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Summary

During flight, many insect wings undergo dramatic
deformations that are controlled largely by the
architecture of the wing. The pattern of supporting veins
in wings varies widely among insect orders and families,
but the functional significance of phylogenetic trends in
wing venation remains unknown, and measurements of
the mechanical properties of wings are rare. In this study,
we address the relationship between venation pattern and
wing flexibility by measuring the flexural stiffness of wings
(in both the spanwise and chordwise directions) and
quantifying wing venation in 16 insect species from six
orders. These measurements show that spanwise flexural
stiffness scales strongly with the cube of wing span,

whereas chordwise flexural stiffness scales with the square
of chord length. Wing size accounts for over 95% of the
variability in measured flexural stiffness; the residuals
of this relationship are small and uncorrelated with
standardized independent contrasts of wing venation
characters. In all species tested, spanwise flexural stiffness
is 1-2 orders of magnitude larger than chordwise flexural
stiffness. A finite element model of an insect wing
demonstrates that leading edge veins are crucial in
generating this spanwise—chordwise anisotropy.

Key words: insect flight, flexural stiffness, wing, wing flexibility,
wing vein, independent contrast, finite element model.

Introduction

The forces generated during flapping flight depend on botlinderstanding of how insect wing design affects flexibility and
the motion of a wing and its three-dimensional shape. Flyingassive wing deformation is limited.
vertebrates, such as birds and bats, can control many aspectinsect wing veins are the primary supporting structures in
of wing shape by muscular contractions that alter the alignmemtings. The arrangement of veins and complexity of vein
of wing bones, the position of feathers or the tautness of wingranching varies widely among insects, and venation pattern is
membranes (Kent, 1992). Flying insects have far less activaten used to characterize orders and families. Basal groups of
control over the three-dimensional shape of their wings, amsects (such as odonates) generally possess wings with a large
insect flight muscles are restricted to the wing base. Insenumber of cross-veins (also present in early fossil wings),
wings are largely passive structures, in which muscular forceshereas more derived groups have wings in which the number
transmitted by the wing base interact with aerodynamiof cross-veins is reduced and the main wing support is shifted
and inertial forces generated by the wing's motions. Thanteriorly (Wootton, 1990a).
architecture of the wing (vein arrangement, three-dimensional Several studies have demonstrated the functional
relief, flexion lines, etc.) and the material properties of itssignificance of specific vein arrangements in insect wings. For
elements determine how the wing will change shape iexample, the pleated, grid-like arrangement of leading edge
response to these forces (Wootton, 1992). veins in dragonfly wings helps strengthen the wing to spanwise

Many insect wings undergo significant bending and twistindbending (Newman and Wootton, 1986; Wootton, 1991),
during flight (Dalton, 1975; Wootton, 1990a), which may alterposteriorly curved veins in flies generate chordwise camber
the direction and magnitude of aerodynamic force productiorwhen a force is applied to the wing (Ennos, 1988), and the fan-
Wing deformations enhance thrust production in some specidige distribution of veins in the locust hindwing causes the
by creating a force asymmetry between half-strokes, and caving margin to bend downward when the wing is extended
increase lift production by allowing wings to twist and generatéHerbert et al., 2000; Wootton, 1995; Wootton et al., 2000).
upward force throughout the stroke cycle (Wootton, 1990aBeyond these specialized mechanisms, however, the functional
The structure of insect wings thus appears to permit certagignificance of the enormous differences in overall venation
beneficial passive deformations while minimizing detrimentapattern in insect wings remains unclear.
bending that would compromise force production. Yet our Given the large phylogenetic changes in cross-venation, vein
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diameter and spatial distribution of veins (Fi}. one might allow one to distinguish between these hypotheses remain
expect insect wings to display large mechanical differenceémited to a small number of studies. Wing stiffness has been
that would affect their deformability during flight. On the otherassessed by applying point forces to isolated wing sections,
hand, differences in venation pattern may reflect alternativim dragonflies (Newman and Wootton, 1986) and locusts
designs that provide insect wings with similar overall(Wootton et al., 2000), or at the center of pressure to produce
mechanical and bending properties while allowing veins to beorsion, in flies (Ennos, 1988) and butterflies (Wootton, 1993).
rearranged for other reasons. Steppan (2000) measured bending stiffness in dried butterfly
Quantitative measurements of wing stiffness that wouldvings, and Smith et al. (2000) measured material stiffness
(Young’'s modulus,E) of insect wing
membrane from locust hindwings.
Although each of these studies provides
insight into the functional wing
morphology of the species examined, the
measurements are difficult to compare in
a broader phylogenetic context because
of variations in technique.
I In this study, we examined the
Isoptera = relgtigpship betwegn insect Wing
LS flexibility and venation by measuring
flexural stiffness El) and quantifying
venation pattern in 16 insect species
< from six orders. Flexural stiffness is a
-~ Hemerobiussp. composite measure of the overall
%‘3 bending stiffness of a wing; it is the
Hymenopter Pepsissp product of the material stiffnessE,(
. — ] which describes the stiffness of the wing
] @ ﬁ” =~ material itself) and the second moment of
. - area [, which describes the stiffness
L Sceliphronsp. .
BOMEED, generated by t_he cross—segtlonal
geometry of the wing). Because insect

