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Summary

Finite element analysis is used to model the automatic anal fan. The model agrees with experimental data and
cambering of the locust hind wing during promotion: the  produces deformations very close to those seen in free-
umbrella effect. It was found that the model required a flying locusts. The validated model may be used to
high degree of sophistication before replicating the investigate the varying geometries found in orthopteran
deformations foundin vivo. The model has been validated anal fans and the stresses found throughout the wing when
using experimental data and the deformations recorded loaded.
both in vivo and ex viva It predicts that even slight
modifications to the geometrical description used can lead Key words: locustSchistocerca gregarjaumbrella effect, functional
to significant changes in the deformations observed in the biology, finite element modelling, insect flight, smart structure.

Introduction

Desert locusts obtain the majority of their thrust and weighto as the ‘umbrella effect’, is dependent on the wing’s
support from the downstroke of their hind wings (Jensen, 195@jeometry: the progressively decreasing length of the
Cloupeau et al., 1979; Wootton et al., 2000). A particulasupporting veins postero-proximally from the remigium to the
feature of the downstroke is the automatic development ahner margin, and the acute angle that each makes with the
depression and camber by the promotion of the wing and theerimeter. He derived an analytical model of the effect, which
resulting deployment of the anal fan (‘'vannus’ of Snodgrasss also relevant to other Orthoptera and to some Phasmida
1935): the so-called umbrella effect (Wootton, 1995). Thigstick-insects) and Dictyoptera (cockroaches and mantises). He
serves to depress and hold the low-stiffness trailing edgshowed that, for a given angle of deployment, the height of the
almost certainly improving aerodynamic efficiency (Wootton,generated camber is inversely related both to the number of
1995). The umbrella effect is one of a number of mechanisms&annal veins and to the size of the acute angle between the
that have been identified as controlling, either automatically oreins and the perimeter. However, the model he used was
semi-automatically, the instantaneous three-dimensional shapased on a number of simplifying assumptions: the profile was
of insect wings during flight (Wootton, 1992). described as part of a logarithmic (equi-angular) spiral; the

The muscles of the wing do not extend beyond the axillaggerimeter was modelled as a cord, stiff in tension; and the wing
and no control input is required to generate the desired effestembrane, cross-veins and intercalary veins were disregarded.
in the anal fan. The deformation is therefore encoded in thi@ addition, the supporting veins were assumed to be straight
wing design, and the fan, short of catastrophic failure, willand to radiate from a single point, and the flexural rigidity was
always adopt the same shape for a given angle of promotioassumed to be constant along the length of each vein and
Although the wing incorporates some of the features associat@kentical from vein to vein. In reality, the wing profile can only
with ‘smart’ structures, it is not truly a smart structure. Smarapproximately be described as a logarithmic spiral, and the
structures and materials have obvious attractions for engineesspporting veins radiate not from the same point but from a
who wish to reduce the controlling component of small-scaleuticular bar. The veins are curved, taper from their origin at
machines and deployment mechanisms. This level dhe ano-jugal bar to their ends at the wing margin and,
integration of design and function between and withintherefore, have non-constant flexural rigidities along their
biological structures is often far greater than that achieved Hgngth. The limitations of the analytical model were discussed
modern engineering. by Wootton (1995). However, to explore in detail the influence

Wootton (1995) has demonstrated that the process aff these complicating effects, a more complex and realistic
automatic depression that leads to camber generation, refernexbdel is needed.
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In the present paper, a finite element model of part of thaerodynamic pressures based on real dragonfly kinematics. The
desert locust wing is developed to explore numerically thenodel was used to compare the stresses on the wings in which
mechanisms that lead to the umbrella effect. The finite elemeattitude and spanwise torsion were actively as well as
method was first introduced by Courant (1943) and developegkroelastically controlled with those that would result when
further by physicists and engineers (Argyris, 1965). Thahese were controlled by wing elasticity alone. The geometry
impetus for development since has come from engineers whad the veins was modelled as precisely as possible, but no
wished to gain solutions to many problems of complexaccount was taken of flexion lines or flexible joints, which
continua in solid mechanics, fluid dynamics and shaperobably contribute significantly to the deformations of the
optimisation. The finite element approach involves dividing avings.
complex structure into simpler constituent elements that are The current analysis will combine accurate material and
connected to one another at common points or nodes, a procge®metric properties, obtained from direct measurement, to
known as meshing. Specifically, it involves interpolating aproduce a robust numerical model of the umbrella effect in the
field quantity, e.g. stress, displacement or temperature, at thand wing anal fan ochistocerca gregaridt will ascertain
nodes that are created when the model is meshed. Blge importance of certain features (vein geometries and
connecting the elements at the nodes, the field quantiposition, wing shape) to the umbrella effect. The model will
becomes interpolated over the entire structure. Although thee validated using experimental camber tests and by comparing
solution obtained is, in general, approximate, the strength afeformations with those observidvivo.
the approach lies in its versatility: structures can be of any
shape, have any support conditions and be subjected to
complex and multiple loads.

