with the surface of
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lotus leaves.™®** These general trends represent a useful starting point for surface engineering,

but intermediate parameters within each category and the various permutations found among the

_t

rip

insect world have yet to be fully explored and may provide more optimized design approaches with

advanced

4.1. Hydrophobic ahd Hydrophilic Surfaces

C

Two groupgfof isms have developed truly superhydrophobic (water contact angles greater than

S

=150°) and self-cleaning surfaces; plants and insects.!**” Of the plants, lotus leaves have garnered

U

considera on for their optimized hierarchical surface patterns that arise from micro- and

nanostructfired surfaces.™* >3 Examining the hindwings of the planthopper, Desudaba danae,

n

reveals apparent canvergent evolution (Figure 8).1*” The surfaces of both planthopper wings and

a

lotus leaveSar ed with tapered micropillars with base diameters between 4 and 10 um and
heights en b and 10 um, spaced 15-30 pm apart.?* These pillars, and hydrophobic surfaces

oninse neral, serve a variety of purposes: they: i) prevent water (and thus weight)

M

accumulation though antiwetting, ii) exhibit low adhesion to foreign particles, iii) promote droplet

[

rolling to e e and remove any contaminants that manage to stick to the surface, iv)

encourage @ oalescence which helps protect against the accumulation of water from fine

mists, and rage bacterial growth."*%*>"

n

Broadly, thgse hydgophobic designs can be generalized into a few groups: simple (e.g., pillar or

!

dome-sha - or nanostructures, complex (varied shape) micro- or nanostructures, scales

u

(usually 2— one dimension), hairs or setae much longer (typically more than 5 um in length)

A
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than their diameters, and hierarchical organizations with any combination of these categories

(Figure 9).1°* Regardless of their design motif, hydrophobic-inducing structures in insects generally

seek to mali ize the air-water interface area while minimizing the solid—water contact area. This
concept of ophobicity, first put forth by Cassie and Baxter in 1944 to explain the

hydropl%b nature of duck feathers and how they could serve as bioinspiration for water-repellent

clothing, is izntrj to all surfaces in insects whose hydrophobicity is driven by structure rather than

chemicals assie—Baxter theory describes hierarchical micro- and nanostructures as uniform

curved surw a heterogeneous composition (e.g., of air and solid), and posits that the air

filling the sjeen these structures is essentially trapped and behaves like a nonwetting

solid.™®!

Fog forms :ce when droplets larger than 190 nm in diameter (more than half the shortest

wavelengte light) condense and accumulate.™® This phenomenon poses a challenge to

insect v, cts lack eyelids and thus have no way to externally remove vision-blocking
moisture or o ntaminants. Mosquitoes, family Culicidae, are known to have superb vision that
can function in poorly lit and damp environments to locate mates, oviposition sites, and blood
sources.[lsli 0 maintain consistent sight and avoid fogging, the surface of each mosquito
ommatidiuQal sensory unit, discussed in Section 6.4) is densely coated with nanoscale

nipples. The les are around 100 nm in diameter and are spaced roughly 50 nm apart in a

hexagonal gn-close-packed array; they also provide refractive-index matching for improved

transpaMction 6.2). Their proposed mechanism of hydrophobicity mirrors that of the

lotus leaf, p!antESoer wing, and water strider legs: the nanostructured array contains air gaps that

effectively prevet/\/ater from contacting a large portion of the surface as in the Cassie—Baxter
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model of wetting.2*®******158 |n other words, the nanometer spacing of surface features creates a
complex, nonplanar water—air—insect contact area, which makes it energetically less favorable for
water dMet the surface than to remain as spheres in the air.*® Additionally, theoretical
studies sh is uinfavorable for water molecules to form a network of hydrogen bonds within
nanostractyreama erials, and specifically between hydrophobic surfaces separated by a critical

distance of ﬁo j.“sg] Antifog eyes are not unique to mosquitoes; the green bottle fly, Lucilia

sericata, h veloped a fog-resistant eye surface structure thought to act in a similar manner,

with well-mubble-like protrusions approximately 100 nm in diameter and packed in close

defed
proximity.[:r optical features have recently been found in many other insect species.™®

SOUFCG.[ISI]

early moreetle angles its elytra (protective wing cover) against the wind, causing droplets

to cond upper cuticular surface.™® These droplets, which are tens of micrometers in
diameter, wo inarily detach from the surface under desert heat and wind conditions, but a
specially developed elytral structure of hydrophilic islands on a hydrophobic substrate keeps them in

pIace.[163'16!The elytra's macroscopic structure is a random array of bumps of around 500 um in

Other inseccing the desert beetle, Physaterna cribripes, use fog as an important moisture

e desert humidity increases to a level where fog or dew can form, usually in the

diameter s tween 0.5 and 1.5 mm from one another. The peaks of these bumps are smooth
and hydrop ile the troughs between bumps are coated with wax and contain a hexagonal
array of fIa‘ened, 10 um diameter hemispheres that render them hydrophobic. Droplets are
attracteMrophilic regions, where they spread to coat their “island” and begin growing

upward unt|! tiegave enough mass to overcome capillary adhesion to the bump.[164] At this critical

<
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mass, they form large droplets that roll into the hydrophobic troughs where they are guided down

the surface of the elytra to the beetle’s waiting mouthparts.*+*¢%

{

Not all ins developed cuticle nanostructures to produce specific water interactions. Some,
like the lea p ily Cicadellidae, achieve hydrophobicity by coating themselves in a nanosized
H I

proteinace@us powder.*****”) The powder is composed of spherical honeycomb-like particles called

brochoso , W have diameters between 200—700 nm and walls arranged in pentagonal and

G

hexagonal shapes. that open into a hollow center.™®” Most of these particles have the same

S

truncated i he@lral geometry also found in soccer balls, Cg, buckyballs, and viral capsids (Figure

10).11%82%% Their chmical composition is approximately 60% protein and 40% lipids and/or other

Ul

compounds; ct composition varies with species and has not been extensively

1

studied.™™® ithin the proteins, there are higher than normal representations of glycine
residues, wihic m often found in fibrous structural proteins, and tyrosine residues, which may play
arolei ardening and crosslinking during wall formation.!”’>*”*! The leafhopper applies

these coatin ly after molting by secreting a colloidal suspension of brochosomes from its

N

hindgut onto its exoskeleton, and then grooming itself with rapid leg strokes until the solvent

il

evaporatedl’® "% Interestingly, the material composition of the brochosomes themselves is only

[

moderatel hobic, but they are able to generate near superhydrophobicity when arranged in

O

an ensembl y creating a complex water—air—insect interface rife with tiny air gaps (again

approximafing the Cassie—Baxter regime).[m] Surprisingly, most leafhopper species actually live far

h

away fr hile their brochosome coatings do defend against atmospheric moisture (e.g.,

{

rain), a more likelfaifunctionality can be traced to their own liquid excretions. Leafhoppers feed on

U

phloem and excrege a sugar-rich “honeydew”, which is sticky and provides an ideal growth substrate

A
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for pathogenic microbes.””™ In dense populations of leafhoppers, hydrophobic coatings may serve

largely to prevent insects from being coated in their own, or their neighbors’, excrement.*¢”7®

Protective tr e coatings made of actively secreted molecules and particles may also be useful in

materials s h surfaces could reduce biofilm formation or other fouling mechanisms.

Despite th%lghly optimized nanostructures on their eyes, both male and female mosquitoes of

species Andphelesffreeborni lack superhydrophobic wing surfaces to passively shed water, so their

G

wings are susceptible to spontaneous capillary-driven folding in high-humidity conditions (e.g., heavy

S

).[177] t

fogs happens, their wings can become so tightly folded that they take extended

amounts of time t@dry, during which the mosquitoes are grounded. The mosquitoes have

Ul

developed ied wingbeat or “flutter stroke” to counter this effect.””® Normally, their wingtips

I

oscillate at ncy around 285 Hz, but when they sense moisture they will occasionally increase

this beat rate w than threefold to 875 Hz and decrease its amplitude by nearly 90%."® This

d

flappin oor for locomotion, but generates wing accelerations that are almost double

those found i al flight and sheds water droplets from the wing. Another adaptation, hard

landing, is generally employed when the mosquito is hit by a raindrop in mid-flight. When this
happens, rSsquitoes do not make any attempt to flap or clear their wings of water and instead
begin a fre reaching a terminal velocity of 0.44 m s™, three times that of a falling dry,
anesthetize uito.™”® Upon hitting the ground, mosquitoes shed more than 75% of the

associated!ater droplets, which allows them to resume flight and remove the remaining droplets

via winwhe concept of removing water through inertial forces may find uses in future,

large and sma!!—sje, flying structures.

<
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4.2. Systems for Sub-Aquatic Exchange

The primary survival challenge of aquatic insects (Section 3.2) is maintaining a consistent oxygen
supply uMTo this end, mosquito larvae from Aedes togoi float a snorkel-like breathing
apparatus e of a body of water to maintain a steady oxygen supply. This appendage
contains-cr}_!eermm and two auxiliary “hydrofuge lobes” that are coated with oil secretions and
arranged intg theshape of a hollow cone.™ ! The lobes converge to a single point containing an

air hole (sp at connects their conical structure to a tracheal trunk and the rest of the larval
respiratormm] The floating mechanism is largely supported by surface tension, which holds

the cone ba water surface and pulls the lobes slightly apart. Lipid-driven hydrophobicity

prevents t ed inverted cone from flooding and induces a negative water curvature in the
gaps betwdén lobes."® When the larva moves downward to submerge itself (e.g., to avoid danger),
hydrostati forces the lobes together, effectively sealing the spiracle until the lobes are
again pulledap y surface tension.!”®” Similar schemes have obvious applications as gas intake or

outlet valv context of microfluidic actuators.®

Somei in air bubbles within or nearby their exoskeleton for gas exchange (Figure 11).
Known as “physical gills”, these bubbles can directly exchange oxygen and carbon dioxide with water

and can either be supported by cavities of fixed volume (incompressible) or nonsupported and free

to expand act (compressible).!***) Nonsupported air bubbles shrink as an insect dives:
oxygen ﬂrough respiration, which increases the concentration of nitrogen in the bubble.
The resu Iiﬁ gra Iint causes nitrogen to dissolve into the surrounding water.!”® Any carbon dioxide

produced ﬁed by the insect quickly dissolves into the water as well. This balance of gas

<
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concentration and pressure results in a transient system where the insect must periodically return to

the surface to replenish the bubble gasses.!**”

A

Supported gills, known as plastrons, are permanent fixtures that allow insects to remain
submerge in sufficiently oxygenated water.® Unlike nonsupported physical gills,
H I

which shrink in response to pressure differences caused by respiration, plastrons have hydrophobic
structures @ter the hydrostatic pressure of the water to keep the bubble volume relatively
constant.™® As ap insect absorbs oxygen for metabolic processes, its overall plastron pressure
decreases, itrogen partial pressure and plastron volume remain constant. Immediately

following this press.we decrease, oxygen diffuses from the water into the bubble restoring overall

plastron prtrd sustaining the resting metabolism of the insec

The river bug, A ocheirus aestivalis, is an aquatic insect that uses a plastron for gas exchange
n

t. [190]

underwate nds almost its entire adult life submerged. Its particular plastron is made up of

cuticul A'um in diameter and 3 um long, spaced 0.5 pm apart.™" The hairs cover the
entiret ug’s highly flattened exterior, with a total surface area of approximately 95 mm? and
an air volume of around 0.14 pL (with roughly a 1:1 hair to air volumetric ratio)."**? This air pocket

represents&its body volume, which happens to be very similar to the proportion of lung

capacity to @ ume in humans.™>***! Unlike vertebrates, however, insects employing plastron-

based rly entirely on passive diffusion of oxygen through water into their breathing
bubble imsects are therefore constrained in body size: metabolic rates tend to increase

quicker t surface area in insects, and are often constrained to highly oxygenated aqueous

|

[194]

environments. then follows that river bugs are likely one of the largest groups of plastron

u

[192]

insects. e shaped to have a high surface-area-to-volume ratio, they have resting metabolic

A
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rates less than half of what is predicted for their size, and they are most commonly found in moving,

well-aerated streams.!**”

{

Organ-on—ms have gained popularity for their potential to accurately replicate biological
processes ro. These systems, similar to the biological schemes they attempt to
H I

imitate, fuN rely on controlled nutrient exchange between moving media and a cellular layer.
Devices prdbing ré8piratory cells in particular could employ and benefit from a plastron-based design

to modulate exchange from the gas phase.

)

5. Sensing and Production of Mechanical Signals

C

rse and rapidly changing environments and do so while performing complex

ing, grooming, and foraging, among others. Making matters more difficult, all
arthrop cluding insects) are encased in a rigid exoskeleton similar to a medieval suit of armor.

This ex n provides essential benefits, but poses a major challenge in sensing and interacting

M

effectively with the outside world. To solve these problems, insects have developed

I

mechanos gans that provide spatial and force-responsive feedback. These organs are

similar to ( gh complement) the appendages that insects use for locomotion; they are largely

comprised arranged in material motifs that impart various material properties like

strengt durability, and vibrational resonance.

uth

5.1. Detection echanical Signals in Insects

A
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The large majority of insect mechanosensory tools rely on approximately the same signaling
mechanism based on ionic gradients, which is also employed by cochlear (hearing) hair cells in
vertebrateans.[m] The dendrite of a mechanosensory neuron sits within a highly resistant
epithelial ¢ rating potassium-rich endolymph from potassium-deficient central
hemonHpEiven potassium pumps in the membranes of the epithelial cells maintain this
transepitheljal giadient and potential of 30 mV or more.® When the dendrite is mechanically
stimulatedQ

otransduction potassium-ion channels open, rapidly depolarizing the associated

neuron and{in&lrnjisignaling the insect to the presence of a stimulus. The large negative

transmem ential of the neuron in combination with the large positive endolymph potential
leads to si sduction on the scale of microseconds, in accordance with the Hodgkin—Huxley
model."** Bnalogous to how signals from the human retinae are mapped into a complete visual

image, insmought to process signals from mechanosensory arrays in aggregate, likely
allowing th terpret air currents, body movements, communication signals, and surface

[200]

features as " of their surroundings.