| @ wings bend spanwise (from wing base to
Diptera ;I'i[msb_ wing tip) and chordwise (from leading to
] ' trailing edge) during flight, we measured

o flexural stiffness in both of these
Villa sp. - .
- directions.
@ % Correlations between venation pattern
] _ and wing flexural stiffness may arise
R Eristalis sp. - either from a functional relationship
Calliphorasp.  panveen these traits or simply as a result
of the shared phylogenetic history of the
\ species examined. To remove the effects
Manduca sexta of phylogeny from this study, we
= = calculated standardized independent
= contrasts (Felsenstein, 1985; Garland et
L N al., 1999) of venation and stiffness
| I I I I I I | Ochlodes sylvanoides Pieris rapae measurements, and examined the
—350 —300 —250 —200 -150 —100 -50 O correlations between these contrasts to
Time (million years) assess the relationship between wing

. . . ) N venation pattern and flexural stiffness.
Fig. 1. Drawings of forewings from insects used in this study, arranged on the phylogenetlcFinally we created a simplified finite

tree used to calculate independent contrasts. Veins are drawn at actual thickness; wings are . . .
not shown to scale. Genus and species names (when known) are shown under each \ﬁf ,ent model of an Insect. wing, in
and orders are listed at their branching points. Branching and divergence dates of or Ch_ We, can glter the stiffness ,Of
were derived from Kristensen (1991), Kukalova-Peck (1991), Whiting et al. (1997) argPecific wing veins (or remove veins
Wootton (1990b). Branching patterns and divergence dates within orders were derived fréafirely) —and  perform  numerical
Benton (1993), Maddison (1995a,b), Trueman and Rowe (2001) and Wiegmann and Ye&¥periments to assess the resulting
(1996). flexural stiffness of the whole wing. This

Odonata

Neuroptera

-

Lepidoptera
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modeling approach allows us to examine the functiona A
significance of various wing veins in generating the overal
patterns of flexural stiffness measured in real wings.

70% span

Materials and methods
Insect collection and handling

We measured flexural stiffness and wing venation pattern i
the forewings of 16 insect species from six orders: Odonal !
(two dragonfly and two damselfly), Isoptera (termite), /
Neuroptera (lacewing), Hymenoptera (two wasp and one bee
Diptera (four flies from different families) and Lepidoptera
(two butterfly and one hawkmoth); see Higfor species
names. We measured spanwise and chordwise flexural stiffne
in 2—-10 individuals of each species, depending on availabilit B

Insects were collected locally or obtained from laboratory |
colonies and placed in a humidified container &€ 4intil Senso@
experiments were performed. Within 1 week of capture, w M Pin
cold-anaesthetized an insect, recorded its mass, removed ¢ —
forewing, and placed the insect back in the humidifiec Wing L
container. We photographed the wing and measured its flexut Micrometer
stiffness in the spanwise direction withith bf removing the
wing from the insect (during which time the stiffness of the
wing does not change appreciably, according to trials). W | |
then repeated this process for the other forewing, measurit

70% chord

Flexible beam

-

flexural stiffness in the chordwise direction. Fig. 2. Method used to measure insect wing displacement in response
_ to an applied force. (A) For spanwise measurements, point forces
Flexural stiffness measurements were applied at approximately 70% of wing span, near the leading