The non-linearity of biological systems, the structural and Vein geometry
physical diversity of biological materials, the problems The form of the cross sections of the longitudinal veins
associated with their testing and the irregularity andeplicated in the models (Fig. 1) was found by sectioning. The
complexity of structural components all present majoiveins were embedded in LR White, a two-part acrylic resin.
problems for finite element modelling. The potential The nature of insect cuticle makes it exceptionally difficult to
applications in biology are nonetheless numerous. The methaahieve any real infiltration using embedding media. This
has already been utilised extensively in biomedical physicsgsults in poor sectioning where the material is unsupported,
particularly for bone, whose material properties are relativelyand distortions can occur if a microtome is used to cut thin
well understood (Huiskes and Chao, 1983; Prendergast asdctions. To prevent this, thick sections were cut manually. A
Huiskes 1996a,b; Prendergast, 1997; Smith et al., 199Wetal guide was clamped either side of the sample, parallel to
Hirschberg et al., 1999). The advent of accurate scannirthe vein's long axis, and the section was ground down until the
techniques such as computer tomography has allowed meshiggide was reached. This produced a clean, flat section
of complex and inhomogeneous three-dimensional structurggrpendicular to the vein’s long axis.
of the sort commonly encountered in biology to be accurately Each section was positioned under an Olympus microscope,
modelled (Dalstra et al., 1995; Guldberg et al., 1998). fitted with a video-capture system. A small spirit level was

The finite element method has previously been used tosed to ensure that the section was perpendicular to the
model the wings of dragonflies (Odonata) (Kesel et al., 199&bjective. Images of the vein were captured, and the contrast
Watanabe, 1995). These are perhaps the most complex of ahs digitally enhanced if necessary. The width and height of
insect wings, with high, varying relief and a rich network ofthe sample were measured. The use of perpendicular metal
multi-branched longitudinal veins and multiple cross-veinsguides when cutting the samples and the spirit level when
Because of this complexity, and since the material propertigaounting the samples ensured that parallax errors were
of the cuticle and the actual spatial and temporal distributionegligible.
of aerodynamic forces on dragonfly wings are unknown, the To simulate numerically the structural behaviour of the
models have necessarily included simplifications. In bothocust wing in the finite element model, the flexural rigidity
cases, the Young's modulus of all cuticle was taken fronto be used in the beam elements modelling the veins is needed.
published values for the locust tibia (Jensen and Weis-Fogfihe flexural rigidity of any beam is the product of its Young's
1962). The models of Kesel et al. (1998) introducednodulus E) and the second moment of arépdf its cross
complexity progressively, achieving increased realism irsection about the neutral axis. The second moment of area is
computed deformations in response to notional aerodynamtbe sum of the products of areas and the squares of their
loads. However, many simplifications inevitably remained: theerpendicular distances from the neutral axis (Fig. 2). The
irregular, variable-cross-section veins were modelled aseutral axis passes through the centroid of the section and is
hollow cylinders, and the effect of the membrane wasn imaginary line along which tensile and compressive
approximated by adding a stress-stiffening component. Thetresses are zero when the beam is subjected to pure bending
sophisticated analysis of Watanabe (1995) incorporate(Fig. 2). The Young’s modulus is a uni-axial measure of
precisely measured relief and membrane thickness, arddiffness given by the ratio of stress to strain in a material.
subjected the modelled wings to computed inertial forces anfdictures taken from the sectioned veins were edited as bitmaps