Understanding mechanotransduction in biology requires thorough characterization of its
fundamen!i components: the relationship between the physical properties of mechanosensory
organs and ociated stimuli, and the ways in which signals from those organs are processed
and subseq nfluence an organism’s behavior. The examples we present below aim to connect
structural SEects of insect mechanosensors (e.g., morphology, elasticity, and anatomical position)
with theM transduce. Such structure—force relationships are a central theme in the

development or s}tchable sensory electronics, which have applications in prosthetics, robotics, and

biological monitf' g.[2°1'2°2] Mechanical durability is critical in both manufactured and biological
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structures, as many of these devices and structures must last the lifetime of a product or insect
despite exposure to wear and tear. Chortos et al. recently developed novel stretchable transistors by
incorporat ers of carbon nanotubes within a polymeric material to measure stresses and

strains app aterial.”® The spatial orientation of the nanotube layers can be

pt

program-m o detect stretching or forces applied in desired directions, just as the orientation of

1

cuticle micragstrugtures of insects influences their specificity. The transistors themselves can be

C

embedded riety of elastomer scaffolds and the composition of those scaffolds could
potentiallyfbe @ptifhized for durability or elasticity using various cuticle design principles found in

insects.

nus

5.1.1. Tactile

c

The most preva organ morphologies used by insects for mechanical transduction are bristle-like

structures ge known as tactile hairs. These consist of hollow shafts, each attached to a single

\1

sensor act as lever arms which relay a mechanical force to corresponding

mechanotransduction channels.?® Physically, they are thick, terminate in sharp points, and receive

[

extra structu port from specialized cells.?® Each hair has directional selectivity that varies

J;

with aspec ir morphology, shaft angle relative to the cuticle, and ion channel location and/or

[206,207

type. itionally, insects often possess two distinct types of associated sensory neurons:

h

rapidly adagting (ig., respond quickly to changes in stimuli) and slowly adapting (i.e., respond

t

throughou tion of the stimuli). Hair length varies between the two. Two-spotted crickets,

U

Gryllus bi s, for instance, have tactile hairs ranging in length from 30 to 1500 pm."?* Long

A
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cricket hairs stimulate neuron dendrites which are slowly adapting; these first-order differentiators
are sensitive to changes in displacement and generate action potentials over the duration of a
stimulusﬂn dendrites associated with shorter hairs are rapidly adapting second-order
differentia ond to changes in velocity.”®® This difference comes mainly from the ion
channeEfiMnotransduction within the dendrites themselves rather than from the mechanical
properties of,thghairs — e.g., the short hairs of crickets remain pivoted past threshold under
sustained s 7 but their associated neurons do not transmit signals outside of the stimulus
onset or omthen these hairs allow the creatures to sense miniscule changes in air currents,
including t eats of predators in the presence of a steady wind. Studies on the desert locust,
Schistocer ria, revealed that in particular mechanical activation thresholds can vary

considerably between the two types of mechanosensors, with roughly a 40° threshold for rapidly

adapting hm 10° threshold for slowly adapting hairs.”!

Head st, essential to insect agility and visual navigation. Dragonflies accomplish this task

by temporaril ning their heads to their necks using an intricate, interlocking physical adhesive

structure as discussed in Section 2. On the other hand, the hoverfly, Episyphrus balteatus, has a
more deve!ped structural and muscular head support than dragonflies, which it is able to
manipulat help of tactile hair feedback.”® This feedback acts in combination with visual
cues to orie the head and body of the hoverfly in a horizon-locked position. Head positioning
is also imp‘tant for walking insects, which face disruptions from step movements, as well as

inconsisM topographies. For example, in complete darkness, the bull ant, Myrmecia

pyriformis, s aE es maintain a consistent head position using feedback from joint-positioned hairs,

which monitor if ions and forces on each ant limb to determine the direction of gravity.**%?
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There is little variability in the structure and ubiquity of tactile hairs between different insects, **22'"

and the hairs play an integral role in the survival of insects. This convergent mechanosensory system

is thereforé thought to be extensively refined by evolutionary selection pressures.?*”

ok

Il

5.1.2. Cam Sensilla

C

Another cla echanosensory organ, known as campaniform sensilla, are dome-shaped cuticle

componen ichBrespond primarily to stress and strain.? Similar to the tactile hairs, each

S

sensillum i ed by a single neuron which rests within a socket underneath a dome composed

U

of cuticle. Mechanotransduction channels in the dendrite of this neuron are activated when the

dome flatt caused either by compression or tension of the sensillum.”?*® The domes themselves

E)

are genera al rather than circular, which imparts directional selectivity through axial

d

orientation: a compression along the short axis or tension along the long axis will, for example, lead

to dome flat nd thus neuronal activation.”*” In the blowfly, Calliphora vicina, specifically, the

\

averag e long axis of a sensillum is about 9 um, and the spacing between two sensilla is

roughly 20 gm."?**! Groups of sensilla also exist, where they are arranged side by side in close

§

proximity, of; orming structured rows.””™ These groups are most commonly found in regions of

the insect subject to larger strains (e.g., joints). Dendrites of each sensilla can be either

O

rapidly or lowly adapting as well, allowing detailed sensory feedback.”?*®' Like the tactile hairs,

N

campanifogm sensilla represent a mechanical force sensor with a unique morphology that may be

{

replicated neration stretchable electronics.

U

A
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5.2. Detection and Production of Vibrational Signals

Hearing Ioi affec’one in six adult humans,

conditionsm. With an aging population and increasing headphone use, the prevalence of

hearing los to escalate in the coming years.”?>??!I Current commercial hearing-aids have
H I

low satisfa@jon rates:**? they are expensive, they are often energy inefficient, and they suffer from

a poor sign@-to-nGlise ratio, amplifying background noise and constraining their users to a voice-
volume comprehension threshold more than 30 dB greater than that of listeners who do not require
3]

a hearing-

219 and is one of the most widespread chronic

ere is hence a need for miniaturized, biologically compatible systems that can

efficiently detect, id also produce (see below), sounds in distinct frequency ranges.

Insects aref!e to ::hear” sounds through a variety of structures, very few of which resemble

vertebrate ear nd is a vibration that propagates as a mechanical pressure wave through a
transmissi , such as air, water, or a solid substrate. As the majority of insects are land-
based a air Is the most prominent carrier medium. It is, however, a compressible medium of
low densi Is means that although sound waves propagate a considerable distance through air,

their intensity diminishes much faster than in solid or liquid media, and at an exponential rate
described L' law of attenuation.!?*” Organs that can detect airborne sounds at a great

distance (f @ re therefore much more sensitive than those that are only receptive to sounds

or vibrared in their immediate vicinity (near-field).

Near-field ﬁtectoi are very common in the insect world, ranging from Johnston's organs at the

base of m:vtennae to rear-projecting antennae-like organs in cockroaches, even including

the tactile cussed previously.”?” These detectors are used by flies (D. melanogaster) to

<
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sense the wingbeat frequencies of mates and by caterpillars to respond to the wingbeat frequencies
of predators.'?*??”) Near-field detectors are most often found on rigid projections that resonate with
ambientviwacheir main limitation, apart from requiring close proximity to the source, is that
theyare g receptive to low frequencies (less than 500 Hz) with high intensities.??®!
Tympangl im insects — far-field detectors — can sense the pressure wave of a sound field from
more than 10 m away, and frequencies ranging from 2 to over 100 000 Hz.*® These organs are
composed components: a tympanal membrane, an air-filled sac pressed against the
membranmordotonal sensory organ.*%? The chordotonal organ is a cellular complex that
ultimately dendrite for the associated neuron(s), while the tympanum is a thin cuticle

membran o the head of a drum.!?*

Unlike venganisms, which have ears in close proximity to their cranial regions, insect ears

exist at vamﬂons on the body, including the head, wings, mouthparts, and legs.”**?*% such

diversityai istribution and frequency detection range is the result of imprecisely convergent

evolution; ins ve evolved tympanal hearing almost thirty independent times.!”** By
comparison, vertebrate hearing is thought to have evolved only once.'”*” The mechanics of insect
hearing als!vary considerably, from the intricate lever system joining thousands of auditory neurons
in cicadas,’ simple, two-auditory-cell tympanum complex of Noctuid moths. Body size is a
constrainin in the evolution of tympanal organs, as the membrane requires either a
minimum &meter or extreme tension to respond effectively to sound delivered at all but the very

highest Mencies. For example, a 0.5 mm-diameter tympanum may respond maximally to

100 kHz sounE Eeiered above a threshold amplitude of 60 dB sound pressure level (SPL) (0 dB = 20

<
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uPa).[B” Thus, the smallest insects generally do not possess tympanal organs and lack the ability to

hear far-field sound.?*®!

pt

5.2.1. Subgenual@ngans

L

The developime f “smart materia

|”

systems with the ability to detect and locate self-damage has
garnered in g interest in recent years. These kinds of systems offer the prospect of efficient
and Iow—ccwty monitoring in both microscale technological devices and macroscale civil
structures.jtion sensors can detect large changes in global vibration through a material that
arise from a general loss of material stiffness. These sensors often struggle to detect small cracks
that can anEI; ;ropagate beneath the surface and can lead to structural failure.”* Several
potential s o this problem exist: i) incorporating a (massive) parallelized array of
microsensors, e.g., “sensory skin”, that provides a detailed force-map of the entire structure;?**?

ii) improving he design of current vibrational sensors and their associated processing

algorit effectively locate cracks, or iii) employing some combination of these first two.
Certain insss transmit and receive vibrational messages through the substrates they stand on for
defense aQtraspecific purposes.??*! Land bugs from more than ten families produce low-
frequency (50= Hz) vibrations using muscle contractions to rapidly percuss their hard abdominal
(tergal) plate against a plant substrate.**®?*”! The resulting vibrations travel well through the low

dampin#measured intensity values of a 124 Hz signal through a cyperus stem were found

to be consistent t§s of centimeters from the source.?* Unsurprisingly, the organs that can detect

these si&ensitivelm called subgenual organs, are located in the leg and are in direct
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contract with the substrate (subgenual means “below the knee”). Ground weta species from the
genus of Hemiandrus do not have tympanal organs in the classic sense, and while they have tactile
hairs that !e eceptive to near-field vibrations, they are thought to be insensitive to far-field

airborne ..M

asa sub%erg?rgan, which has different shapes and attachments depending on the desired

ey compensate for this deficiency with a sensitive intratibial structure known

physiologici:act:' ation (e.g., frequency range).** For instance, the subgenual organ in H.

hemideina 1Sygi -shaped and acts as a precisely sized inertial mass which resonates with
vibrationalmsol Alternatively, the organ of H. pillatarsis is wafer-like, spanning the internal
body fluid ph) channel in the tibia, with a thick attachment to one interior cuticle wall and
a thinner a nt on the opposite side. This morphology allows it to function like a hinged plate:

Iongitudin{waves traveling through the substrate, for example, act on the more pliant region of the

wafer, whi back and forth stimulating the dendrites of sensory neurons.'**”! Other
Hemiandrus$p , as well as many other insects outside of that genus, have developed variants of
these orga rform the same function on different substrates at different frequencies and
presen igui rgets for future morphological and biophysical investigation in the context of

smart materials.?*!

5.2.2. Sounﬁﬁon in Insects

In acousticiomm’ication, sound waves are generated specifically to be heard by the intended

receivers.[:, the sound needs to have sufficient acoustic power and has to be controlled to
0

contain sp rmation. Sound production usually occurs by the active modification of

<
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specialized external organs. In a first approximation, the minimum source size for good source-to-
medium matching has a radius of about 1/6 or 1/4 of the intended sound wavelength for a

limited to und either at high frequencies or at low acoustic power. As a consequence,

monopole !r : :iEoIe source, respectively.”>?** Due to their small size, invertebrates are therefore

noisy ins-eci elffer are relatively big, use high frequencies or resort to other acoustic tricks.* For
instance, seyeralspecies of mole crickets dig tunnels in the ground with megaphone-shaped
entrances. G en the males sing from just inside their burrow openings, the shape of the

tunnel amm sound. This results in roughly a twenty-fold increase in sound production,

allowing s:t can be heard 600 m away.?*®

Evolution h ht forward two major mechanisms to produce sounds in large insects:
stridulator in which two components are actively rubbed against each other, and sound-
radiating s@ans called tymbals. Small insects also produce sound by wing beating.”*® Sound

producti s is often sexually dimorphic and restricted to the males. These sounds are often

used in mating sig®lal or territorial behavior; however, some are used as a warning or defensive signal

(so-called acoustic aposematism). Excellent reviews have covered large areas of sound

productior!il'zsg'zeol and perception.m”
Stridulatiot of producing sound by rubbing together body parts that contain structured

vibratiors. Insects perform this task ad nauseum by rubbing one structure with a well-
definednli alled “scraper” or plectrum) across a finely-ridged surface (the “file”) or vice
versa, genérating vibrations in the process (Figure 12A-D). The sounds produced by stridulation are

normally called c and chirrup. Insects are capable of generating a wide, diverse range of songs

that carqusical, or highly patterned. This behavior is quite common in large insects and
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spiders, but is also found in some vertebrates such as fish and snakes. The position on the body and

the anatomical features of the plectrum and the file can differ enormously in different invertebrates.

i

What is largely conserved, however, is the mechanical durability of these organs, derived from the

strength o jated cuticular projections (Figure 2).

[ |
The most mon system, used by grasshoppers and many other insects, involves rubbing a scraper

located onfhe lege.g., in beetles)>”2*2%3] o the trailing edge of the wings (e.g., mole crickets,

Gryllus sp, a sshoppers, Chortippus sp.)****** against a hardened file on the underside of the

S

adjacent w the scraper and the file are optimized for chirping and are coupled to thin, rigid

parts of the wing (See Section 3.2) to promote acoustic coupling (Figure 12A-D). Each time the

Gl

scraper pas a tooth in the file, the thin, papery portions of the wings vibrate and amplify the

1

sound. Th f the sound that is produced depends on the resonance frequency of the wing

determinedb ticle rigidity, as well as the rate at which the teeth of the file are struck, which

d

) [254]

can var Hz (bush crickets vs mole crickets

Tymbal Ings, are corrugated exoskeletal membrane structures made of cuticle. However,

M

they are used to produce sounds rather than for locomotion. Insects generate clicking sounds by

[

contractin lacing these membranes, analogous to how sound is produced by an electronic

loudspeaké echanism is most prominently found in tiger moths (Arctiinae) and cicadas

(Cicadoideq cing deafening songs with peak intensities of over 100 dB.?®

n

Cicadas haye paireg@ tymbals that are located on the sides of their abdominal base (Figure 12E—H).

t

The tymba ions of the exoskeleton that are modified to form a complex membrane with

U

thin, mem portions and thickened ribs (Figure 1F,G). A contraction of the tymbal muscle

A
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causes the membrane to buckle inward, producing a loud click. As the membrane snaps back, it
clicks again. Serial muscle contractions cause these membranes to vibrate rapidly; this vibration is

transferre*o enlarged air-filled chambers derived from the tracheae, where it resonates and is

@

H I
Tiger-mothitymbals are modified regions of the thorax that produce high-frequency, tuneable clicks

ampliﬁed.[

f

in the 40— Hz ge.[269] Sounds from these clicks, unlike cicada songs, serve a dual feature and

G

are used as matigg signals and in acoustic aposematism against bats. The moths are advertising to

S

bats that t reffoxic and the sounds “jam” the sonar of moth-eating bats to deter them.?%?7%

Although placing asound-producing insect directly in your ear may not be a pleasant thought, insect-

t

sized and s tymbals could be paired with insect-inspired sound reception mechanisms to

1

generate e icient and frequency-targeted hearing assistance for humans.

Ma

6. Sensing and Manipulation of Light

[

272 since the

Most animal e used light as a primary information carrier for communication
emergenc after the Cambrian explosion about 500 million years ago.?”**’* In particular,

intricate opfical structures deliver complex signals that are processed into information by complex

N

visual systains, thegeyes.'”’>?’® The cuticle exoskeleton of certain insects contains ordered, quasi-

{

ordered or ed nanostructures that reflect light in particular wavelength ranges and can

U

produce vi ors, while cuticle on the exterior of other insects forms nanostructured layers

A
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that prevent light reflection entirely, rendering them transparent. Mechanisms to manipulate light
have developed alongside those to detect it; the surface of some insect eyes is patterned with
nanoscaMthat promote efficient light transmission and also act as a hydrophobic deterrent
for vision- ensation (Section 4). This light-control toolkit is essential for insect survival,
and has‘prgﬁspiration for engineered systems that harness fundamental physical phenomena

to both produce @nd detect visual signals.