We measured flexural stiffness of wings by applying a poinedge (top). For chordwise measurements, point forces were applied
force to bend the wing in either the spanwise or chordwisdt 70% of chord length, midway between the wing base and tip
direction, and using the measured force and wing displaceme(bc’ttom)' (B) Wings were fixed to the left side of the apparatus, and

to calculate overall flexural stiffnegd with a beam equation ¢ M19ht side was lowered until a pin attached to a flexible beam
. . . _contacted the wing. A micrometer was then used to lower the right
(see below). We glued wings to glass slides using

i i ; _arm by a known distance, applying a point force that moved the wing
cyanoacrylate glue cured with baking soda, at either the Wingoun " and the flexible beam up. The motion of the beam was

base (fpr spanwise measurements) or th? leading _Edge (recordedvia an optical sensor, and used to calculate the applied force
chordwise measurements; F&p). We then fixed the slide to and displacement of the wing.

the left side of the apparatus shown in 2B.and adjusted the

right arm so that the pin contacted the wing on its dorse

surface. We applied the point force at 70% of wing span doeam length, and assumes that the beam is homogeneous (see
chord length because the pin slipped from the wing if it wa®iscussion for an analysis of the beam equation assumptions).
placed too close to the edge. We performed four measurememscause the equation applies only to small displacements, we
with point loads of varying magnitude, lowering the right sideremoved any measurements where wing displacement was
of the apparatus with a micrometer, measuring force anchore than 5% of the effective beam length (whf@.09.).
displacement and returning to the zero (unloaded) positiowe averaged the repeated measurements on each side into a
between each measurement. We then flipped the slide over asidgle dorsal and a single ventral value and tested for a
repeated the measurements, loading the wing from the ventisignificant difference R<0.05) between dorsal and ventral
side. values with a Wilcoxon signed rank test.

We removed the slide and measured the distance from theWe plotted spanwise and chordwise flexural stiffness against
point of wing attachment to the point of force application toseveral measures of wing and body size: wing span and
determine the effective beam length).(\We calculatedl over ~ maximum chord length (measured in NIH Image), wing area
this distance as in Gordon (1978): (measured in Matlab; see below) and body mass. We also

El=FL3/35 combined these size measurements using principal components
= , Q) O : ) .
analysis into a measure of overall size (including all four
whereF is applied force andis wing displacement at the point variables) and a measure of wing size (including wing span,
of force application (70% span or chord). This equatiorchord and area).
provides a measure of the flexural stiffness over the entire To verify our technique for measuririgl, we measured
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force and displacement of a thin, rectangular glass coverslip {éerefore, we can calculate the independent contrasts (or
homogeneous beam of linearly elastic material) at thredifferences) between values of a trait in adjacent groups, and
different lengths (with 3, 4 and 4.8 of the coverslip plot the standardized contrasts of one trait against those of
extending past the point of attachment). We then calculéted another to see if a relationship exists between the traits when
for each beam lengtimeasured the thickness and width of thethe effect of phylogeny has been removed (Felsenstein, 1985;
coverslip, and calculateld the second moment of area as inGarland et al., 1999).
Gordon (1978): We calculated independent contrasts of flexural stiffness and
I=wt3/ 12, (2) wing venation data using the Phenotypic Diversity Analysis
Programs (PDAP), version 6.0, developed by Garland,
Midford, Jones, Dickerman and Diaz-Uriarte [originally from
Garland et al. (1993), with modifications in Garland et al.
(1999) and Garland and Ives (2000)]. This program allows one
i . to construct a phylogenetic tree and enter tip values for traits;
Wing shape and venation measurements it then calculates independent contrasts and performs various
From photographs of each wing, we created a b|aclﬂiagnostics on the output.
silhouette in Photoshop and used NIH Image to measure wing ggme aspects of the phylogenetic relationships of the
span and chord. For one wing of each species, we hangrerygotes (winged insects) are under debate, and the
digitized the wing veins in Photoshop so that both the positiogjyergence times of groups and families are far from certain.
and precise diameter of the veins were representedl{fig.  However, we constructed a phylogeny of the species used in
From the digitized vein images, we counted the number Ghjs study by combining the available information, and in some
vein intersections in each wing as a measure of the complexifgses averaging or choosing midpoints between estimates of
of vein branching. We imported images of the wing silhouett%n—jmching times in the phylogeny (FIj. To determine how
and veins into Matlab and measured the planform area of th@nsitive the analysis is to phylogenetic branch length, we also
whole wing and of the wing veins. From these measurementgg|culated independent contrasts using arbitrary branch lengths
we calculated the vein density (proportion of planform wingpagel, 1992), in which all internode branches are equal to one,
area occupied by veins) as the planform vein area divided Byt the tips of the tree are contemporaneous. We tested for

total wing area. We also determined average vein thickneggyrelations between standardized contrasts in JMP 4 on a
by finding the total length of veins in the wing (see Combesyacintosh computer.