Materials and methods
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e s S S Experimental tests
The torques required to induce a 1 cm depression in the anal
fan of the hind wings were measured using a torsion balance

Ano-jugal bar

Section 6 ";,.g!'.\“?..%- (Fig. 5) modified from that used by Wootton (1993). An adult
Z ;?3;;‘0'}:‘5\3. ! locust Schistocerca gregaridorskal) was killed, the fore
3 ,’A‘:,'«“Q::,’:" wings and legs were removed, and the flight muscles were
22— “"A”.;Q}};,‘,z ' ] Remigium severed. A small hole was made through the wing membrane
1 G A '-13?:';'?’ B L1 Anal fan behind the leading edge vein at a point that had previously been
FE D hardened with a small droplet of cyanoacrylate glue to prevent

tearing. The hole was made 15mm from the point of rotation
about the wing base, matching the length of the moment arm
Fig. 1. A locust hind wing illustrating the extent of the anal fangn the torsion balance. The insect was mounted on a stage with
(vellow) and the remigium (blue). The veins replicated in the modejg qyilia lying co-axially to a vertically suspended metal wire
(A-G) are shown in red. The green intersecting lines indicate t§¢ i length, diameter and torsional stiffness through
points along the veins where sections were taken. . . .

which torque was applied (Fig. 5).

The lower end of the metal wire was glued to a needle that
to isolate the vein material from the background and tdormed a vertical axle for an aluminium disc mounted on
convert the images to monochrome (Fig. 3). A program wasffectively frictionless bearings. A rod and hook projected
designed that processes a shape image and calculates fitoen the underside of the disc, 15mm from the centre point.
cross-sectional area and all required area moments. These @l disc carried a horizontal pointer that moved around a
Ixx andlyy (the second moments of area of the section relativhorizontal circular protractor mounted co-axially with the wire,
to bending forces from two directions mutually at right anglesjhe disc and the axilla. The upper end of the wire was attached
and the torsional constarky, an area moment that is a to a cork mounting, with a second pointer moving around a
function of the resistance of the beam to torsion. Theecond horizontal, circular, co-axially-mounted protractor.
calculations were checked using regular shapes whoS®rque was applied manually by rotating the cork mounting,
area moments were calculated using standard formula® rotating the aluminium disc and extending the wing. The
(Young, 1989); the resulting error was 0.6 £ 0.3% (mean torque applied to the wing was calculated by converting the
s.D.). Preserving the shape of the veins during sectioning walifference in rotation angle between the top and bottom
of paramount importance, as any distortion would introduc@ointers into radians. This value was multiplied by the

critical errors in these calculations. torsional rigidity of the wire (in Nmrad?) to give the torque
_ in Nm. The total force applied at 15 mm from the base could
Wing geometry then be calculated by dividing the calculated torque by

A digitised wing profile was built up using drawings and0.015 m.
photographs (Fig. 1). The coordinates of the wing structures Right and left hindwing pairs were tested 11 times each,
were recorded and registered using a bitmap editor. Each vaiisregarding the first test. Desiccation of the wing was
was excised, and the profile of thaxis was recorded (along minimised by maintaining a high ambient humidity with damp
the vein, Fig. 4). The gross wing geometry was then entereéssues and by carrying out the tests in less than 2min. Each

as a set ok, y andz coordinates. time torque was applied, the leading edge was promoted and
z
D ——
dy
y o
&
. x >
Neutral x axis Neutral plane z © s
Fig. 2. Calculation of the ~a ) é
second moments of ardgy _ Compression
and Ixx of a section of a Tens
tubular vein, respectively, [ fenson
about the neutrat andy axes.
The neutral axis is a section of

a plane where the stresses due

X
to bending are zero (insetyx o= 225 . 228
andlyy are moments of area. 4 Z(y ) XX z( )
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Fig. 3. (A) Original photograph of a section perpendicular to the long

axis of an anal vein and the segmented vein walls. Scale bar, 0.1 m

(B) The same image after editing to isolate the vein material from th a X b
background and conversion of the image to monochrome. y

Fig. 4. The coordinate systems used to digitise the wing and vein
the wing deployed, leading to depression in the trailing edgprofiles.