6.1. Mechghi f Color Production
Insects have evolved a diversity of mechanisms that interact with incident light and allow them to
create a dy ic form of information. The remarkable displays of insects have long fascinated

biologists, Cyswls s, and natural philosophers alike, including Newton, Darwin, and Rayleigh."?””

[273,277-286)

Numerous recent reviews discuss the physical aspects of insect displays, as well as their

function in\@&pi mmunication.?’>276287]

In general, t two main classes of animal coloration: pigmentary coloration due to the
wavele iwe light absorption by chemical dyes and structural coloration due to the
interactiongf incident light with ordered, quasi-ordered or disordered nanostructures causing

interference.””””***?®l Both coloration mechanisms feature unique optical properties that can

combine i

displays, tfl!:lanf durable paints, to adaptive camouflage and transparent materials. 2872902

InterferHulator displays (IMOD) are a low-power microelectromechanical system (MEMS)

| ways and modulate optical properties with potential applications ranging from

display technologyibased on structural coloration, enabling full visibility in direct sunlight, unlike

conventio?{crystal display (LCD) screens.”**** The concept is relatively simple: each pixel in
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the display contains a fixed, semitransparent membrane separated a distance (air-gap) of
approximately 1 um above a reflective, moveable thin-film stack. Both the membrane and stack
reflect light, and their separation determines the relative phase of the aggregate light output. When

the films a t a distance such that all reflected light in the visible spectrum destructively

pi

interfergs, e pixel is black, but when the stack is actuated to a distance that produces constructive

1

interferenceof visible light, it takes on a color determined by its particular distance-dependent

6]

>

phase shift. “color” state is a direct analog to structural color in many insects, and represents
just one offthelimany examples of potential light-active microstructured devices that can incorporate

insect-insp

NUs

6.1.1. Pigme loration

d

Pigmentary coloration is the most abundant coloration principle found in animals. It is based on the

deposition o nt chemical pigments in the outer body layer that selectively absorb incident

\'l

light. Pi esponsible for most of the yellow, orange, r,ed and brown-black colors observed

in insects. I is curious to note that most insects are not capable of synthesizing green- or blue-

[

colored pig except for a few exceptions, e.g., Graphium spp.[297]) and instead rely on

nanostruct

O

res to reflect these colors. The pigments are usually dispersed throughout

randomly drdered structures so that any incident light that is not absorbed is scattered diffusely.

n

Pigmentarycolors@ence appear identical in color from all viewing angles and are often described as

{

dulland lu ierid butterflies are an exception to the dull appearance as they have evolved a

U

way to cre tense pigment-based color. In the wing scales of these butterflies, the pigments

A

This article is protected by copyright. All rights reserved.

44



WILEY-VCH

are condensed in randomly ordered rice-grain-shaped granules.?*®**°! This arrangement greatly

increases the effective refractive index of the granules, resulting in a much increased scattering

£

rip

strength a igher reflectivity than if the pigment was randomly distributed throughout the wing

scale.B%

6.1.2. Strucdtural Caloration

C

Insects’ mast skunping visual displays arise from the interaction of light with nanostructures,

resulting i al coloration. To cause constructive interference of visible light, photonic

us

structures must consist of at least two materials with different refractive indices (RI) and with

periodicitie&on the mesoscale (i.e., =200 nm).?””**! such photonic structures are often assemblies

)

of dielectri Is with negligible light absorption such as insect cuticle (Rl =1.55)%% and air (Rl =

d

1), but also feature assemblies of pigmented material, e.g., melanin-containing layers, to achieve the

desired refra dex contrast, 1286303304

\¥

Among insects, the striking palette of colorations is due to the plethora of various

[

nanomorpRglogies.?>"") Simply speaking, the photonic structures in insects can be treated as

]

periodic o erials (so-called photonic crystals), and described using photophysical

€,

3

terminology. %l Morphologies can be categorized by their translational periodicity as one-,

two-, and thicee-dimensional photonic crystals, where the structure is locally periodic in one, two,

h

|

and thr s, respectively. Each different morphology changes the way light interacts with

the structure, as d@ local defects and disorder. Insect nanomorphologies range from ordered

Ul

[309-311] (277,282304312,313] 4 0+ o

structures startiagfrom thin films and multilayer structures

A

This article is protected by copyright. All rights reserved.

45



WILEY-VCH

[314-320]

dimensional photonic crystals to quasi-ordered and fully disordered structures, each with

different optical properties.

{

One-dime D) photonic structures, such as thin films or multilayer structures, are probably

the most e nanostructure in nature.? > These are responsible for the iridescent,
[ |

metallic col@rs of many beetles and butterflies (Figure 13A—C). As opposed to pigmentary colors,

structural g@lors raflect light directionally and show a brilliant iridescence; in other words, light is
strongly blueshifted for large angles of light incidence. Furthermore, light reflected by 1D photonic

structures oggly polarized under high incident angles of light.

U

Photonic c photonic structures that are periodic in all three spatial dimensions. In insects,

these are f@Und in wing scales of nearly all families of butterflies, weevils, and beetles and are

N

composed of cuticle sculpted into three-dimensional minimal surfaces (Figure 13D-F).B*32% | ight—

matter int these photonic crystals becomes highly dependent on the orientation of the

a

photon al, as well as the direction of incident light. Due to the low refractive-index contrast of

cuticle =1.55), these photonic crystals cannot build a full photonic bandgap, but show a

M

pronounced iridescence due to partial optical bandgaps that can be well explained by photonic

r

bandgap 331 The minimal surfaces most often found in insects approximate the geometry

[321]

of either a (e.g., in weevils)®*Y or a gyroid (e.g., in butterflies).??**'%*9 How these

differences ed to differences during cell development is still an open debate.**? It is

notew

h

photonic crystals in insects often appear in rather disordered orientations and

t

commonly®Brovide a green color by additive color mixing of the different reflections from differently

oriented crystals, @fesumably to provide camouflage in a foliaceous habitat.**

t

A
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Insects also employ disorder to alter their optical appearance. Local disorder in Morpho butterflies

provides a large range of viewing angles with stable color by introducing disorder in the scale ridge

reflectors (li 14A).1277323324 A certain degree of disorder can also smooth the reflectance of
multilayer y suppressing higher-order reflections caused by perfectly ordered

structures. 5 Mul!ﬂayer structures can be chirped, i.e., have a varying distance between layers of

[

refractive index, > or twisted, resulting in strongly circularly polarized reflected light.**3%! A

combinatio ping with a twisted Bouligand-type helicoidal structure causes the brilliant silver

and goldemns of jeweled beetles (Figure 14B).2>**! Disorder in all directions results in a

white coIo:nciple is optimized in white beetles, where a disordered network of chitin shows
I

[332,333]

the highes ng strength of any measured material (Figure 14C).

Evolution rCiisplays has brought forward an amazing variety of photonic nanostructures
suited for mignaling purposes. The effect of the incident angle of the light on the color

reflect tructures allows insects to create a dynamic form of information, particularly as

colorful bod re moved in time and space resulting in color signal with various temporal
resolutions. Colors serve multiple roles in insects, often several at the same time: to increase
visibility toSotentiaI mates, to warn predators of toxicity, and/or to camouflage to hunting

[273,275,2

prey.

Another wi inse? avoid detection is by employing transparency. Transparency can provide almost
perfect ca for the animals able to achieve it. Many marine animals such as jellyfish are
highly tran B34 However, achieving transparency is easier in dim lighting or turbid seawater

<
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than in well-illuminated environments in air, where small transparency mismatches are easily seen.
Nonetheless, this effect of optimized light guidance through a structure is observed on the wings
and eyes olc in insects, providing potential inspiration for engineered transparent materials.
Transparegsical property of allowing light to pass through a material without being

H I
scattered agabsorbed. In more physical terms, the reflectivity is minimal, while the transmittivity

approache@lass is transparent in the visible wavelength range, but each glass surface still
reflects about 4% of incident light due to the refractive-index mismatch of glass (Rl = 1.5) to air (Rl =
1), which résdlts i@a visible reflection due to Fresnel’s equations.”*>*** To minimize this effect,
materials irEsystems are often structured so that refractive index changes gradually between

them; this ﬁas impedance matching.®*! Evolution has selected for several tricks using

nanostruct exploit this effect.

Transparengi ings are a prominent example of impedance matching. While most wings are
relative ructured thin films of chitin,®*"! some dragonflies, cicadas, and butterflies have
optimiz ransparency of their wings by employing a local nanostructures (Figure 15A).2¥2* |n

the wings of these insects, the thin film of chitin that forms the wing membrane is covered on both

sides by srrhal or nipple-shaped nanopillars that provide impedance matching (Figure 15B). It

is crucial fq ars to be smaller than the wavelength of light to prevent interference effects,

resultinﬁum size of about =250 nm. Furthermore, height and positional disorder of the
nanopil ili broadband omnidirectionality of the transparency effect, resulting in a

reflectance®elow 0.05% for viewing angles below 50° and reaching a maximal value of 5% at an

|

angle of incidencef ~80°.5%

U

A
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Optical-impedance-matching mechanisms are useful not only for transparency but also to optimize
light transport into a structure. This phenomenon is critical for ensuring optimal light transmission to
optical sMsect eyes. This is particularly true for insects living in low-light conditions, such as
moths and rnal insects, which feature similar nanopillars covering their facet lenses

(Figure ES(ESI These so-called corneal nipple arrays optimize light flux into the eye and

photon detegctior,by the photoreceptors. As a positive side effect, the surface reflection of the eyes

is minimize ife daytime, suppressing a detectable reflection of the inactive insects by predators.

Insects camiverse array of nanostructures (Figure 15E) whose developmental pathway is

t 3441

-

6.3. Bioluminescence
Fireflies (mf the beetle family Lampyridae) are winged beetles famous for their

conspic bioluminescence during twilight to attract mates or prey. Fireflies produce a

unknown ;othesized to be based on a Turing-like patterning of the outermost corneal layer
during dev

“cold lightss ging from yellow (520 nm) to pale red (670 nm), produced in their lower abdomen in
the so-called lantern. The chemical process enabling firefly light production has been investigated

for more tlhtury.[g"‘s'a“s] The most common model for light production involves luciferin, the

enzyme lug and oxygen. To emit light, a two-step reaction takes place in the light-emitting

organ: lucifeg plexes with luciferase and ATP in the presence of Mg®* to form an “active
intermﬁeryl adenylate. The active intermediate form only needs oxygen to complete the
photochedca' reaction. With the addition of the oxygen, the active intermediate forms a cyclic

peroxide, Iucifer;ISdenyIate, that decomposes and while doing so emits light.

<
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When these chemicals are mixed together ex vivo, they typically produce a steady constant glow
unless oxygen is added last, in which case the reaction generates a flash resembling that observed in
vivo.B3#%? !!l he effect is strongly dependent on the specific luciferin—luciferase pair; the most

common p en light.

The lanterfifeatures a special morphology that allows optimized light emission.*2*¢3°% Each

[

lantern is offfat sla§ of tissue with a dorsal and a ventral layer. The dorsal layer contains uric acid

crystals to reflectlight away from the light produced in the cells in the ventral, or photogenic, layer.

S

Most firefli odulate their light emission to some extent and some fireflies can actually flash

by turning the lant@rn reflectance sharply off and on similar to a lighthouse. This is achieved by

Ul

different la rphologies and controlling the influx of oxygen.**® Each firefly species has its

I

own specifi Ise pattern, which acts as a communication signature: the female is usually at

rest at the €dg w he forest and males fly around sending and receiving signals. Over time, the

[351]

female species-identical males to reveal their location.

The lig e (the reaction center) is contained inside a high-refractive-index medium, imposing

M

boundary constraints on the morphology of the lantern in order to optimize light extraction to the

[

outside air tal internal reflection at large incidence angles.[352’353] Bay and co-workers have

recently s the structure of the cuticle outside of the light-emitting organ increases the

efficiency o t emission by =10%.5°% The light-extraction efficiency of synthetic

1

electrol devices, e.g., organic light-emitting diodes (OLEDs), suffers from the same

|

h,[354]

refractive-iAidex-mismatc and the insight from the firefly lantern structure has been used to

improve light-extrattion from OLEDs by up to 55%.5%%

U

A
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6.4. Insect Eyes

Unlike humans, insects have faceted, compound eyes that consist of numerous anatomically
identicahre 16). Insect eyes are classified according to the optical system that they employ
to focus in fficiently onto the light-sensitive parts of their photoreceptors as either

[355-359]

apposit%n !r op!lcal superposition eyes.

Appositionf@yes afg the main eye type found in insects (Figure 16C). Here, each facet is a separate
|

light detectar. nsists of a facet lens that caps an ommatidium, which is an assembly of

photorece , pigment cells, and (crystalline) cone. Incident light is focused through the lens

into a long, cylindrigal waveguide-like structure called a (fused) rhabdom, which is an assembly of

smaller str habdomeres (see below), which contain the photoreceptors’ visual pigment
molecules. tical superposition eyes are mainly employed by nocturnal moths, and use
multiple faet to focus light onto separate photoreceptive rhabdoms (Figure 16D).1*¢%361363I
Apposi s have a higher spatial resolution than superposition eyes, while superposition eyes
have a hi ight sensitivity.******) Moths are therefore able to live a nocturnal lifestyle that is

unavailable to butterflies, which are active at day.®*>** Insect eye facets are relatively small, with
diameters hetween 10and 50 um.me] The number of facets per eye can vary significantly,
ranging fro @ ants up to 30 000 in some dragonflies.[361] A low number of facets renders ants

nearly inca forming an image, while dragonflies have superior resolution.

Rhabdomer — st'lctures containing many microvilli with high concentrations of light-sensitive

pigments c;dopsins — facilitate detection of light by transducing light absorbed by these

pigments i ural signal.B¢”?%|n flies, the eight rhabdomeres in each ommatidium remain

<
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independent, each acting as a unique optical waveguide.[369] In bees and butterflies, nine

rhabdomeres fuse together to act as one efficient optical waveguide, and are collectively referred to

|

P

as the rhabdo % Rhabdoms are often surrounded by heavily pigmented iris cells that may alter

the spectr n of incident light to support color vision or to suppress stray light entering

the ommatidiom rough the sides or from neighbouring rhabdoms.®""

Cr

6.4.1. Navigaii ith Polarization

As sunlightfim@bnljght, or starlight passes through the atmosphere, it is scattered by gas particles in

$

[335,372]

accordanc mon scattering laws and generates a (linear) polarization pattern that

U

contains in n about the position of the light source and the observer.®’**”* A recently

developedWioinspired camera system captures the light polarization pattern across the entire sky in

)

a single im ing a wide-angle lens in combination with a triplet linear polarizer.®”® This

d

device, ultimat visual compass and optical global positioning system (GPS), allows its user to
navigate o ate outdoors using purely optical information, and could be applied to pre-existing

camera

\'{

ystems as a simple and energy-efficient complement (or alternative) to standard

guidance methods.