2002) and dividing planform vein area by total vein length.
We divided this value by wing span to scale for overall wing Finite element modeling

size. To explore how wing veins contribute to the flexural
Finally, we measured two venation characteristics related t@iffness of a wing, we used MSC Marc/Mentat to create a
the leading edge of the wing: the proportion of veins in th&jmpiified finite element model of an insect wing based on the
leading edge and the density of veins in the leading edge. {ganducawing shown in Fig1. Our goal was not to reproduce
defined the leading edge visually as a cohesive unit of veiflge pehavior of a redlanducawing, but rather to create a
running spanwise along the anterior edge of each Wingeneral model of a wing to explore how simply adding or
(Combes, 2002). We imported digitized images of thesgyrengthening veins in certain regions of the wing affects the
leading edge veins and a silhouette of the leading edge arggerall flexural stiffness of the structure. Therefore, we did not
(leading edge veins plus the area they surround) into MatlaBtempt to recreate the precise three-dimensional shape of a
We then calculated the proportion of veins in the leading edg@landucawing (including changes in membrane thickness,
as the leading edge vein area divided by total planform veiein cross-sectional shape and vein/membrane attachments),
area, and calculated leading edge vein density as the leadifgt instead modeled the wing as a flat plate of uniform
edge vein area divided by the area of the leading edgfjckness, composed of thin shell elements arranged to mimic

wherew is width andt is thickness. Finally, we compared the
resulting value oE, Young’'s modulus, with a known value for
glass E=7x10'° N m2 Gordon, 1978).

silhouette. the planform shape and vein configuration 8fanducawing
_ _ (Fig. 3A).
Phylogenetic analysis of correlated characters This generalized model allowed us to increase the stiffness

Because the species tested share a phylogenetic histoof, various groups of veins beyond that of the surrounding
some characters (e.g. wing venation and flexural stiffness) magyembrane to determine how these veins contribute to overall
be correlated in closely related groups simply because thesgng flexural stiffness. The flexural stiffness of individual
species share a common ancestor that possessed thesms inreal insect wings is determined by both their geometric
characters, and not because the characters are related in anyperties (generally those of hollow tubes) and the material
functional way. As a result, the species used in this studgroperties of their walls. A hollow tube has a second moment
cannot be treated as independent data points for statistiazl areal that can be several orders of magnitude higher than
analysis. However, any differences in traits between twoéhat of a flat plate of the same width (and equivalent wall
adjacent (closely related) groups can be assumed to hatléckness). Because our model is composed solely of flat
occurred independently, after the two groups divergedelements (with a lower second moment of area), we adjusted
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to the wing tip (Fig3A, blue dot). The model calculates
the tip displacement due to this point force (and given the
material properties of the membrane and veins). We then
used the applied force, displacement, and wing span to
calculate overall spanwidd for the model wing as above
(Equationl). Similarly, we fixed the model wing at the
leading edge and applied a point force at the trailing edge
(Fig. 3A, orange dot) to calculate chordwise flexural

stiffness.
1x1071+ B In all simulations, we used a material stiffness of
Spenwise El, 1x10° N m—2for the membrane elements (as measured in
1x10724 all veins ¢ o enwise EI, locust wings; Smith et al., 2000). In the first set of
€ Lol lead only simulations,_ we used a material stiffness o1 N m—2
z Chordwise EI, for thg vein glemenFs as well '(thus_ the wing was
2 11044 7l veirs essentially velnless_ in Fhese S|mulat|ops). We then
s increased the material stiffness of the vein elements by
T 1x10°5- e orders of magnitude up toe<10> N m~2, while membrane
o - stiffness remained atx1® Nm=2 This increased vein
S
%5 1x1076 ) material stiffness represents not only potential differences
m eff%——é——%**ﬁlcégg‘r’:’;e Bl in the material properties of wing veins and membrane,
1x1077% but also differences in the second moment of area caused
by the three-dimensional shape of veins. To test the effect
1x10°8 T

of leading edge veins alone, we increased the material
stiffness of the leading edge veins (in pink, Bi4) by
orders of magnitude tox10>Nm2 while fixing the
Fig. 3. Finite element model of an insect wing and results of virtuaimaterial stiffness of the remaining vein and membrane
bending experiments. (A) Finite element model (FEM) based on th&lements at A10° N mr2.