(Fig. 6).
o _ edge corrugation is less apparent and appears more as a series
o Finite element analysis of ridges where the larger dorsal veins protrude from the
Model description membrane. When the trailing edge is depressed and the

Five different finite element models of part of the vannusnembrane is in tension, the corrugations flatten out
(anal fan) shown in Fig.1 were generated using thalmost completely. No corrugations were modelled, as a
commercial software package ANSYS 5.4. consequence of the omission of the ventral veins and because

Both the membrane and the dorsal longitudinal veins of théhe initial or resting state of each model represented the point
region shown in Fig. 1 were modelled, but the ventral veingn deployment at which the membrane is taut and any
and the small cross-veins were not included in the modelsorrugations are minimal.

The ventral veins, positioned at the base of the wing The modulus of the membrane has been shown to range in
corrugations, have much smaller cross-sectional areas attte anal fan from 11.3 to 0.3 GPa (Smith et al., 2000). Although

second moments of area than the dorsal veins, and therefdhere was no clear pattern in the distribution of modulus, values
have much lower flexural rigidity. The purpose of the crosseloser to the margin were generally lower than those closer to
veins within the context of wing deployment is unclear butthe base of the wing. The membrane was divided into three
because their rigidity is very low, it was assumed that thepands (Fig. 6); the elements of the most proximal area were
contribute little to the mechanism being studied. The locuggiven a modulus of 5.1 GPa, those of the mid area 3.75GPa
hind wing is always heavily corrugated at the leading edgeand those of the most distal area 2.4 GPa, representing an
an adaptation to increase rigidity, even when fully deployedaverage modulus within the three areas. The membrane
This corrugation persists to produce some level ofnaterial properties were assumed to be isotropic and to behave
corrugation at the trailing edge, but its structural significancénear-elastically. The membrane was assumed to be of a
is much reduced. When the wing is deployed, the trailingeonstant 1.im thickness (mean anal fan thickness in Smith et

Pointer

N ]

360° protractor ©
Fig. 5. The torsion balance Metal wire 2
used to extend the wing. The s
metal wire is manually rotated 4

from the top, and the degree
of rotation is read from the Low-friction
two 360 ° protractors. The two bearing

diagrams to the right show an360° protractor

isometric and top view of the Pointer !

mounting disc, illustrating

how the wing was attached to Suspended Connecting
mounting disc

the balance. hook

Metal wire

Suspended
mounting disc

Locust
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<> . Force (iii) The ‘straight-veined’ model (Fig. 7C). This model is

> again based on the comprehensive model, but now the
curvature of the veins in the plane of the wing is neglected.
The out-of plane curvature or initial pre-camber of the anal fan
is, however, modelled.

(iv) The ‘identical-vein’ model (Fig. 7D). This model is
identical to the comprehensive model except that the tapering
_ of the veins is not modelled. Each vein is assumed to have
Depression values of the second moment of area that are constant along
its length and equal to the values measured at the basal
point of the leading edge vein (i.dyy=1.2%10“4mnt,
Ixx:O.2&10_4mrT\4, |xy:154x10_4mrn4)

(v) The ‘mock-geometry’ model (Fig. 7E). This model is
constructed using geometry for the wing outline and vein
placement approximated from the real wing. The purpose of
this model is to show the effects of crudely approximating the
shape of the wing and the arrangement of the veins. The veins
are placed approximately the same distance apart from one
another as in the real wing, but are joined at the top, the ano-
éugal bar, by a straight line, rather than a curved structure as
leading edge is deployed, depression and camber generation occucfen 1N the real wing. _The, curve of every vein IS similar, ahd
the wing, the greatest depression occurring in the posterior region §1€ membrane margin is simply a straight line between the tips

the anal fan. The division of the membrane into the three bands usfl €ach vein. All veins are constructed using .the Se(fc_md
in the model is indicated, as are the veins used in the model. moments of area measured from the corresponding positions

in the real wing. The model incorporates all measured material
properties of the veins and membrane, but has a modified

al., 2000) and was meshed with two-dimensional thin-sheljeometry.
elements.