[

Like the im tem above, many insects (notably bees) can detect the polarization of light.?””!

Polarization lon is facilitated by the spatial arrangement of the microvilli that make up the

rhabdom, a8 well as by the distribution of the photoreceptor molecules on the microvilli. Due to the

q

cylindri the microvilli, twice as many light-sensitive chromophore groups of the

{

rhodopsin molecules are aligned parallel to the long axis of each microvillus than orthogonal to it.

u

This arrangeme cilitates detection of light polarized parallel to the microvilli.®”®

A
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Polarization vision in flies occurs in a narrow dorsal rim via UV photoreceptors.?%?7# Crickets have
developed a prominent dorsal area, recognizable by smooth facet lenses and ommatidia that are
devoid of slre ing pigment that feature exclusively blue-sensitive photoreceptors.®” African dung

[380, [382,383]

beetles navigate using the polarization pattern created by of the sun, the

moon or-t)-s milky way on cloudless nights.[Z]

6.4.2. Simple"E; Ocelli as Light Detectors.

SC

Vision syst are designed and optimized for a particular task are valuable in applications with

u

extreme mass and energy constraints, like miniature flying robots.'****¥*38 Wit this in mind,

Camara et al,_developed a simple, bioinspired “artificial eye” containing three photodetectors and

E)

weighing o, that could detect movement at rates up to 300 Hz with minimal power

d

consumption.**ts flexible footprint makes it well-suited to problems requiring rapid visual sensing

in a compact

\Y

The inspiration for this microsized camera — small simple eyes, so-called ocelli, containing a single

. . 1387 . .
facet lens Sgomplements compound eyes in many insects.***" An ocellus typically consists of a

£

lens eleme a) and a layer of photoreceptors (rod cells). Due to the low refractive power of

0O

the cornea, 0 ypically cannot form images on the photoreceptor layers, although some

exceptionsthave been reported.®® Due to the large aperture and the resulting low f-number of the

h

[

lens, oc ct lower light levels and have a faster response time than compound eyes. Ocelli

are typically foundfpn the dorsal (top) surface of the head of many insects and coexist with

Ul

compound eye ure 17).

A
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The number, forms, and functions of the dorsal ocelli vary significantly throughout insect orders, and
ocelli tend to be larger and more strongly expressed in flying insects (particularly bees, wasps,
dragonflie!, and locusts — and they tend to be larger in nocturnal insects), where they are typically

]

found as a wo lateral ocelli are directed to the left and right of the head, while a central

(mediarﬂo!i"us Is directed frontally. Due to their fast response time, ocelli are commonly thought

to function&insects to assist in maintaining flight stability as they are fit to quickly measure

changes in d brightness (Figure 17D).1**%**!

7. Thern:sing and Regulation

TemperatCNidely across insect habitats, and fluctuations occur over a broad range of time

scales. While r@spdinding to months-long temperature changes (e.g., seasons) is important for
overwi i urvival of species on the long run, short-term changes in temperature, which
include night E day, and even sun versus shade, are important for the day-to-day survival of
each individual. The variability and consistency of temperature fluctuations are important

componen! that shape the thermal niches and habitats of insects.?® Insects employ solutions to

heat-regulleems that span the scientific disciplines, ranging from biological controls (e.g.,

varying met ate) to physical techniques (e.g., structural coloration (Section 6)) and chemical

approachege.g., antifreeze protein synthesis).
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7.1. Thermal Sensing

Several insects have developed mechanically actuated heat detectors. In particular, members of the
forest—fi#aeetles, Melanophila, fly to forest fires (and other sources of immense heat) to
lay their e killed conifer trees, as they are not able to overcome the resinous natural
defense-resm living trees.>****% Forest-fire-seeking beetles detect forest fires using
specialized igfraned-detecting pit organs located on either side of the thorax near their middle legs
(Figure 18). nsory organ consists of a spherical cuticular structure approximately 12—16 um in

diameter with/@ cefitral cavity that is connected to the distal process of a nerve cell. Adjacent to each

sense orga continuously cleans the sensor by secreting strands of wax.™* IR light is
detected v ption of light in the pit organ leading to a pressure difference detected by a force
sensor.P®® In a sense, these beetles hear IR light. Forest fires burn at temperatures between 400
and 1200 ° itting IR wavelengths in the range of 2-4 pm.®*® Melanophila IR cells are able
to detect and r nd to wavelengths exclusively in this region.?®” These findings strongly indicate
that Melan ilg.beetles can detect a 10-hectare fire from a distance of 12 km, due to atmospheric
transpa se wavelengths.®*!

Engineerec!nfrared (IR) detectors fall within one of two general categories: light-based or
temperatu 13983%] The Jarge majority of IR-sensor development has focused on photons,
because me o directly transduce changes in heat via IR absorption have traditionally been
slower an&ss sensitive than their photon-detecting counterparts.”® Biology has prompted a new
look at lwucers, however, and several different bioinspired designs have emerged.

Recently, Jiang ets. developed a thermal—-pneumatic IR sensor that works by monitoring

displacement of :‘1in (20-60 nm) membrane that spans and seals a small, gas-filled
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compartment.”® While testing this device, buckling in the polymeric compartment-containing
substrate was observed, leading to the development of a thermal buckling sensor."**? This new
sensor is alSo based on thermal-expansion mechanisms and has a temperature resolution that is an

order of m mK vs =100 mK) lower than most thermal IR sensors. With a footprint of only

pi

15 um, Meteneors just one example of many potential bioinspired designs that exploit material

§

properties tg,achieve energy-efficient, compact sensors.

SC

7.2. Temperature Control

U

Effectively distributing food resources is of immense interest to the growing global population; more

than US $ billion of perishable food goes to waste each year, much of which is tied to elevated

)

food temp uring transport and storage."*” Long-distance, cold-chain food shipments are

d

energetically'and*financially expensive, so efficient mechanisms to maintain stable food

temperature ong time periods are highly desirable. Despite their small size, insects have

M

found principles to regulate temperature, all of which are biocompatible. Curiously,

one potentjally insect-related thermoregulation solution has been adopted in the food industry.

[

Unilever rec filed a patent on incorporating genetically modified freeze-resistant proteins

(discussed to ice-cream production.”® With the addition of small amounts of these

O

proteins, th€ company claims that the ice cream can be deep-frozen to temperatures lower than -40

n

°C without gny riskgof ice-crystal formation (normally inducing freezer burn) when thawed back to

g

the tempe common household freezers (-4 to 16 °C). Deep-frozen ice-cream would take

U

A
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much longer to melt if exposed to elevated shipping temperatures, lowering the risk of spoiling. This

concept may be extendable to other, more nutritious, perishables.

{

Biologically, regulation is controlling temperatures in animals and describes their ability to
maintain a temperature T (either above or below ambient temperature), by
H I

physiologiddl or behavioral means."***! Many insects have a largely variable T, and yet maintain a

substantialfifidepéfdence from strongly varying ambient temperatures.

G

Two types @ft regulatory mechanisms exist in insects; those that manipulate internal heat

3

production, and those that manipulate external heat exchange. Flight is fundamentally linked to

U

thermoregulati s flight is an energetically expensive form of locomotion that usually requires a

high metal§@lic rate to supply sufficient energy. In order to fly, an insect’s flight muscles must be

N

capable of high mechanical power output, which in turn produces large amounts of heat."*%!

Under mil ns, the heat generated by a flying insect dissipates without causing any damage.

a

Howev e flying insect is also exposed to external sources of heat like sunlight or a higher than

normal temperature, it needs to thermoregulate to maintain a nonlethal body temperature.

r M

7.2.1. Keep,

O

During hig light, insects may lose heat by convection because increased air flow facilitates

n

convec ®“Nonetheless, the T, of moths increases with flight veIocity.[4°8] This temperature

{

increase happens because the moth flight muscles work at higher frequency during rapid flight,

which incr racic heat generation. To prevent dangerous internal temperatures, moths

U

dissipate moving hemolymph from their thorax (where flight muscles are located) to the

A
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abdomen. The heart of these moths makes a loop through the center of the thorax to promote heat

exchange and to use the abdomen as both a heat sink and a radiator.

T

Alternativ s can dissipate heat through evaporation. Normally, water reserves in insects are
too small t poration as a routine method of cooling, but this approach has been
H I

observed iflinsects living close to an abundant water supply (vegetation, plants, or blood).
Honeybee ing at high T, extrude a water droplet from their mouth, as do bees at ambient

temperatures apave 46 °C, to significantly lower T, by as much as 5 °C.1*0%40)

Malaria—transmittin!g mosquitoes, Anopheles sp., whose preferred T, is =30°C, thermoregulate each

time they od meal on a warm-blooded animal by emitting a droplet composed of urine and
fresh bIoo!Eat tEey keep attached to their anus. The liquid of the drop evaporates and dissipates

the excessmwed from ingesting a relatively large volume of warm blood."*" Similarly, sawfly

larvae pro id anal secretion that they spread over their bodies to cool down by as much as 7
°C whe mperature is above the lethal 42 °c./**
Structu ent-based cuticle coloration (Section 6) can also influence insect body

temperatuge. Dark-colored (or melanic) insects, which generally contain significant amounts of

populatio!are more active in warmer conditions than darker individuals, while these melanic

individualsian fly inger in cold conditions.""* Some insects can even actively change coloration

with temp:rasshoppers are black below a threshold temperature (=10°C) but rapidly turn a
e

light blue d temperatures, probably to prevent overheating."*®****” Similar modifications

<
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are also reported for damselflies and dragonflies.lm] The transition temperature may be correlated

with habitat as the color change could provide camouflage while the animal is inactive. The precise

:.t

rip

nanostructtr. echanism behind this color change is not known. Its mode of action may be

amenable materials.

7.2.2. Freeze-Avoidance

5C

The exact defifiitio) of low or high temperature is relative. While 10-15°C induces chill coma or

deathin tr ects, insects in temperate or polar regions often remain active well below 0

u

. |nsects Iving in habitats at extreme latitudes cannot easily avoid cold and have developed the

ability to sUgyive sub-zero temperatures by either preventing their body fluid from freezing (freeze

q

avoidant) g in such a way to be able to withstand the freezing of their body fluid (freeze

d

tolerant). In bothi"Cases, the insects survive by expressing antifreeze proteins (AFPs) within their cells.

AFPs, first ide in the blood of Antarctic fish, allow animals to avoid freezing in environments

V]

colder gative melting point of their bodily fluids./*?>*??! AFPs adsorb to the surface of ice

and prevent water from joining the crystal lattice, thereby preventing freezing of a solution in the

[

presence of i til a new, lower freezing point is reached.*”>***) AFPs create a difference between

the meltin

O

d freezing point; this phenomenon is known as thermal hysteresis, and it allows

insects to gUrvive while their body temperature is below the melting point.

§

|

§l425-427)

Insect A similar amino acid moti that is fundamentally different from those found

in fish or plants, gf@nting them a greater degree of thermal hysteresis allowing them to survive at

Ll

lower tempera . Ininsects, AFPs consist of varying numbers of 12- or 13-mer amino acid residue

A
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repeats that are folded into a repeating barrel structure of approximately 8 to 13 kDa total weight.
Throughout the protein length, at least every sixth residue is a cysteine. Disulfide mapping of the
insect AMS that all cysteines form disulfide bridges,'**®! which impose significant folding
constraint align the important hydroxide-rich sides that bind to water molecules.

Indeed,ﬂwe!cys!emes act to stabilize the proteins and properly align the residues that hydrogen

bond to ice t |c:—iucleating sites. AFPs have been identified in more than fifty insect species.

[424]

Not surpris ect AFPs are 10-30 times more effective than fish AFPs, given the far lower

temperatuwome land-based insects must survive. During the extreme winter months, the

spruce bu;&voﬁstoneura hebenstreitella, resists freezing at temperatures approaching -30
°C, while t n

8. ChemmSing and Defense

To a far greatEnt than vertebrates, insects navigate their world largely by detecting and

deploying chemical stimuli. Insects use smell to find their food and mates,** and they produce

beetle Upis ceramboides can survive in a temperature of -60 °C.1**!

volatile sigSIing molecules called pheromones to convey a wide range of messages to the organisms
around therer, insects must surmount a fundamental difficulty in order to send and receive

chemical co cation effectively: the world is big, and they are small. The volumes of an insect’s

pheromon!or allomone emissions are usually single microliters at most, so the volatile signaling
compou“ extremely diluted upon evaporation. As a result of this dilution, insects have

evolved sopflstlcid chemical sensors that give neurons maximal exposure to the environment

<
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while providing protection and selectivity as needed, as well as various methods of dispersing their

chemical signals in a manner that ensures proximity to their targets.

{

The fields al sensing and drug delivery both also face the dilution problem; in both
contexts, i - d innovations have recently been applied to overcome it. Insects’ wide
H I

variety of mjechanisms for chemical detection and dispersal typically involve high surface areas

and/or sopfifstica means of moving molecules across skin or cuticle, strategies that also have

G

utility in engineeted contexts.

us

8.1. Chemical Sensing

1

The signal- problem faced by insects in chemical communication is analogous to challenges

facedine methods for selective single-molecule detection and analysis. One such

techniq e-based resistive pulse sensing, detects the translocation of particles through a

single nano re in a membrane by measuring transient reductions in ionic current across the

W

membrane. It is often advantageous to use solid-state membranes made of silicon, as pores of any

desired siz&nay be fabricated according to the analyte of interest, but such substrates are plagued

3

by nonspe actions between solutes and the pore walls, causing clogging and other

0O

problems. Re research has taken inspiration from the lipid-bilayer-lined pores in the walls of

sensilla in Moth antennae, which also have the function of detecting and identifying chemicals in

h

t

small a h sensilla provide a nonstick fluid coating (Figure 19C,[43°"432]) and selective

odorant-binding poteins and neural receptors enable moths to distinguish between odorants as

G

described belo 433-4351 Similarly, selective conjugation of an analyte to a lipid membrane imparts

A
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selectivity to synthetic nanopore systems while minimizing nonspecific adsorption./**>*3? By

convention, an insect recognizes airborne chemicals by smelling them (olfaction), while it recognizes

aqueous c* icals by tasting them (gustation). The mechanism for both modes of sensing is,
however, ical.
H I

Like some Sechanosensors (see Section 5), the basic chemoreceptive structures in insects are called
sensilla. SefiSilla take various shapes involving cuticular projections containing pores or pits (Figure
19A,B), but the role of each chemoreceptive sensillum is the same as in the mechanical sensors: to
bring the d itg of the detecting sensory neurons into direct contact with the outside world while

providing them with a protective barrier that facilitates chemical transport. The pores on a sensillum

Ul

mediate ac e sensory neurons. External gustatory sensilla are typically hairs containing only

Il

a single api that will be touched directly to food or fluid; they are typically also

mechanoss ustatory sensilla appear on insects’ mouthparts, but also on other parts of their

bodies legs, wings, and genitals, allowing them to sample food before ingesting it.[**®

The de ontain highly specific receptors in the form of membrane proteins on their exterior

M

membranes, which initiate action potentials in response to chemical signals that exceed a threshold

[430]

]

concentrati isiselectivity allows complex signaling and specific messaging between insects.