forewing of Manduca sextawith leading edge vein elements in pink,  To validate our finite element modeling approach, we
other vein elements in green and membrane elements in yellow. (B) FEMreated a model of the glass coverslip used as an
wing flexural stiffnessgl (calculated from applied force and wing experimental control. We attached the coverslip at its
displacement)versus material stiffnessE of vein elements. In all  pase with 4.88m of the coverslip extending past the
simulations, the material stiffness of the membrane elements Waﬁoint of attachment, and used a Young’s modulus for glass

2 H : : . X
1x10° Nm=2. qu results shown in green, the .mat.erlal stiffness pf aII.velnOf 7x10L0 N m~2 (Gordon, 1978). We applied a series of
elements was increased; for results shown in pink, the material stiffness

of only leading edge vein elements was increased (while other veiROlnt forces to the tip of the coverslip (equivalent to those

elements remained ax10° N m2). Filled symbols, spanwisgl; open applied in  the experiment) and compared the tip
symbols, chordwisEl. displacements predicted by the model to those measured

in the experiment.

T T T T 1
1x10° 1x10101x10111x1012 1x1013 1x10%4 1x1015
Vein materia stffness(N n?)

the flexural stiffness of the veins by increasing the material
stiffness E, Young's modulus) of these elements beyond that Results
of the surrounding membrane elements. Flexural stiffness measurements
We chose an element density of 12@0n~3 (as measured The glass coverslip used as a control had a second moment
in insect wings; Wainwright et al., 1982) and an elemenof area () of 6.75<10-1>m?. Dividing the measured values of
thickness of 4fum. We used a Poisson’s ratio of 0.49, asEl by | provided estimates of 700 6.9<100, and
measured in some biological materials (Wainwright et al.7.5x10'°Nm2 for the material stiffnessEj of the slide at
1982); because the Poisson’s ratio of insect wings is unknowbeam lengths of 3, 4 and 4.8%, respectively. These values
we tested the effects of using a Poisson’s ratio of 0.3 anake close to the reported material stiffness of ordinary glass,
found that the difference in model behavior was negligible7x109 N m=2 (Gordon, 1978).
To determine the minimum number of elements needed, we The measurements of overall wing flexural stiffness in this
performed a sensitivity analysis with models composed o$tudy did not reveal a significant dorsal-ventral difference in
200, 350, 865 and 2300 total elements, and found that 8GBe spanwise or chordwise direction in any species tested; we
elements are sufficient to ensure asymptotic performance tfierefore averaged dorsal and ventral meauremenis iof
the model. each direction. These flexural stiffness measurements were
We subjected the model wing to virtual static bending testsignificantly correlated with all size variables tested (see
that mimic the tests performed on actual wings, fixing the baséombes, 2002). However, spanwise stiffness was more
with zero displacement or rotation and applying a point forcstrongly correlated with wing spam?¢0.95; Fig.4A) than
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1x1073+ A 1x10-3— B
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e § Neuroptera -+ Hemerobius
£ 1x107° < 1x107°4 + Pepsis
w '-jd Hymenoptera{. Sceliphron
@ k) ¢ + Bonbus
2 1x10°84 $ 1x106 : o T pda
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Fig. 4. Flexural stiffnessersusspan/chord length in 16 insect species. Individuals of each species are plotted in the same color. Axes are on
a logarithmic scale. (A) Spanwise flexural stiffnE$sersuswing span; for log—log transformed daya2.97+0.08,r2=0.95 (using species
averagesy=2.9%+0.03,r2=0.96). Measured flexural stiffness of a glass coverslip (at varying lengths) is shown in black. (B) Chordwise
flexural stiffnessEl versuschord length; for log—log transformed daya2.08-1.73,r2=0.91 (using species averages2.01x-1.8,

r2=0.96).