The modulus of the vein material has not been directly Mesh generation
measured, but published values for insect cuticle range from All five models were meshed using parabolic order elements
very stiff sclerotised cuticle at 9 GPa (Jensen and Weis-Fogbecause they include mid-side nodes that allow for elements
1962) in the locust tibia, which may represent the upper limiwith curved edges and a more accurate fit to the underlying
of stiffness in cuticle, to as low asZ“GPa in the softened geometry. A convergence test was performed by refining the
cuticle of female locusts (Vincent, 1990). A modulus of 6 GPanesh until further refinement resulted in no substantial change
was chosen for the vein material as representing an averaGel0 %) in the computed displacements of the anal fan under
value for published data concerning sclerotised cuticle. Thimading. For the ‘comprehensive’ model, a mesh consisting of
vein material was assumed to be isotropic and to behave linedi669 elements (220 beam and 1449 membrane elements,
elastically. The veins were meshed using three-dimension&ig. 8) was found to give satisfactory results.
elastic beam elements.

The details of the five models are as follows. Boundary conditions

(i) The ‘comprehensive’ model. This is the most realistic The veins were constrained at their base with only one
model constructed. The model is based on the accuratetational degree of freedom about thaxis. In reality, the
digitised three-dimensional geometrigsy(andz coordinates) veins are capable of rotating in all three directiofia
for the outline and vein placement, as shown in planform viewnovements of the axillary muscles. As the axilla was not
in Fig. 7A. The model includes the pre-camber out-of-planéncluded in this model and the wing muscles were cut in the
curvature of the vannus, and the tapered veins wereamber experiment, the degrees of freedom at the base of the
approximated using a ‘stepped beam’ approach with a total efiodel veins were reduced to one. The boundary conditions
six uniform segments for each vein; values of second momentd the models assume that the veins cannot translate forwards
of area [xx, lyy andlxy) used for each segment were as obtainedr backwards relative to the body. Although the whole of the
from the experimental measurements. ano-jugal bar can be moved to some degregvo, this only

(ii) The ‘no-camber’ model (Fig. 7B). This model is basedoccurs beyond the extension needed to generate camber.
on the comprehensive model and is identical in all respects Loads were applied to the most anterior vein of the anal fan
except that the initial curvature or camber of the wing isas a uniformly distributed beam load. Although in the actual
neglected, all the points on the wing are assumed to lie in thveing the load is applied at the base as a torque on the leading
xyplane. In other words, the anal fan is assumed to be flat prigein, this load would be transferred through the membrane to
to applying the load. each vein, resulting in a distributed load on the leading vein of

Depression

Fig. 6. The behaviour of a locust hind wing when deployed. As th
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Fig. 7. The geometry, boundary and load conditions of the five finite element analyses. (A) The ‘comprehensive’ model; (Barfitgefho
model; (C) the ‘straight-veined’ model; (D) the ‘identical-vein’ model and (E) the ‘mock-geometry’ model. The taperingednshend the
change in thickness between veins is indicated, except for the ‘identical-vein’ model whose veins all have identicali@ngsg Bedines
dividing the membrane into three bands, each with a different modulus value, are also shown. The line below indicates tfiecacbfil

model, through pointg—y. All models were restricted to zero translation at the base of the first vein, indicated by a single triangle, and pin
joints at the base of all other veins, indicated by double triangles. The arrows indicate the direction of the distriblbad beam

the anal fan. As the model deformed, the load was always

applied normal to the vein (follower force).
N Model solution
"1“1‘;\:“ _ ansi—static Ioading. was assumed (aerodynamic loads and
4\53“;\‘.3«”1\%“ inertial forces were ignored), and the model was solved
RN /S allowing for large, non-linear deformations. Each model was
%@%&gﬁwAwﬂh wing ge, i def
‘%‘i&‘«%&%ﬁ;g} subjected to sequential, distributed beam loads, from
%ﬁ%ﬁgﬁgkﬁwA %‘m\ 0.002Nm, in increments of 0.002Nm, deploying the wing
é;%%:&%ggg%‘sh&g‘g%& until, where possible, a total depression (and/or elevation) of
%%M’v&‘%ss{;%&%% between 0.9 and 1.1 cm was produced in the vannus. This was
e vy WAV SONE
v

measured as the maximal point of translation irztées, and

the computed torque required was compared with the torque
measured in the camber test experiments.