The gypsy yinantria dispar, uses the (+) enantiomer of a compound called disparlure as a sex

pheromon ntagonized by the (-) enantiomer. Its close relative, the nun moth L. monacha,

also us

n

but is able to avoid attracting gypsy moths by producing mostly the (-)

{

enantiome

AU
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Most of an insect’s olfactory sensilla are located on its antennae, which have evolved as specialized
sensory structures to detect mechanical and thermal stimuli in addition to chemicals. Due to the low
concentMorant molecules in air and their importance in signaling, many insects have been
evolutiona d toward developing incredibly sensitive olfactory systems. For this reason,
oIfactoergMnd to have thousands of pores lining their walls (Figure 19C) to give the sensory
dendrites of gach.sensillum maximum exposure to the environment. Different types of sensilla have

evolved to y detect different types of analytes; double-walled sensilla are thought to be
more senswﬂar molecules, while single-walled sensilla have evolved close-packed arrays of
pore tubul lized for the transport of nonpolar odorants./****”! Many insects have multiple

[438]

types of se corating their antennae, ™" giving them a wider scope of substrates (Figure 19A).

Other ada;Cnproving olfactory sensitivity involve increasing the surface area of the antennae

by a numb@s of branching in order to provide space for more sensilla (Figure 18A). The

moths i i have developed spectacular antennae in the shape of combs or feathers.
Extensive bra increases the surface area of the antennae of the silkmoth, Bombyx mori, sixfold
from 4.8'to 29 mm’ (Figure 19).1*****I The tobacco hawk moth, Manduca sexta, packs around 150
000 sensillsf various types onto each of its antennae; it has over 260 000 antennal neurons

connectedQvironment by hundreds of millions of pores.>*#4%41 gompyx, with fewer
a

sensory ne n Manduca, is able to alter its behavior in response to ambient pheromone

concentrasns of around 107 M."*? Some calculations imply that it may take fewer than 100

moIecuIM} exceed the threshold for a response."” Detection systems with this sensitivity

threshold are c!eS/ attractive for engineered sensors, especially those designed to characterize

<
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challenging analytes such as amyloid-beta, a peptide that has implications in Alzheimer’s disease and

that forms transient, heterogeneous aggregates that tend to stick to surfaces.[#3%432

pt

8.2. ChemicahRefense

L

Insects produce ag impressive arsenal of defensive chemicals (or “allomones”), which can either
inflict actua upon attackers or simply ward off predators by their repulsive smell or taste.”
Insect allowry widely in chemical structure, with molecular weights ranging four orders of
magnitude (ammonia)™*** to 1.7 x 10° atomic mass units (antlion AMLB-toxin).***!
Allomones can be biosynthesized by the insects themselves or sequestered from the plants they

eat,[445448l g; chemical structures of insect allomones have been thoroughly reviewed

elsewhere; e astounding diversity of pharmacologically active compounds biosynthesized by
insects makes t of interest as a natural product library for pharmaceutical research.!*****
HoweveEs are only useful insofar as they can reach their targets, so insects have evolved
an arse onspecific and specific defensive chemical dispersal mechanisms.

The Coandsffect describes the phenomenon whereby fluid passing over a convex surface stays
attached t@face.”s‘” Ambient pressure forces the fluid stream into the low-pressure zone
generated betWeen the fluid and the adjacent surface, causing the stream to effectively conform to
surface ﬁesetr;. This effect, used on the microscale by insects to target predators with jets of fluid,

can be é“nearly any engineering design problem where moving fluids interact with

surfaces. For instalice, Lee et al. recently employed the Coanda effect to generate increased lift an

unmanr&hicle (UAV)."** By directing a single propeller downward over a symmetrically
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curved structure, the researchers considerably improved flight efficiency and stability relative to
commercial multicopter drones."*** Cardiologists are also examining this effect, as it strongly
influences !rt' icial valve design and the forces acting on materials implanted in the heart and

vasculatur

also inte-re Ing In the context of directing fluids, a task shared by a variety of applications.

undamental mechanisms that underlie insect chemical defense strategies are

cr

8.2.1. Projg@til ersal

S

A variety o glands are largely responsible for the production and expulsion of chemical

U

defense in insects. These glands can appear anywhere on an insect, from salivary ducts in the

animal’s m@uthparts to anal glands near the posterior tip and anywhere in between. While some

1

glands sim the chemical cocktail they produce to ooze forth from an orifice, others eject

d

their cargo as sprays, jets, or mists, typically by contracting the surrounding musculature in a

[4

controlled m >74581 1n some cases, they can shoot their secretions quite precisely, even around

IV

corners s (Phasmidae), which can exceed 30 cm in length, are capable of discharging

streams of @n irritating, tear-inducing secretion containing a diverse array of allomones upon

|

provocation. 22> The streams are issued from one or both of its prothoracic glands, which can be

9,460] [459]

aimed acc

O

phasmids can fire up to five consecutive discharges™” over distances of up

to 50 cm." ese discharges can take the form of sprays or fine jets tens of micrometers in

h

{

diameter. ’ he form of the discharge depends on the pressure, viscosity, and surface tension

of the secr dimensions of the aperture, and the steadiness of the duct over time."** The

U

control me s of these aspects may be inspiring for engineered jets and sprays.

A
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Bombardier beetles (Figure 20A) present perhaps the most spectacular example of projectile
defense found in insects. While all ground beetles (Carabidae) have paired pygidial glands for
synthesis aId ispersal of allomones, the Brachininae and Paussinae subfamilies of ground beetles

have evolv ely specialized variant of these structures that sequentially combine the

ingredie-ntio a Elglhly exothermic reaction, resulting in the synthesis, heating, and explosive release

spray is pu ound 700 Hz, reaches velocities of 10 m s, can be aimed precisely with a full

360° rangmhit targetsupto 7 cm away.[465‘466]

Bombardier beetISare the only animals capable of containing a hot explosion inside their bodies as

of an irritatit p:enzoquinone spray at 100 °C with accompanying steam and a popping hiss. The

a part of nﬁtomical function,“®”! a feat they achieve in a reaction chamber (Figure 20B-D)

with sever | adaptations that help maintain structural integrity and passively regulate the

rate of themMost of the chamber is constructed from stress-resistant cuticle, but flexible

seams ntain resilin allow expansion in response to overpressure (Figure 20C). Inside the

chamber, an atic secretion produced from adjacent accessory glands catalyzes an oxidative
reaction that exothermically generates benzoquinones from a fuel solution of hydrogen peroxide,
hydroquinies, and hydrocarbons. The fuel is stable without the enzymes, and is stored in a
beIIows-IikOir until a valve leading to the reaction chamber is opened.”®”! Less than a

millisecond e valve opens, the explosion resulting from the contact of the fuel with the

enzymes d!EIaces a flexible expansion membrane (Figure 20B) that closes the valve again, giving the
jetits ther and automatically regulating the consumption of fuel for longer, less self-

destructive pulses§han if the fuel were to all enter the chamber at once."® The secretion that

catalyzes the reaf‘ n is dense and sticky and is held to the inner surface of the reaction chamber by
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an impressively diverse array of microsculptures, including branched spines, haired walls, spiny hairs,
spiny lobes, small spinules, and a honeycomb-like floor, which minimize catalyst loss due to washout
between blasts (Figure 19D). The “turret” at the abdominal apex contains resilin to minimize

recoil.*¢" | e, aiming is accomplished by the rotation of the abdomen, ! but Paussinae

pi

have evOlvad a different strategy for directing jets forward involving a pair of grooved flanges in the

rear of their wing.covers. When the beetle’s spray is aimed at the flanges, it is deflected up to 50°

 [454,466]

due to the effec

USCIE

8.2.2. Biphgsiedigdld Secretions

Like the bofabardier beetle, many insects that generate highly toxic or irritating compounds avoid

F)

poisoning es by synthesizing a less harmful precursor inside endocrine glandular cells, then

d

secreting it into the lumen of a reservoir lined with an impermeable cuticle to be enzymatically

converted in nal form before expulsion. %% |n some members of the true bugs of suborder

\'{

Hetero zymes in the lumen reside in an aqueous phase while the reactive irritants

occupy thegorganic phase. This observation is likely generalizable to a greater swath of the insect

I

population.” =

0

Some tenebr beetles have developed an intriguing adaptation to maximize the efficacy of their

biphasic s s that takes advantage of gravity and different density of the two sprays.”’" The

h

!

beetles ir heads when threatened, raising their abdomens skyward before squirting

their secretions; aSha result, only the supernatant irritant-bearing low-density organic phase of the

U

mixture is exp leaving the aqueous enzyme-containing phase behind.*’?

A
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Insects frequently deposit their allomones as foams, the process of which encourages the
evaporation of volatile odorants, often makes a sound, and leads to a highly visible product to warn
potentim Foams are also spatially efficient, so insects will often cover most or all of
themselve pring in a protective blanket of toxic foam using relatively little liquid

exudate 17—

Froghoppeffnym are well-known for covering themselves with a frothy foam known as “cuckoo-

Gl

1[474,475]

spit after settling on a feeding site. As in the grasshoppers, this froth is an effective deterrent
to predatomt it also serves to create a “microhabitat” that may protect the nymph against

[477]

desiccation.””! ThB foam is stabilized by surface-active mucopolysaccharides®’”! and parallel silk-like

Ul

s[478]

proteinace that reduce local evaporation rates by 65%.1”!

dlt

8.2.3. AnatomicafStructures for Allomone Injection

Several inse evolved structures specifically to pierce the skin of threatening vertebrates and

\1

inject allomones. Though the context is very different, traversing the epidermal layer for sample

delivery a ithdrawal is a task shared by the medical community. Certain patients must receive

1

pharmace pounds intravenously quite often, motivating the development of optimized

O

technologies ubcutaneous access. Diabetics, for example, must collect blood samples to

[480]

measure ose levels multiple times per day, " and do so by puncturing their own skin with a

h

L

metal la , which can be painful. Insect-inspired structures are particularly relevant in

alleviating some ofithis burden, as many insects have developed appendages to effortlessly and

Ul

painlessly pun the skin of mammals; in fact, over 500 species of insects feed on human blood,

A
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and countless more pierce skin as a mechanism of defense."" This sharp-tipped efficiency has
attracted the attention of subcutaneous-injection-device manufacturers and researchers alike,
leading Med microneedles. Oka et al. developed one of the first mimics inspired by
mosquito proboscis),*®® and they have been followed by designs based on caterpillar
spines“‘ agmers.[m] Research in the microneedle field continues to grow, and the multitude of

skin-piercingorgans in insects have a wealth of insight to offer in this effort.

G

Hair-like Microstructures: Lepidopteran caterpillars are known for having a wide variety of

S

£

arrangeme f@Wlrticating,” or poisonous, hairs and spines that are often numerous and

ostentatious, servifig both as a direct threat to potential attackers and as an effective aposematic

U

.[485-487]

mechanism ing structures have been reviewed extensively; the three most prevalent

n

defensive es in caterpillars are true setae, modified setae, and spines (Figure 21). True and

modified s@ta arbed hairs that grow from a modified cell at the base of the hair, while spines

d

rojections of the epidermis containing a number of specialized cells; all these

structures are ous and hollow, but they vary widely in size. Functionally speaking, spines and
modified setae are similar in that both have sturdy bases and sharp tips, both can contain venom
provided b!specialized secretory cells, and both primarily function by sticking into attackers tip-
first."® ca can pressurize the lumen of the secretory apparatus to inject considerable

volumes of *1436] the tips of spines and hairs also often detach easily into the skin of the

attacker.”i“sg]

True setaelave a fundamentally different mechanism of action. These are typically much smaller

than other urtica;'Sg structures at 100-500 pum long and only 2—10 um in diameter. The bases are

pOintedqbottleneck at the base of the hair. True setae function by detaching from the
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integument of the caterpillar upon contact with a surface; they then pierce the skin of an enemy

with the pointed base end.**>*% The pine processionary moth caterpillars (Figure 20A), named for

[490] [485]

t

P

the long, cont us single-file lines they crawl in,””" can have 60 000 hairs per square millimeter

in the fold dominal tergites, which “gush out” of the folds “like an eruption” upon

|| . . .
mechanicalprovocation.*®® In white-marked Tussock moth larvae, the setae are so light and

§

attached so deligately that the caterpillars can dislodge them into the surrounding atmosphere by

G

simply wag ir back end upon the appearance of a threat./**® Contact with true setae causes

allergic rea€tigls ad skin irritation in mammals; however, the mechanism of action is not well-

$

understoo position of the setae is complex, with a chitin skeleton surrounded by proteins,

U

lipids, wax, copolysaccharides, all of which are foreign to mammals. Additionally, chitin is

hypothesiz€d to promote inflammation and immune responses.*®*

q

Skin-Penettati crostructures: Many female members of Hymenoptera, a large insect order that

dl

include sps, and ants, have a venomous sting derived from an egg-placing device

(ovipositor) o ip of their abdomen for defense (and often predation). The process of stinging

M

involves many parts of a complex apparatus moving in harmony, with muscles pulling on rigid levers

connected @y flexible, resilin-bearing linkages.*******9? The chitinous, needle-like tip that pierces the

f

skin is com three distinct parts: two independently moving lancets with barbed tips and a

O

fixed track stylet with rails called rhachises (Figure 22); the venom flows between the three

components. A sensory sheath covered in hairs projects above the tip; this sheath has been shown

q

[486]

to direc to more vulnerable positions"™™ and produce pheromones that encourage

{

stinging among other colony members in social hymenoptera.[m] After the tip is initially extended,

U

the lancets dig int@gthe victim and retract in an alternating fashion, boring deeper and deeper into

A

This article is protected by copyright. All rights reserved.