with any other size variable, or with the principal components Finite element modeling

of wing or body size. Similarly, chordwise stiffness was most The model of the glass coverslip provided estimates of tip
strongly correlated with chord length?£0.91; Fig.4B). The  displacement that were within 5% of those measured in the
measurements of flexural stiffness also revealed a largexperiments, validating the finite element method. Virtual

anisotropy in all species tested, with spanwise flexural stiffnesstatic bending tests of the model wing showed that chordwise
approximately 1-2 orders of magnitude larger than chordwisiexural stiffness was higher than spanwise flexural stiffness

flexural stiffness (Fig4). when no veins were present (when membrane and vein
_ _ material stiffness were the same; B8). However, when
Phylogenetic analysis of correlated characters veins were added and their material stiffness was increased,

To verify that the correlations between flexural stiffness andpanwise flexural stiffness increased beyond chordwise
size remain significant when the effect of phylogeny idflexural stiffness. When only leading edge veins were added,
removed, we calculated standardized independent contrastssgfanwise flexural stiffness increased as above, while chordwise
log-transformed spanwisdel, wing span, chordwiseEl flexural stiffness did not change significantly from the veinless
and chord length. The relationships between standardizedodel (Fig.3B).
independent contrasts of these wing size and flexural stiffness
traits were significant, and the slopes were nearly the same as
in the original data (spary=3.04, r2=0.96; chord:y=2.02, Discussion
r2=0.96). The residuals from these relationships can be used afOur measurements of overall flexural stiffness in insect
an estimate of flexural stiffness with the effect of size (anavings demonstrate that flexural stiffness varies widely in the
phylogeny) removed (for examples of similar uses inspecies tested, butis strongly correlated with wing size. In fact,
correcting for body size, see Garland and Janis, 1993; Rezentthe span or chord length of a wing accounts for over 95% of
et al, 2002). the variability in spanwise and chordwise flexural stiffness,