Results
Vein structure and area moments

The changes along the veins from tip to base in the second
moments of area about the neutral planes shown in Fig. 2 and
Fig. 8. The final mesh for the ‘comprehensive’ model consisting othe polar moment of area are shown in Fig. 9. In all the
220 beam (red) and 1449 membrane (blue) elements.

longitudinal veins examinetkx andlyy decreased non-linearly



1.40x104

1.05x104

Fig. 9. The change in the three moments of area meadyj€4),
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torsional or polar moment of area is related to gtlandlxx
and, consequently, followed a similar pattern and extent.

Experimental tests

A mean torque of 9x41074+1.3x10"4N m (mean 1s.0.) was
required to deploy the locust hind wing fully. Previously
conducted tests, using similar equipment, required opening
torques of 8104Nm to deploy complete hind wings from the
closed position (Pitts, 1996; K. Pitts, personal communication).
These results are very similar to our own, suggesting that the
technique is robust.

The experimental torque required to depress the trailing edge
by 1 cm when deploying the whole wing wasd.8°5+0.7x107>
Nm. This decreased to ¥B06+0.6x108Nm when just the
anal fan was isolated and deployed. In both the complete wing
and the isolated vannus, depression and camber were generated
long before the wing was fully extended. Crucially, while the
whole outer margin was to some extent lowered, the greatest
depression took place in the inner, postero-proximal part of the
wing’s trailing edge. Thus, as an in-plane force was applied to
the leading edge of the wing or isolated vannus and the wing
deployed, the umbrella effect caused depression in the anal fan.
The area displaying the most depression was the very posterior
portion of the vannus (Fig.6). A plot of torque against
deployment angle for a wing obtained with the same apparatus
appears in Fig. 7 of Wootton et al. (2000).

Finite element models

The torques required to induce a lcm depression as
computed using the five different finite element models of the
anal fan are given in Table 1.

The closest value to the average experimentally measured
torque of 3.%10+0.6x108Nm was obtained using the
comprehensive finite element model €L@ 6N m). The torque
computed for the mock-geometry model was also reasonably
close (1.2108Nm). For both the identical-vein and the
straight-veined models, computed torques X408°Nm and
4.4x10°Nm respectively) were an order of magnitude higher
than the experimentally measured torque. The no-camber model
failed to generate any depression under loading.

In Figs 10-14, the deformations of the five wing models
under loading are plotted. Interestingly, only the
comprehensive model produces deformations that are similar
to those observeih vivo (Figs 10, 15). For all other models,
qualitatively different deformations are produced under
loading. For the mock-geometry model, the region with the
largest depression is not the posterior, but the central portion

Ixx (B) andlyy (C), along each veild-G, and each section, 1-6, the Of.the wing margin (Fi'g. 1_1)- For the S_traight'VEi.n.ed m0d9|
positions of which are shown in Fig. 1. The approximate shape dfFig. 12), the deformation is principally in the positwexis

four sections along the most anterior vein is shown in black.

as the veins tapered from the base to thd#jdor each vein
section was consistently higher thagn and the maximurhyy
value was nearly five times the maximugy value. The

(elevation), in contrast to the real wing (depression). The
identical-vein  model (Fig. 14) produces incorrect

deformations, the mode of which alters according to the total
applied load. At lower load levels (Fig. 14A), the point of

maximum translation is towards the centre of the wing margin,
but at higher loads (Fig. 14B), the leading edge becomes the
maximum translation point. The no-camber model produces no
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Table 1.The loads and torques applied to each of the five models to produce approximately 1 cm of camber

Load applied Leading
to leading edge edge length Total load Mean torque

Model (Nm) (m) (N) (Nm)

(i) Comprehensive 0.0060 0.022 0.00015 X1.G-6

(i) No camber - - - -

(iii) Straight veined 0.1800 0.022 0.00400 A1975

(iv) Identical vein 0.2000 0.022 0.00440 41875

(v) Mock geometry 0.0025 0.025 0.00005 41976

The no-camber model failed to produce any camber.