70



WILEY-VCH

the skin with the help of the barbs. In many insects, the lancets are attached to valves that pump
venom out of a reservoir upstream of the sting as they bore into the enemy.*® The venom of bees
in particulj contains a compound called melittin, an amphiphilic peptide that self-assembles into

oligomeric my lipid membranes to induce cell death.*****

H I
A number s mechanisms exist that allow sting removal. Vespid stylets are wider than their lancets,

allowing th@Tancé®s to retreat and shield their serrated barbs before extraction (Figure 22A-D).1*"”)

C

Furthermore, sqme of their serrations are simply sharp enough to sever most fibers blocking the way

S

back to th ace.[*®**" However, honeybees, who frequently face vertebrate predators

seeking the valuable honey in their hives, have evolved mechanisms such as large lancet barbs, pre-

Ul

[486]

formed bre ints,® and narrow stylets*”! to ensure that their stings and all the attendant

I

machinery ed in the victim rather than remaining attached to the body of the attacker

(Figure 228%H process of wrenching the sting from the abdomen results in the certain death of

d

the att ounterintuitively, this is understood as adaptive; the life of an individual worker

bee is of little guence to a colony, while its sacrifice results in a more effective deterrent than if
it were able to remove itself from its enemy. When a bee’s sting is left behind, its poison apparatus
still functi!s, emptying its contents into the enemy and making it significantly more difficult for the
predator thther exposure to venom; these suicidal attacks result in more painful wounds

than stings successfully extracted.[**®

Many i£ diverse order Hemiptera have evolved a remarkably similar anatomy on their

front ena |’tHe !orm of a fearsome beak called a rostrum that they use to feed on vertebrates and

invertebrates aIik;Like bee and wasp stings, rostra (plural of rostrum) contain a bundle of barbed

shafts tqnto the body of their prey after the exoskeleton is pierced (Figure 22I1-L). Unlike
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stings, these projections are long and flexible, penetrating deep into the prey and whipping around
radially as they spray saliva, causing severe mechanical and chemical damage within seconds.***%%
Furtherhsk of this instrument is more complex than hymenopteran stings, as it serves
simultane inge that injects a potent cocktail of lytic proteins to liquefy the innards of the
preyml.z] anasastraw to extract the resulting slurry.®® The barbed shafts contain grooves that
they use to&ethen forming two channels that are sealed off from one another while still

allowing th e to move independently (Figure 22)."**! At the point inside the rostrum where

they diverm of the rigid hypopharynx structure that comes between them has a complex X

shape that;ﬂe grooves into each other like the fastener of a zip-locking bag.®® Some
t

hemiptera ract over 94% of the nutrients in the carcass of prey up to five times their body

weight (in(sding fish, snakes, and turtles) in the span of 2 h.%

9. MaEperties of Insect Nests and Aggregates

Up to this point, we have focused on adaptations that benefit the fitness of individual insects. Social
insects, e.* ants, termites, bees, and some wasps, have evolved cooperative behavior, leading to
solutions t fit entire colonies. Social adaptations can be significantly more complex than
individual o en manifesting as structures on the scale of meters rather than micrometers.
Termites, & example, build “cathedrals” up to nine meters high, which rank among the largest
structurManimals (Figure 23).°Y Ants and termites practice agriculture in the form of

mutualisms W|tE §vgi, which they cultivate in their nests.**%! Bees and wasps make large-scale

<
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nests with remarkably precise lattice patterns out of digested material (Figure 24).[506] Alone, no

insect could accomplish tasks on this scale and levels of sophistication.

T

Termites h eordained blueprint for the towers they build, nor do wasps receive instructions
to fan thei single commander. Insects collectively accomplish complex actions such as
H I

nest-buildiRg and homeostasis despite a limited individual repertoire and a lack of a central control
locus via t@le of self-organization. Specifically, each individual has a set of behavioral
prescriptions that determine its response to stimuli as diverse as temperatures that exceed a
threshold, ogdones released by nestmates, or an encounter with a half-built structure.

Collectively, theseYaehaviors lead to feedback loops, in which an insect is stimulated by the product
of its own other insect’s actions to produce an effect that in turn stimulates more insects,
a phenomtwn as stigmergy.®”* In insects, positive feedback causes building behaviors,
signal amp and decision-making; negative feedback causes behavior that brings the

environ to an ideal state, leading to homeostasis of gas concentrations and temperature

in insects cap directly impacting these conditions, usually with their wings.®*? The behavioral

patterns in individual insects have been selected over time because the emergent feedback loops

they creatiave proved to be adaptive to the colony as a whole, which is often called a

“sy perorga@“l‘”

Examir:r stigmergic behavior of insects have led to innovations in computing based on a
consid i dback loops generated by individual actors with prescribed behavioral scripts. In
the contextof foraging, stigmergy allows honeybees and ant colonies to deduce the shortest path to

a food source. M5ple insects search randomly for food and return to recruit others with

pherom%hen they have found it, and the shortest paths begin recruitment earlier and
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eventually develop the strongest pheromone trails, as more round trips can be taken down shorter
paths in a given time.®™ The researchers who discovered this capability in ants developed a
stochastic *a matical model to describe the foraging behavior,** and in the early 1990s, Marco

Dorigo rea imilar stochastic approach using a population of “artificial ants” could be

generalEemEing multiparametric optimization problems with varying degrees of constraint
through positivefeedback.”*® Since then, “ant-colony optimization” has proven to be a scalable and
flexible prouwng approach with particular utility to problems such as routing, resource
aIIocation,wduling, in which the computation time scales exponentially as the complexity of
the system s. Ant-colony optimization does not compute the exact best solution to such
problems, ides a high-quality solution in a relatively short time. Additionally, as in actual ant
colonies, t?g approach is capable of adapting to a system that changes over time, making it useful
for solving mic routing problems commonly encountered in mobile

telecommumicatigns, >7>28!

=

9.1. Insect-Built Materials and Structures

pizational control has been incorporated in a variety of techniques involving magnetic

Vit is also used by insects. The “magnetic” termite, Amitermes meridionalis,

builds wedf-sEaped mounds that reliably run along a north—south axis (Figure 23B). This adaptation

is linked w'ﬁ therioregulation, as orienting the nest in the north—south direction gives it a sun-

facing surf hat is large during the cool mornings and evenings and minimal during

midday.®* (524,525

<

riments involving exposure to controlled magnetic fields in the lab indicate
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that the termites build both their nests and the structures within them directionally in response to

an internal “compass” that likely consists of magnetite nanoparticles in the thorax and abdomen.*?®!
In a similartashion, Ding et al. recently demonstrated a method using external magnetic fields to

create pho (see Section 6.1) by organizing a population of sub-micrometer-length

pt

magnetE ellipsoids.?” The researchers were able to control the color of the resulting ellipsoidal

£

superlattice simply by changing the size of the ellipsoids.

C

Most taxa of social insects build chambered nests for protection and homeostasis and much like the

S

magnetic t hey shape these structures based on individually detected environmental stimuli

(see Sections 5—7)Whese nests are often hierarchical (Figure 24A), and are both complex and central

U

to survival. [511,523,528] 4y

nted below, termite mounds function as respiratory organs,

colonies off uld be unable to survive winters without storing large amounts of honey in their

combs. ¢!

dll

M

9.1.1. tural Designs Built by Insects

Bees and s are master builders; they each construct large arrays of regular hexagons for their

1

nests (Figu ees’ honeycombs are capable of supporting large masses; each kilogram of

Q

beeswax is c e of supporting about 22 kg of honey."? In addition to being mechanically robust,

regular heX@gons have the smallest perimeter of any polygon that fills a plane without gaps, making

h

L

them th rially efficient geometry for the packing of honey, pollen, and brood.®* Each

honeycomb is a staggered bilayer of hexagonal cells that open outward on each side; the rhombic

Gl

junctions betw he two layers meet at the angle that gives the minimum surface area of base

A
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comb.®* The cells begin as close-packed cylindrical holes; their triple junctions thin over time,
turning into corners.”*" The question of whether the hexagons arise due to active shaping by
bees[51°'5!!!tr ssive thermoplastic flow into an equilibrium state at elevated temperatures®>***!

has not be ively answered**!

and is still a matter of active debate. A focal point of the
discussign ! !He glass transition of beeswax, which is around 40 °C, a temperature that the wax

approaches but does not seem to reach during comb formation.”**>3?! Regardless, the geometry of

C

the lattice | ed, with remarkably uniform wall thicknesses and an angle consistently 9-14°

above the florigontdl, ostensibly to prevent honey from leaking out of uncapped cells.>*%®

S

Intriguingly, bees dke able to adapt their comb structures stigmergically in response to their

Ul

environme previous construction and/or obstacles. Bees typically begin building a comb at

multiple lo parallel that then merge into a single structure. Bees are able to “retouch” the

combs to @ gether harmoniously. Hexagonal cells are the dominant shape, but pentagons and

heptag ncommon as interstitial binders; a cell simply takes on the same number of sides

as the numbe nearest neighbors (Figure 24C),***

though there are limits to the surface
patterns they can successfully accommodate.®*! Furthermore, if bees are provided with a patterned
substrate, Sey will construct honeycombs in periodic arrangements defined by the substrate
pattern thanore complex than a normal hexagonal lattice (Figure 24D).**® Bees are strongly

driven to ali r combs with one another; in an early experiment, a researcher placed a beeswax

foundatio!n a perpendicular alignment to two adjacent combs and found that the resulting comb
twisted W its way down in order to align the lower cells with the neighboring combs.*"**

Finally, some EeeSolIow different stigmergic assembly “rules” altogether, leading to different

<
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architectures — one species of dwarf honeybee produces “spiral combs” that climb upward in space

(Figure 24E), while another produces disordered “semi-combs.”*10:>39540]

T

The wax th se for their comb originates in glands under the “wax mirrors,” or smooth areas
of cuticle o en. These glands secrete anisotropic wax crystals that the bees masticate,
H I

turning the into stiff, isotropic comb wax that is easier to manipulate at elevated temperatures
using a condBinati@ of lipolytic saliva and mechanical forces.********? Although this conversion
process allows bees to sculpt the wax into combs, it is at first glance curious that bees actually
make their |gs8 strong, more easily fracturable, and more susceptible to deformation at high
temperatu@e using it to construct their homes. Nests made entirely of new comb wax should

completel\ﬁ at 45 °C, but are able to avoid this fate due to the actions of the developing

brood the ilt to house. Before pupation, larvae cover the walls of their cells with a silk

cocoon, wy improves the tensile strength, breaking strain, stiffness, and fracture energy of

the co it is still sensitive to temperature increases, its structural integrity at 45 °C

surpasses tha w comb wax at room temperature. As multiple brood generations are raised, the

wax is imbue thickening layers of silk, becoming a fiber-reinforced composite material similar

to fibergla!or reinforced concrete with impressive load-bearing characteristics.>***%!

9.1.2. Com‘un/cat/on in Large-Scale Nests

Bees coan a number of different chemical, physical, and optical ways; communication

among honeybee§vas been extensively reviewed.®***! several signaling mechanisms involve using

vibrations to ¢ ention to a message. A number of “waggle dances” are used to convey

This article is protected by copyright. All rights reserved.

77



WILEY-VCH

information about foraging, food supplies, and nesting. The dances contain vibrating “steps” at
various frequencies, mostly clustered from 15 to 20 Hz"** or from 200 to 300 Hz.******! The open
cells of aI’me resonate around 20 Hz or 250 Hz, thereby amplifying vibrations at these
frequencie ing the honeycomb into a mechanism for wide signal broadcasting.”** Bees
that dan-cernempy, uncapped cells are able to recruit around twice as many bees than those that

.[555]

dance on cappedybrood cells;””> these followers are also recruited from a greater distance.®°%°%6!

C

Another vi ediated behavior known as “shimmering” arises in the giant honeybee, Apis

dorsata, uponjfthe Bmergence of a threat such as a predator. Shimmering behavior is a social motion,

$

(f

[557]

similar to * " in football stadiums, in which the bees on the surface of a nest all

U

periodicall raise their abdomens in a manner that propagates across the surface, often

emanatingfirom a central locus. This behavior has an aposematic function, but it also causes the

A

entire com te as an underdamped oscillator, alerting all the bees in the colony to the

[557]

d

presence ofat t nearly instantaneously.

M

9.1.3. Thermoregulation in Complex Nests

[

Thermoregulation principles (Section 7) allow bees and wasps to actuate their flight muscles to
significantl e temperature of their thoraxes at the cost of metabolic energy. This ability is

used to rai€ larvae and pupae within a specific temperature range; the brood nests of honeybees

§

maintain agempenatures between 30 and 36 °C while ambient temperatures range from -40 to 40

{

°C.5" This ble capacity for homeostasis has inspired comparisons of bee colonies to “a

U

mammal i odies.”®*® Worker bees practice a number of tending behaviors to keep the

A
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brood warm. A bee can climb into a brood-adjacent empty cell and warm its neighbors for up to 45

min. The thin cell walls provide negligible resistance to heat conduction.*****" To heat individual

t

cells contaihi upae, bees press their thoraxes up against cell caps, which are put on cells at the
pupation s rood they carry.”®?

H I
Bees and s can also cool their nests when temperatures grow too hot. In one famous

experimengfresedfehers placed a beehive on a lava field in full sunlight where the ambient

o

temperature reached 60 °C, but the bees managed to hold their nest’s core temperature at 36 °C, an
incredible f p@at dissipation.”*>*** The winged social insects are able to accomplish such

forceful thermal c@ntrol using two primary techniques. First, bees fan their nests with their wings to

Ul

circulate air, straightforward when a nesting area has at least two entrances, as the bees can

[

simply drivi urrent in one direction through the area. When a nest is built in an area with

only a singlé e wever, bees create a pulsed current: they fan air out of the nest, lowering the

O

interna en wait as air passively fluxes inside. Cycles of this “breathing” occur about

three times p ute.F12%84%%3 The second technique, evaporative cooling, is often used in concert

with the first in bees and wasps. When stores of water (often kept as a component of nectar or

honey) are!epleted, workers will leave the nest and actively forage.[512'566]

The workef termites and ants lack both the specialized flight muscles that enable bees and

wasps rat and the possibility of fanning to dissipate heat or circulate gases.[ss‘” Thermal
and chemmi stasis is no less important for these insects than for the flying social insects as
both ants termites are prone to desiccation and sensitive to fluctuations in temperature.****!

SuccessfuII; tendi; brood and fungus, which they grow to help digest food and heat their nests,

requires sti stringent homeostatic controls. Given their limited capacity as direct homeostatic
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actors, many ant and termite species build nests that are structured to maintain a stable

temperature and favorable gaseous environment despite external fluctuations.

T

The specta structions that termites build from soil and fecal matter enable homeostatic
mechanis ely regulate the heat and gas exchange of the colony and fungal combs
H I

(Figure 23)®{[hey have been likened to organs, an apt comparison given their respiratory function
and circulaBry nature™***¢”*%! _ some termite colonies can exchange hundreds of thousands of
liters of a'r%seg] Colonies of Macrotermes bellicosus build differently shaped mounds
depending habitat. In the savannah where sunlight is direct, they build cathedral-like
mounds with high'Surface complexity (Figure 23A), whereas they build less contoured dome-shaped

mounds inﬁorest settings. High surface complexity facilitates not only convective gas

exchange, ignificant heat loss to the environment; forest mounds, which have fewer

surface fe thicker insulating walls to conserve heat, thus have higher nest CO,

concen lower overall fitness.®®! The savannah mounds have a network of air channels

near the surfa t connect with a large central chimney at the top and bottom of the nest; this

architecture directs the airflow in response to thermal gradients that change over the course of a

day. DurinShe daytime, the sun heats the air in the channels, causing rising flow near the surface of

the nest anQ/ard flow in the chimney (Figure 23C). During the night, the fungus combs are the

dominant h element, causing gas to rise throughout the nest and exchange through the walls

(Figure 23!. The circular flow of the daytime is the more efficient gas exchange process, so nest CO,
concentMower during the day than at night,lm] but the thermoregulation is quite

effective: tempers.wes fluctuate less than 2 °C even as ambient temperatures vary by up to 35

°C [528,571]
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9.2 CoIIec¥' e Be,vior in Insects as Functional Materials
Groups of can also form functional aggregations.[572] Honeybee swarms seeking to find

a new nestibegimmas broodless populations with one queen and 20 000—60 000 bees in total. The
swarming he on a branch and aggregate in a beard-like mass for days, sitting nearly

motionlessfas scouls seek a suitable site for nest construction. During this time, the swarm maintains

C

aremarkabfy' s core temperature of 35 + 1 °C despite ambient temperatures that can dip below

S

5 °C.57 The bees accomplish this feat by altering their spacing and metabolic rate. When the

temperatu e is high, the swarm forms a loose cluster with air channels flowing through it; at

3

low envirofimental temperatures, the swarm packs together into a tight cluster. While clustering in

N

response to col ather, the bees on the “mantle,” or surface, of the swarm have significantly

lower bod

a

tures than the ones in the core. At extremely low temperatures, the core

temper actually increase a few degrees above 35 °C; this is likely a means of keeping the body

temper the mantle bees above 15 °C, a threshold below which they grow unresponsive.*”?!