These size-corrected estimates of flexural stiffness were nathen the effects of phylogeny have been removed. Because
significantly correlated with standardized independenflexural stiffness is a length-independent measure (for
contrasts of any of the five wing venation characters measuregkample El does not change significantly in glass coverslips
However, the residual of spanwise flexural stiffness wasver a range of lengths; FigA), these results suggest that
positively correlated with the residual of chordwise flexuralthere is a strong scaling relationship between wing size and
stiffness (2=0.37, P=0.012), and several contrasts of veinflexural stiffness.
characters were correlated with each other (Combes, 2002).This strong relationship is apparent despite several
When Pagel’s arbitrary phylogenetic branch lengths (Pagehssumptions inherent in the use of a homogeneous beam
1992) were used, the residuals of flexural stiffness remaineztjuation (Equatictt). Because wings resemble plates more
uncorrelated with wing venation characters, and the residuatdosely than beams, we used simple finite element models to
of spanwise and chordwise flexural stiffness remainedssess how robust the beam equation is to variations in the
positively correlated (Combes, 2002). shape of the beam. We created models of rectangular plates
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spanning the size and flexural stiffness range measured in reabment of area, is highet)is proportional to a beam’s width
wings, applied point forces at the free end, and recorded thines its thickness cubed (Equat®n For measurements of
displacement of the model plate. We then calcul&tedgsing  spanwise flexural stiffness, the width of the beam is the average
Equationl and compared this to the knov&h of the plate chord length, and in the species tested average chord length
(based on its cross-sectional dimensions and materiad directly proportional to wing spany=0.2546-0.0004,
stiffness). We found that Equatidnslightly overestimates r2=0.8574). The average thickness of the wings tested,
flexural stiffness (by up to 12%) when the plate is longer thahowever, is unknown. Average thickness may be proportional
it is wide (i.e. for wings measured in the spanwise direction}o span (if wings grow isometrically), or could be independent
and underestimates flexural stiffness (by up to 80%) wheaof span (since all cuticle consists of a single cell layer with
plates are wider than they are long. However, there is nextracellular deposits). If we assume tHat the material
overall trend in wing shape with increasing span or chordtiffness of wing cuticle, does not vary with wing size, we
length, and these changeskhare relatively small compared would predict that flexural stiffness should scale with length
to the large range of flexural stiffness measured both withi(if thickness is independent of span) or with length to the fourth
and between species (F&). power (if thickness is directly proportional to span). The results
We also used the finite element model of an insect wing tof this study do not agree with either of these predictions;
explore the effects of inherent wing camber on flexurabpanwiseEl scales with the cube of chord length, whereas
stiffness estimates. The maximum camber measured wthordwiseEl scales with the square of span. Thus, increased
Manducawings with a laser ranging technique (see Combesecond moment of area alone cannot account for the observed
and Daniel, 2003a) was 5% in the chordwise direction and 4%caling of spanwise and chordwise flexural stiffness.
in the spanwise direction. Applying these levels of camber to Scaling of flexural stiffness has been examined previously
the model wing had almost no effect on displacement when the dried butterfly wings (Steppan, 2000) and in the primary
wing was cambered parallel to the wing attachment (i.e. wheflight feathers of birds (Worcester, 1996), both of which show
the model wing was cambered in the chordwise direction ana positive correlation between flexural stiffness and size. The
chordwise flexural stiffness was measured). When the winguthors compared the observed scaling relationships with the
was cambered in the direction perpendicular to the attachmethiteory of geometric similarity (see Alexander et al., 1979),
(i.e. when the wing was cambered in the spanwise directiowhere structures maintain a similar shape regardless of size, as
and chordwise flexural stiffness was measured), displacemewtll as with the theory of elastic similarity (see McMahon,
varied up to a maximum of 40% from the value measured in 8973), in which loaded structures maintain a similar angular
flat plate, indicating a relatively minor effect on flexural deflection regardless of size. Neither study (Steppan, 2000;
stiffness. Worcester, 1996) found scaling patterns that could be
Finally, the assumption in Equatidnthat flexural stiffness explained by geometric similarity, and the results of our work
is homogeneous across a wing may lead to a systematic erappear to agree with these conclusions. The exponents of the
in the reported values, which could potentially underlie theelationship between insect wing flexural stiffness and body
observed scaling relationships. If flexural stiffness varies alongass (0.91 spanwise and 0.61 chordwise; Combes, 2002) are
the wing span or chord, the reported values of overall flexurdér from the expected value of 1.67 proposed by Worcester
stiffness represent some weighted integratioiloflong the  (1996) for geometric similarity, and the exponents of the
length measured. If this integral varies systematically as bearslationship between flexural stiffness and wing area (1.50
length increases, it could account for part of the size scalingpanwise and 0.99 chordwise; Combes, 2002) are also far from
in the data. We explored this hypothesis numerically byhe expected value of 2.0 proposed by Steppan (2000).
integrating various simple functions (that represent how If the scaling of wing flexural stiffness provides functional,
stiffness might vary in the wing) over increasing beam lengthrather than geometric similarity across a range of body sizes,
We found that the integral dEl over the wing may vary wing angular deflection should remain constant, as in elastic
slightly with length depending on the function used, but thisimilarity (McMahon, 1973). If we take tip displacement
variation is far smaller than the range of values measured itivided by wing span (or trailing edge displacement divided
real wings, and is therefore unlikely to cause the observeudy chord length) as a rough measure of strain or curvature in
scaling relationships (Combes, 2002). the wing, we can rearrange Equatibas:

Scaling of flexural stiffness d/L=FL2/El. 3)

The strong correlations between wing size and flexurabpanwise flexural stiffness scales witl and chordwise
stiffness suggest that size scaling is the dominant factdiexural stiffness with 2. This suggests that in the chordwise
determining overall flexural stiffness in insect wings. Becausdirection,d/L is directly proportional to force, regardless of the
Elis a composite measure that incorporates the second momehord length of the wing. In the spanwise directidf, is
of area as well as the material stiffness of a wing, it is ngbroportional toF/L, so spanwise curvature would be smaller
surprising that spanwise and chordwise flexural stiffness large wings for a given force.
increase with wing size; wings with larger spans generally also To assess wheth8fL remains constant in flying insects over
have larger average chord lengths (and thuthe second a range of sizes, we need to know how the forces on flapping
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insect wings scale with size. If we assume that the primarstiffer than expected for their size. Damselflies, craneflies and
forces on an insect’'s wings are aerodynamic, then force lacewings have more flexible wings than expected, while
proportional to body mass. However, several studies havautterflies and wasps are intermediate.