Fig. 10. The ‘comprehensive’ model subjected to a load of 0.006 Nm. (A) Dorsal view and (B) latero-dorsal view; the colemtsepres
translation in thez axis, either positive (elevation) or negative (depression) in metres. The black lines illustrate the undeformed shape of the

wing.

-0.01 1N
i

Fig. 11. The ‘mock-geometry’ model subjected to a load of 0.02Nm. (A) Dorsal view; (B) latero-dorsal view. The black linz® ithes
undeformed shape of the wing. The colours represent translation mattie in metres. Positive values indicate elevation; negative values

indicate depression.
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Fig. 12. The ‘straight-veined’ model subjected to a load of 0.0025 N m. (A) Dorsal view, (B) latero-dorsal view, (C) distEtheiblack lines
illustrate the undeformed shape of the wing. The colours represent translationziaxisein metres. Positive values indicate elevation;
negative values indicate depression.

A

-0.004

Fig. 13. The ‘no-camber’ model subjected to a load of 0.002Nm (A

and 5N m (B). The black lines illustrate the undeformed shape of the ) ) . .
wing. No translation in theaxis occurred. Fig. 14. The ‘identical-vein’ model subjected to a load of 0.065Nm

(A) and 0.1Nm (B). The black lines illustrate the undeformed shape
of the wing. The colours represent translation inzthgis in metres.
depression or elevation, and increases in applied force SimpPOSitive values indicate elevation; negative values indicate
lead to a larger translation in the plane of the wing (Fig. 13)depression.
In Fig. 15, the observed deformations of a locust wing ir
flight (Fig. 15A) are shown next to the numerically computed Discussion
deformations of the comprehensive model (Fig. 15B). The The observed tapering of the veins in the hind wing of the
camber is generated at similar angle in the trailing edge of ttaesert locust is, at least in part, a natural adaptation to structural
complete model as occurs in an actively flying locust. loading. Indeed, the bending moments due to aerodynamic
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A high stiffness to mass ratio. It is not until close to the wing tip

‘ that the veins adopt a circular cross section, antkttendlyy
values are equal. At this point, too, the differences in cross-
sectional area and in moments of area between different veins
are minimal. In the real wing, the cross-veins and the
membrane prevent flexion of the veins about the nep&seks.

The results obtained from the numerical simulation of
deployment using the five finite element models were very
different. Only the ‘comprehensive’ model produced
deformations that matched both the experimental data on real
wings under similar loading and the shape that wings assume
in actual flight (Fig. 15). The other four models all failed to
reproduce similar deformations to those of the actual wing
despite having many similar characteristics. The torque
required to produce a 1cm depression in the trailing edge of
the ‘comprehensive’ model was approximately half that
obtained experimentally. This difference may be due the extra
resistance of the cuticle of the axillae, to which the wing is still
attached and which the model does not include.

The ‘straight-veined’ model produced two areas of high
transition, both a depressed region and an elevated region. By
forming straight lines between the point of origin of the veins
and the wing margin, the relationship between the angle of the
plane of vein cambering and the angle at which the margin
exerts its force on the vein tips is increased. The curve of the
veins in the real wing and the complete model enables the
margin to exert a force that is more parallel with the plane of
cambering. So, when a distributed load is applied through the
wing margin, it is initiating Euler buckling more effectively by
bending the vein closer to the plane in which camber already
exists. In effect, by straightening the vein, some advantage of

TE pre-cambering is lost. This effect is also likely to be occurring
Fig. 15. (A)Schistocerca gregarim free flight, illustrating the angle in the ‘mock-geometry’ model, in which the relative placement

and amount of camber generated in the trailing edge. Traced fromo(; the V(?ins Qnd the_ s’hape of the wing margin are altered.
photograph from Dalton (1975), with permission. (B) For The |Qent|cal-ve|n model .produces a 'Ioad—dependent
comparison, the loaded ‘comprehensive’ model displaying a similadeformation. The area of maximum translation moves round