M

An extremgmanifestation of similar behavior emerges when a nest of Japanese honeybees (Apis

[

cerana japon is approached by a giant hornet (Vespa mandarinia japonica). The approach of a

solitary ho -threatening for the colony, as hornets mark their prey sites with a pheromone

9

that recruif§’a swarm. A group of 20—30 hornets can easily massacre a colony of tens of thousands of

¢

bees, as eagh horngt can kill up to 40 bees in a minute. As a result, the bees have evolved a unique

{

defense m in response to this marking behavior: as the hornet approaches, over 500

U

workers s nd form a tightly packed ball. The internal temperature of the ball rises to 47 °C, a

A
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“sweet spot” that is lethal for the hornet (which cannot live above 44-46 °C) but not for the bees

(which cannot live above 48-50 °C); after 20 min in this configuration, the hornet is killed. No

[574,575]

t

stinging ocCurs during this process.

Army ants on burchelli) are particularly known for their collective behavior outside the
|

nest: they lack permanent nests altogether, instead spending their entire lives in temporary bivouacs

composed 0 0 to 600 000 workers that move their sites daily. The workers use their claws to

G

link their legs and bodies together, forming layered clusters that can measure up to 80 cm across
(Figure 25 ~@P"%°78 These bivouacs have an internal structure, with the largest workers and

brood larvae positigned toward the outside of the cluster as they are more resistant to

ul

[572,579]

desiccation ivouacs are actively thermoregulated via the opening and closing of ventilation

[572,579]

[

channels;® eltered and climate-controlled environment is suitable for brood-rearing.

Fire ants n e rainforests of Brazil, Solenopsis invicta, are known for forming floating rafts in

d

respon abitat flooding (Figure 25B); they are able to survive floating on these rafts for up to 12

consec 5”8 While an individual ant has a somewhat hydrophobic integument (contact

M

angle 9, = 102°) and is denser than water, ant aggregations become over five times less dense and

significantl ater-repellent (9, = 133°) in accordance with the Cassie—Baxter law as their

newfound €0  buoyancy decreases their area fraction of water contact.”*®"

or

Recent ye ave seen a number of studies that obtain quantitative measures of the remarkable

g

properties @f ant aggregations, which can be compared with other types of “entangled active

;

matter” su s, which also have actively regulated physical bonds."**>®3 Using classic

U

[584] [585]

measurem egies such as tensile testing,”"" parallel-plate rheometry,”* spreading drop

A
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[581]

measurements,””® and Hele—Shaw cells for flow measurement,®®**®! the material properties of

insect populations can be quantified. Accordingly, ant aggregates are classified as viscoelastic pastes
with shMand self-healing properties.®°®* Though they lack physical bonds and so

cannot be o be entangled matter, insects in flight also form aggregates with quantifiable
physicanrgrerles. Swarms of midges, Chironomus riparius, have been studied as a model organism;

an intriguingseriges of recent studies borrows the language and characterization models of materials

[587]

science to idge swarms according to their response to perturbations™*" and has made

mathemati€al @nalBgies between the driving forces defining aggregation behavior (likely mediated

[588]

by long-ra tic interactions) and tensile strength among solids"~** and gravitational

forces.”®®

behavior in insects should not be considered without an acknowledgement of
the complék and multiparametric nature of the evolution of interactions.”® Characterizations using
methods fr rials science hold promise for comparative studies quantifying the divergent

[592]

evolution of€o Ive behavior~”* and the development of new models for the behavior of active

and self-he aterials, biological and otherwise.*®*°%"!

10. Outlh

We have pr a glimpse of insects’ bounty of extraordinary adaptations. We are hopeful that
readers migt now or in the future identify a task they share with an insect that has evolved an
optimizw accomplishing it. While the descriptions presented here are intended to

highlight some o:je most compelling solutions that insects have evolved, they represent a

miniscule fractio:f all the adaptations that over one million known insect species have to offer.
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This number is vast, approximating the total amount of all other identified living organisms,® but it
is not a full account of all the insects on earth — we are likely not even halfway to a full taxonomy.

Though th!m gin of error is high, the actual figure likely approaches a total of five million insect

species.”?%

H I
Itisalsos king. Both the abundance (Figure 26A—C) and the diversity of insects are in bad decline;

overall ins®ations have decreased 45% in the past 40 years.®® This is taking place in the

context of an anthropogenic “sixth extinction wave” on the same scale as Earth’s five previous mass
A

extinctions ss terrestrial animals, the main contemporary causes of declining populations

and extinctions (“defaunation”) are all results of human impact on the biosphere: overexploitation,

habitat des interactions with invasive species, and climate change.®® Given the importance

of insects i al food chain and as pollinators, the consequences of these declines will be

deeply feltmﬂogically and economically. For example, downturns in bee diversity in the UK

and Th s have been strongly correlated with the decline in plants pollinated by those

bees;"**”!

over f the world’s crops require pollination, accounting for approximately 10% of the
economic value of the global food supply.®* The total annual value of services performed by insects
in the USA@one has been estimated at $57 billion annually, which, in addition to the obvious line
items (suc ination and feeding higher animals), also includes less visible benefits, like the

$380 millio ung beetles save American ranchers every year by burying livestock feces.”*

However, s insects are assigned conservation statuses at far lower rates than vertebrates,[594’595] itis

difficultMe magnitude and nuances of the defaunation threat.

Against this back;p, entomologists (without whose heroic field work this review would not exist)

have be{o the margins of the scientific community after facing stiff competition over a
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shared funding pool from the “new biology” of genetic engineering since its advent in the 1970s.5%%

Even within the field of zoology, entomology research is underrepresented in major ecology® and
animal-MJrnals (Figure 26D);®" this ongoing “ghettoization” to specialized journals has
likely cont leak funding landscape exacerbated by the wide reliance by funding
institution _!nlmpact factors as a metric of worthiness.' Taxonomists in particular, on whom we
depend to quantify the extent of global defaunation, have been pushed to near-extinction, their
work being d as “dated” and funded meagerly.®>***! As a consequence, data gathering on

insect abu%ends is, as in a recent report in Science, being left to amateurs rather than career

scientists.! community engagement and citizen science are admirable and should be
encouraged; annot be relied on to meet a challenge of this magnitude, which will require
sustained iflvestment.!®®!

Alis therefore to assert the value of basic scientific research. The impact of the
e observations are catalogued here will likely reverberate for generations in
cross-disciplin ys. Like all enterprises motivated by exploration, the value that is eventually
derived from this type of work is impossible to foresee at the outset, instead becoming apparent

over time i@lresponse to new insights, societal needs, and scientific discourse. Traditionally,

[

institutions e degree of freedom from market and political forces have enabled scientists

0

and their be ors to take a long view. As this insulation becomes more difficult over time, new

funding pafadigms and public policy innovation may be required in order to ensure that ambitious,

i

long-ter n continue to be sustained.

{

If we are to meet e challenges of anthropogenic defaunation and climate change, we will rely on a

3

host of inv ngineered solutions. As we have seen, life has a way of adapting to survive in the

A
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face of environmental pressures; bioinspiration enables us to appropriate some of nature’s prior

evolutionary playbook to surmount pressures of our own. It will ultimately be poetic if mimicking the

t

rip

adaptationsS that insects rely on for their individual survival contributes to the conservation of their

taxon as a
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Table 1: Extensive list of insect adaptations discussed in this manuscript, sorted by material motif.

Material Motif

System of Interest

Insect and Reference

=]

3D Nano and ‘ro
Structures

(a]

al Sensing and Defense

USCr

Color Vision and Color Manipulation

Man

Locomotion

osensation

hor

{

Sound Production

regulation

AU

Adhesive Setae

Mechanical Fasteners

Anatomical Allomone Structures

Defense Spines

Built Structures

Projectile Dispersal

1D Photonic Structures

Apposition Eyes

Bioluminescence

Color Vision

Disorder-based Color

Photonic Crystals

Polarization Vision

Rhabdom

Locomotive Appendage

Locomotive Setae

Wing Design

Campaniform Sensilla

Hair Plates

Near-field Detectors

Tactile Hairs

Scraper and File

Cooling

Thermo Sensing

Colorado Potato Beetles[‘zl, Florida Tortoise Beetles[eosl,

[47] [43]

Chrysopoids’ | Leaf Beetles!

Dragonflies®?, True Bugs™, Beetles®®, Aquatic True Bugs™,

Beetles™

Bees““’“”, Wasps““l, Ants“ssl, Honeybees“”l, True
Bugs[473,499,so7]

Lepidopteran Caterpillars“ssl, Pine Processionary Moths
Caterpillars®®>*®® Moths!*®®!

Caterpillars®®*, Moth Caterpillars'®?, Beetles®'***!

Bombardier Beetles'**”!

[289,291] [289,291]

Beetles’ ], Butterflies'

Ants®®! Dragonflies®!!

Fireflies!®'®

Honeybees[m‘m], Common Bluebottle Butterfly[‘slg]

Butterflies[320‘313’3u], Jeweled beetles[szg'w], White Beetles®*%**]
Weevils20316319321 g pierfljegl290316319321]

Flieslm’ml, Crickets[m], African Dung Beetles[m'sml, Bees #2383
Flies[m], Bees[m], Butterflies®””

Beetles™!!

Phantom Midges[m], Mosquitos[m], Gerromorphan Bugs[m],

Water Striders**!

(6] [124)

Fairyflies™, Thirps

215 [218] ¢, [1622]
, Flies'

Blowflies" ], Stick Insects'

217 [209]

American Cockroaches" ], Cockroaches[szﬂ, Hoverflies

" 226
Flies®??®!

Desert Locusts[m], Two-spotted Crickets'%®!

Grasshoppers[zs‘”, Crickets[zs‘”, Assassin Bugs[m], Velvet
Ants[m’m], Mole Crickets'2262%¢!

626 416,417,512]

Butterflies' ], Grasshoppers[

Forestfire Seeking Beetles'>**!
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Water Active Properties

Branching and Porosij Adhesion

Chemical Sensing and Defense

e Materials

rip

Locofibtion

C

Emulsions and Biphasic Adhesion
Solutions
:al Sensing and Defense
;moregulation
Water Active Properties
Layering ive Materials

Color Vision and Color Manipulation

1

Active Properties

Regular Repeated ive Materials

Patterns

Active Properties

uth

Thin Flexible otion

A

Hydrophobic Surface

Sub-Aquatic Exchange

Adhesive Pads

Chemoreceptive Sensilla

Building and Fungus Cultivation

Built Structures

Group Thermoregulation

Wind Harvesting

Locomotive Appendages

Permanent Adhesives

Temporary Adhesives

Biphasic Secretion

Built Structures

Froths and Foams

Hemolymph Defense

Projectile Dispersal

Cooling

Surface Excretion

Built Structures

Raft Building to Survive Flooding

Bivouac Assemblies

Impedance Matching

Desiccation Resistance

Defense Swarming

Material-like Swarm

Magnetic Orientation

Tree Nesting

Designed Wettability

Hydrophobic Surface

Locomotive Method

WILEY-VCH

Termites®”

Cattail Mosquitos[ml, Mosquitos[m'm], River Bugs[m]

Stenus Beetles””!

Gypsy Moths[m'm], Nun Moths[ml, Silk Moths[m], Tobacco

Hawk Moths!4441

Termites®”

Honeybeesm

528 [512,563] [512,563]

Termites" ], Bees' ], Wasps

. 11,631]
Termites®**!)

Jumping Insects[m], Locust[532'533], Cicadas'®"

Flies'®**** praying Mantis'®®, Asparagus Beetle'®”, Gum
Moths®®”

Locusts[ssl, Grasshoppers[sgl, FIieslssl, Beetles'®

True Bugs["’g'nol, Tenebrionid Beetles[ezsl, Fire Ants'®>

. 640]
Green Lacewmgs[ !

Pyrgomorphid Grasshoppers[s“], Lubber Grasshoppers[s“],

Froghopper Nymphs[m]

Sawflies[543'644], Katydids“so’“sl, Stonefliesls"sl, Stonefly
Nymphs[m]

[451,459] [647]

Stick Insects ], Termites

410) [412]

Honeybees[ ], Mosquitos[m], Sawflies

Leafhoppers[156’167'm]

Social Waspslm’ssol

Fire Ants®*”

Army Ants®™*?

Dragonfliesm”, Cicadas[m], Butterflies[m'm’m], Moths[m'm],

4
Beetles™*!

Antarctic Midgeslssn, African Lake Flies'®

Japanese Honeybees[m]

Honeybees[m]

Termites®"

Weaver Ants!®*”

Desert Beetle!"®!

Planthopper[lssl, Mosquitos[m], Green Bottle Flylml

Mayflies[ss‘"
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Membranes

Chemical / Other

Mecl|

Chel

C

osensation

Production

tfation

Water Active Properties

al Sensing and Defense

tive Materials

ision and Color Manipulation

regulation

Wing Design

Subgenual Organs

Tympanum

Tymbal Sound Production

Thermo Sensing

Hydrophobic Surface

Water-Active Behavior

Hemolymph Defense

Group Communication

Swarm as Organism

Pigmentary Coloration

Cooling

Freeze Resistance

Thermosensing

WILEY-VCH

102-105] . (94,106,107,112]
Bumblebees! ], Dragonflles[ |

Ground Wetas**2*”!

Cicadas'®®!

Tiger Moths[m], Cicadas****!

Dark-Pigmented Butterflies®***>°!

Mosquitos[m]

Termites"””%*!

Monarch Butterflies'**®, Grasshoppers[“”, Aphids

2 X
Honeybees[ 66,550,650]

Midges[sm

Swallowtail Butterﬂieslml, Butterflies'2°82%!

Moths“‘m, Bumblebees!®®!

Spruce Budworm[““”], Alaskan Beetles!*?%°!

Fruit Flies'®”
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+_‘ I‘W"wh ,n.'“.
® @

—,  Hydrophobicity (4)

Color Vision and A
Manipulation (8)

s T

Thermocontrol and  Chemical Sensing
Sensing (7) and Defense (B)

Figure 1: The ability of insects to thrive in diverse environments is linked to two evolutionarily
optimized gystems: a cuticle-derived exoskeleton with associated functional micro- and
nanostructh glandular complexes that secrete chemically diverse substances. Most
structures

from nano
insect needs including environmental sensing and control, protection, communication, and
locomotio umbers in parentheses correspond to the section associated with the particular
functiomaii
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nse between the insect and its external environment. It often contains lipid

r other coatings to manipulate wettability, perhaps the most intriguing of which
structured nanoparticles, known as brochosomes, found on the leafhoppers of the
icadellidae (see Figure 10). Beneath this layer lies the exocuticle, which undergoes extensive

secretions, wa
are intrj
family
crosslinking and has a relatively high rigidity. In many insects, it hardens rapidly to act as a protective
envelope a&n molting for the prolonged development of softer and more hydrated endocuticle

he exo- and endocuticular layers collectively form what is known as the procuticle, a
with protein, polyphenols, water, and lipids, along with crystalline arrangements
d abundant linear polysaccharide chitin. A) Cartoon of the structure of cuticle

es. Adapted with permission.’®®" Copyright 1982, Springer. B) Various

underneath.

composite

Scale bars: 20 pm. Adapted with permission.'®® Copyright 2016, Springer.
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|

Figure 3. Lagewimg,larvae employ passive camouflage by carrying around detritus. A) Apochrysa

matsumur@g flocculence and cocoon material. B) ltalochrysa italica disguised by pieces of
teri d

woody ma

apted with permission.®®® Copyright 2014, Oxford University Press.