suggested that the inertial forces generated by flapping wings The functional significance of phylogenetic changes in wing
may be considerably larger than the aerodynamic forcegenation (such as loss of cross veins and increased vein
(Combes and Daniel, 2003b; Daniel and Combes, 2002hickness) remains unclear. Perhaps more derived groups of
Ellington, 1984; Ennos, 1989; Lehmann and Dickinson, 1997nsects have simply evolved a venation pattern that allows
Zanker and Gotz, 1990), and therefore inertial forces maghem to maintain the essential scaling of wing stiffness in a
be more important in determining wing deformations. Amore economical way (e.g. using less vein material), or
generalized scaling argument for inertial force in insect wingperhaps the venation patterns are related to something entirely
is difficult to derive because wingbeat frequency does not scatéifferent, such as the distribution of sensory receptors on the
strongly with size in the insects studied here. However, smalling (Kammer, 1985).

insects often have significantly higher wingbeat frequencies, so Alternatively, venation pattern may in fact affect wing
the ratio of inertial to aerodynamic forces acting on their wingstiffness, but in ways that could not be detected in this study.
may be as high or higher than in large insects with heavier (b&br example, venation pattern may not affect overall stiffness,
slower) wings (Combes and Daniel, 2003b; Daniel andut could influence how stiffness varies throughout the wing

Combes, 2002). (see Combes and Daniel, 2003a). In addition, the stiffness
_ _ _ measurements in this study exclude the outer 30% of the wing,
Effects of wing venation on flexural stiffness which is likely to be the most flexible region. Differences in

Although both spanwise and chordwise flexural stiffnessving stiffness between insects with veins that extend to and
scale with wing length, the magnitude of flexural stiffness irdelineate the trailing edge (such as odonates; sed)Fand
these directions differs greatly; spanwiSkis approximately insects with primarily unsupported membrane in the trailing
1-2 orders of magnitude higher than chordwidein all  edge (such as hymenopterans) would most likely be found in
species tested (Fig). Because spanwise flexural stiffnessthis region. How the spatial distribution of stiffness contributes
increases als® and chordwise flexural stiffness onlyles this  to the instantaneous shape of a dynamically moving wing is a
anisotropy is generally bigger in larger-winged insects. subject of further study, and will be crucial to understanding

The finite element analysis of an insect wing shows that thighe implications of mechanical design of wings to insect flight
structural anisotropy is due to a common venation feature gferformance.
insect wings: leading edge veins. The model without any
strengthening veins demonstrates that the basic planform shape

of the wing would lead to similar spanwise and chordwise List of symbols

flexural stiffness if no veins were present (BB). Adding El  flexural stiffness

leading edge veins to the model increases spanwise flexuralE material stiffness (Young’'s modulus)
stiffnress  dramatically, generating spanwise—chordwise | second moment of area

anisotropy (Fig3B). L effective beam length

Clustered or thickened veins in the leading edge of the wing F applied force
are found in nearly all insects, even insects that have lost all & wing displacement at the point of force application
other wing veins (such as some hymenopterans and smallw width
dipterans). Thus, spanwise—chordwise anisotropy may be at thickness
universal trait among insects. This anisotropy would serve to
strengthen the wing from bending in the spanwise direction R. Sugg and J. Edwards graciously assisted in identifying
while allowing chordwise bending to generate camber. It coulthe insects used in this study. D. O’Carroll, T. Morse and J.
also facilitate spanwise torsion, which is seen in many speciédngsolver provided specimens, and D. Combes assisted in
during supination (Ennos, 1988; Wootton, 1981). collecting and transporting the spiderwasps. T. Garland

Although leading edge veins appear to play a crucial role iprovided the program for calculating independent contrasts, as
determining the relative magnitudes of spanwise andvell as helpful advice on its use. D. Grunbaum and R. Huey
chordwise flexural stiffness, the details of venation pattercontributed useful comments on both the project and drafts of
measured in this study do not appear to affect the overathe paper. This work was supported by NSF grant F094801 to
flexural stiffness of the wing. We did find, however, that theT.D., the John D. and Catherine T. MacArthur Foundation, an
residuals of spanwise flexural stiffness are correlated with tldSF graduate fellowship to S.C. and an ARCS fellowship to
residuals of chordwise flexural stiffness. This indicates tha$.C.
some insects have wings that are generally stiffer (in both
directions) than expected for their size, while others have References
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