Sympetrum sanguinaum
head
|
SPC
Lastes barbarus Gomphus favipes
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Figure 4. Dragonfly necks are fragile and require a reversible attachment system to secure them
during high-intensity maneuvers. A) The damselfly Ischnura senegalensis. B) Scheme of the damselfly
head, neck, and head arrester system. C) SEM image of head-arresting apparatus on the blue-tailed
damselﬂHelegans; mf = microtrichia field on back of head, nm = neck membrane, spc =
(movable pad covered in microtrichia complementary to mf). Scale bar: 10um.

2 rmission.®® Wiley-Journal. C) Diagrams of various frictional surface motifs
found in different families of Odonates as indicated on the lower right of each panel. Reproduced
with per-miglon.l!!l Copyright 1999, The Royal Society.

Figure 5. R es of the genus Stenus hunt with an extensible labium tipped with adhesive
pads, the paraglosSae (“pgl”). A) Extended labium of the Stenus beetle used for prey capture. Inset:
the rove b yStenus montivagus. Reproduced under the terms of the CC-BY license. Copyright
2009, Udo . B,C) Branching structure of paraglossae of Stenus clavicornis. D,E) Paraglossae of
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Stenus fossulatus. Note the differences in the extent of branching and spacing. Scale bars: A) 500
gm, B) 10 um, D) 5 um, C,E) 2 um. B-D) Adapted with permission.”® Copyright 2017, Oxford
University Press.

vein thickness [jam]

0 30 &0 90 120 150
B

0 5 10 15 20 25 30

membrane thickness Jum|

lexibility. A) Photograph of the forewing of the vagrant darter dragonfly,
Sympetrum v , with associated SEM images of the various structural wing features. B,C)
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'L

HE

hypochaeta

Figure 7. Fairy % pave unique bristle-based wings enabling efficient flight. A) Lateral angle SEM

image of thé¥a

Tinkerbella nana (Hymenoptera: Mymaridae), the wings are shown at the start

ofado Dorsal angle SEM image of fairyfly Kikiki huna, the wings are shown at the finish
of a downstro SEM image of a basal wing segment of the fairyfly Tinkerbella nana. Scale bars:
A,B) 10 0 um. Reproduced under the terms of the CC-BY license.® Copyright 2013, John T.

Huber

@
»

Author M
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Lotus Leaf Planthopper

n

Figure 8. P ers and lotus plants have developed remarkably similar, superhydrophobic
rough convergent evolution. A-D) SEM images of the surface of the lotus leaf at
)ns. E-H) SEM images of the surface of the planthopper hind wing at varying

M image of planthopper (inset) hindwing to highlight heterogeneous aspects of
the pro s and their spacing. Reproduced with permission.*! Copyright 2017, American
Chemical Socie set of (A) Reproduced under the terms of the CC-BY licence. Copyright 2011,
Steve C f (E) Reproduced under the terms of the CC-BY licence. Copyright 2017, Katja

Schulz.

surface str
varying ma
magnification. |

Author M
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Figure 9. Drders and life stages of springtails (Collembola) have developed a variety of

periodic, hie

| surface structures with hydrophobic properties. A,A”’) Image of Entomobrya

nd SEM images showing hexagonal and triangular motifs in P. flavescens. B,B’”’) Image of
s, and SEM images showing irregular square and pentagonal motifs in /. viridus.
Cc,C”) ImMJhorura burmeisteri, and SEM images showing secondary granular structures and
hexagonal ifs.in S. quadrispina. D,D”’) Image of D. ornata, and SEM images showing secondary
granular structureSland variable elliptical patterns in A. pygmaeus, Scale bars: A’-D’ =2 um, A”-D” =
500 nm. R d with permission.’®®® Copyright 2012, Springer.
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Figure 10. Bhefleathopper (family Cicadellidae) coats itself with brochosomes — spherical,
honeycomb*liké§g@rticles made of proteins and lipids and less than 1 um in diameter — to achieve a

nearly hobic exterior. A,B) lllustrative model of a typical brochosome with both general
view (A) an ection (B). C) Individual brochosome on the surface of Athysanus agentarius. D)
Touchin somes are connected on A. agentarius. E) Dense coating of brochosomes on the

hind wi ti. F) Habitat image of a green leafhopper. Reproduced under the terms of the
CC-BY license. Copyright 2015, Bernard Dupont. Scale bars: A,B) 50 nm, C,D) 100 nm, E) 1 pum.
Adapted permission.[667] Copyright 2013, The Royal Society.
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Figure 11. Rias facilitate underwater gas exchange by using hydrophobic structures to maintain
constantv d equilibrium pressures. A) SEM image of the water-repelling microtrichia (m)
and setae abdomen of the common pond skater (Gerris lacustris) showing size diversity. B)

SEM image of the Body of a backswimmer (Notonecta glauca), showing the microtrichia (m), as well
ae (st) and tapered-rod setae (sb). C) SEM image of the waterlily leaf beetle
ea) showing the uniform orientation of water-active setae on the insect’s

u

as sharp-ti
(Galerucel
protective Wing covers. All the arrows point toward the tail-end (posterior) of the insect. A—C)

fl

Reproduced with permission.™ Copyright 2013. Company of Biologists. D—F) Unsupported physical

gills decre as the insect uses oxygen, requiring the insect to return to the surface

a

periodicall pported physical gills allow insects to remain submerged indefinitely, provided
they ha derate metabolic rates. D—1) Reproduced with permission.™®* Copyright 2011.
Wiley.
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Figure 1Mmproduction in insects is due to two different mechanisms. A—H) Stridulation (A-D)
or tymbals D) Crickets produce sound by stridulation, a scheme involving scraping a file
along arid plectrum). A) Habitat image of a cricket. Reproduced under the terms of the
CC-BY Iiewright 2011, Naveen Mathew. B) Drawing of the underside of the wing showing
the harp (tle main resonator), the file and the plectrum on the wing. C) Diagram explaining the main

mechanis tion that results in sound production. B,C) Reproduced with permission.'>*
Copyright 9, pany of Biologists. D) SEM image of the file of a Gryllus bimaculatus cricket.
Reproducetiywi rmission.'®® Copyright 2009, Company of Biologists. E-H) Cicadas generate their
characteristig s s using tymbal organs, which produce sound via the dynamic buckling of a
membranWat image of the pharaoh cicada, Magicicada septendecim. Reproduced under the
terms of the CC-BY license. Copyright 2013, Flickr user: lalo_pangue. F) Schematic drawing of a single

tymbal organ shoWing the different components. G) Diagrams of the mode of excitation of sound
resonancesgi mbal organs. As the membrane’s ribs buckle inward, clicks are created. F,G)

Reproduce rmission.'®® Copyright 1995, Company of Biologists. H) Lateral view image the

pygmy bladder cicada, Xosopsaltria thunberg, showing the position of the tymbal. Reproduced with
permission. right 2016, Oxford University Press.
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Figure 13. ploy ordered photonic structures for brilliant coloration. A—C) Multilayer
structur in the elytra of a Japanese jewel beetle) impart a metallic, deeply colored
appearancgwith a@ alternating arrangement of chitin and melanin layers (B) that result in an
isotropiMe (C). D—F) 3D photonic crystals (here in the wing scales of the diamond weevil)

are structu three spatial directions (E) resulting in a strong angle-dependent light
reflectanc bars: (A,D) 1 cm, (B,E) 1 um. A) Reproduced with permission.'*”! Copyright

<
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2013. I0P Publishing. B,C) Reproduced with permission.[313] Copyright 2011. The Royal Society. D—F)
Reproduced with permission.®™ Copyright 2012. The Royal Society.

e
O

A local disorder B chirality C disorder

e g
e

Figure 2 disorder in photonic structures can lead to unique optical effects. A) Local
disorder in the ridge reflector of the butterfly, Morpho rhetenor, results in stable blue color. Adapted

with permi@ion.'”! Copyright 1999, the Royal Society. B) Bouligand-structure in jewelled beetles,
[326)

I

Chrysina g , results in a circularly polarized optical signal. Adapted with permission.
Copyright 2009 e American Association for the Advancement of Science. C) Fully disordered chitin
network in @ 2etles, Lepidiota stigma, results in brilliant whiteness. Adapted under the terms
of the CC-BY i B2

ho

Copyri Matteo Burresi.
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Figure 15. ffisect wings and eyes carry nanostructured antireflection coatings to achieve near-perfect
transparency. e glasswing butterfly, Greta oto, features largely transparent wings. Reproduced
under the he CC-BY license. Copyright 2008, David Tiller. B) Close-up SEM images of

ings showing a disordered arrangement of protrusions. Reproduced with
permission. right 2015, Nature Publishing Group. C) SEM image of the cornea of a moth
shows subgatterning on each facet lens. D) TEM cross-sections of the corneal surfaces of a moth.

rmission.2**! Copyright 2006, the Royal Society. E) The structural diversity of
[344]

glasswing

Reprod
corneal Hs can be vast across different insect lineages. Reproduced with permission.

Copyright ﬁional Academy of Sciences.
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Figure 22. Paper wasp and honeybee stings share morphological characteristics with the piercing
mouthpartsf Hemipterans. A-D) Paper wasp sting tip. A) Paper wasp, Polites sp.. Reproduced
under the terms of the CC-BY license. Copyright 2008, Wikimedia-User: Alvesgaspar. B) The stylet
sheath is W the lancets, allowing wasps to pull out the sting after insection into a host and
thus avoid Sting otomy. C) Cross-section of honeybee stylet showing the main shafts (rhachis)
that the la e along. D) Cross-section of stylet and single lancet showing grooves inside the
lancet thatfiun complementary to the rhachis on the outside. E-H) Honeybee sting tip. E) Honey bee,
uced under the terms of the CC-BY license. Copyright 2009, Wikimedia-User:
ts are wider than their stylet sheath, leading to sting autotomy, i.e., irreversible
ing into the host. G) Cross-section of honeybee stylet showing rhachises. H)
ion of stlet and lancets, showing venom delivery canal formed by interlocking lancets. F—
er the terms of the CC-BY license.®”" Copyright 2015, Company of Biologists. I-L)
Spittlebug, Philagra albinotata. Reproduced under the terms of the CC-BY-NC

no
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license. Copyright 2012, photozou-user: monroe. J) Stylet bundle emerging from tip of spittlebug
rostrum. K) Detail of mandibular stylet showing serrate ridge (Sr). L) Cross-section of stylet bundle
showing interlocking stylets, food canal (Fc), salivary canal (Sc), and dendritic canals (asterisk). Scale
bars: B, ®C,D,H,K) 20 um, J) 300 um, L) 15 um. J,K) Reproduced with permission.
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Figure Lbuild enormous nests that serve as collective organs for thermal homeostasis
and gasM) “Cathedral” built by the termite Macrotermes bellicosus in the savannah. The

high surfacjxity contributes to efficient gas exchange. B) The magnetic termite, Amitermes

meridionalis, build8ridge mounds aligned in a north—south direction for passive heat regulation over
the course . A,B) Reproduced with permission.”?*! Copyright 2010, Springer. Inset: Habitat
image of termit®”Reproduced under the terms of the CC-BY-NC license. Copyright 2015, Flickr user:
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budak. C,D) The route of gas flow in M. bellicosus savannah nests is different in the day (C) and at
night (D). Adapted with permission.®’® Copyright 2000, Oxford University Press. E,F) Another

termite, M. michaelseni, builds wind-catching nests. The direction and strength of the wind changes
the dire flow through a central chimney. Adapted with permission.[sn] Copyright 2001,

The Univerdgo Press.
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Figure 24. mble complex honeycombs as a multifunctional storage unit. A) The honeycomb
is a hierarchi cture containing periodic architectural motifs with length scales across five

orders ofm&. Reproduced with permission.®* Copyright 2010, National Academy of
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Sciences. B) Honeycombs serve as storage for pollen, honey, and brood. Reproduced with
permission,®® Copyright 2008, Springer. C) Honeycombs deviate from their usual hexagonal lattice
when two construc':ions are attached together, creating occasional 5- and 7-sided cells. Reproduced

under t he CC-BY license.*"! Copyright 2016, Francesco Nazzi. D) Bees build unusual and

complex hq@¥€@mb geometries on patterned substrates. This substrate has a pattern of large
hexagonal @ own on the right). Scale bar: 25 mm. Reproduced with permission.”**® Copyright
1983, Entomological Society of South Africa. E) Some bees have different geometric “rules” for

honeyco-m uilding, resulting in architectures like this spiral made by the dwarf honeybee,
Tetragonu aria. Reproduced with permission.””**! Copyright 2012, Springer.

e

Figure 25. A
ants, Ecito
2017, er. Inset: habitat image of army ants showing soldier and worker castes.
ReproduMhe terms of the CC-BY license. Copyright 2006, Axel Rouvin. B) Fire ants,
Solenopsis jnui rm floating rafts with high buoyant forces that float even when prodded with a

es of ants can work together to perform sophisticated tasks collectively. A) Army

urchelli, have no fixed nest, instead forming “living nests” known as bivouacs. Copyright

stick. Reproduced With permission."*®"! Copyright 2011, National Academy of Sciences.
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Figure 26. ms in the abundance and biodiversity of insects since the 1970s have coincided

with a in the stature and funding of entomology research. A) Population trends in insects

docume the International Union for Conservation of Nature. Insects with documented
population tr ccount for less than 1% of known species; this figure is significantly higher for
vertebr ies=B) Trends in insect abundance from long-term monitoring of 452 species of
insect. Lepidopteran populations decreased by 35% since 1970; the decrease is much larger for non-
Lepidopteran invertebrates. A,B) Reproduced with permission. *°* Copyright 2014, The American
AssociatioLdvancement of Science. C) The mass of insects collected in traps in the
Orbroicher B pature reserve in northwest Germany experienced 78% overall declines over a

entomologiste®Reproduced with permission.®* Copyright 2017, The American Association for the

Advancem ence. D) Number of papers published in the journal Animal Behavior on the most
commo animal taxa. “Expected” proportion is based on the relative proportion of

span of 24 is data was collected by the Krefeld society, a group of mostly amateur

described gpecies jm each taxon. Animal Behavior was chosen to reflect the broad state of the field of

animal behavior; this meta-analysis was published in that journal. Reproduced with permission.[em]

Copyright Evier.
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Insects have evolved manifold optimized solutions to everyday problems. The diversity and
precision of their hierarchical material adaptations often outsmart and outperform current man-

made approaches. These materials, hence, provide an excellent basis for the inspiration of new
aches by taking design cues from nature’s solutions.
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