mode of deformation in the trailing edge (TE), with the leading edgéhe wing margin anteriorly as the load is increased. As each
(LE) at a similar angle. vein in the model has identical stiffness, there is no reduction
in overall stiffness from anterior to posterior veins. This has
loading of the wing will decrease from the ano-jugal bar to théhe effect of causing the anterior veins to buckle before the
wing margin, and the tapering of the veins will tend toposterior ones. The most anterior vein may be prevented from
minimise mass and moments of inertia for appropriate rigiditybuckling initially by the distributed load, but as the load is
which is important in oscillating structures and particularly sdncreased this vein also buckles, producing the final
in a migratory species, where energy conservation is necessaggformation.
However, the form of the taper is highly non-linear and must The ‘no-camber’ model produces no depression in the
also have a significant influence on the precise form of theailing edge upon loading. The pre-cambering of the veins in
camber generated by deployment. the real wing (which was included in all other models) enables
The cross sections indicate that the veins are optimised f&uler buckling to occur smoothly along the length of the veins.
resisting bending moments about the neutrakis, which is  Because the camber of the veins is in the same direction as the
to be expected, because this will be the principal direction alesired depression, a smooth transition from an unloaded to a
loading. Fig. 3 clearly shows the asymmetry in the veinsoaded depressed state can be achieved. For the model without
between the medio-lateral and dorso-ventral planes, whigbre-cambering, the out-of-plane buckling behaviour will not
leads to the difference betwelg andlyy. The higher flexural occur smoothly. A cardboard model consisting of radiating flat
rigidity about the neutrat axis is due to the elliptical hollow spokes, restrained at their tips by cord, illustrates this well.
cross-sectional shape of the veins in which material i8Vhen the force is applied carefully, the model will tend to snap
concentrated away from the neutral axis, thereby providing @ either an elevated or a depressed state as the model passes
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through a singularity. Once the spokes have been buckled, theaccuracy of digital image-based finite element modeBiomech.
depression or elevation will continue smoothly. Eng. Trans. ASMHE20, 289-295.

These results suggest that the wing shape, as well as tHischberg, J., Milne, N. and Oxnard, C. E.(1999). Stresses,
properties of the veins and membrane, is structurally very strains and adaptive remodelling in trabecular bone: a finite element
significant. The range of deformations produced by subtly @PProachAm. J. Phys. Anthropo§2§ 153-159.
altered models emphasises the degree of design integration thif{skes: R- and Chao, E. Y. (1983). A survey of finite-element

. L - analysis in orthopedic biomechanics — the 1st dechdgiomech.
one finds in biological structures. If man-made structures are 16, 385

evgntually to emu!ate aL!tomated, passive biological §tructure§ensen, M. (1956). Biology and physics of locust flight. IIl. The
an integrated design philosophy may well be essential. aerodynamics of locust flighPhil. Trans. R. Soc. Lond. B39,
The finite element method was born of engineering s511-552.
principles and is still used mainly in engineering. The materialsensen, M. and Weis-Fogh, T(1962). Mechanical properties of
used and the loading patterns encountered are generally muclocust cuticle Phil. Trans. R. Soc. Lond. B45 137-162.
better appreciated in the analysis of human-engineerdtesel, A. B., Philippi, U. and Nachtigall, W(1998). Biomechanical
structures. It is common practise to create an optimised simpleaspects of the insect wing: an analysis using the finite element
model and only include limited complexities, and these models Méthod.Comput. Biol. Med28, 423-437. . .
often provide sufficient information. Pitts, K. (1996). Thg morphollogy. and'mechanlf:al pro.pertles of
The range of structural responses to loading obtained usingorthopter0|d and dictyopteroid hind wing fans in relation to the

the approximate numerical models presented here clear mechanics of thambrella effectMSc thesis, University of Exeter.
PP P ,yrendergast, P. J(1997). Finite element models in tissue mechanics

d_emor_]StrateS how muph more complexity is requireq in this and orthopaedic implant desigdlin. Biomech12, 343-366.
biological case to achieve accurate results. The vein shapg.endergast’ P. J. and Huiskes, R(1996a). Microdamage and
vein size, vein position and wing shape interact intimately with gsteocyte-lacuna strain in bone: A microstructural finite element
one another to produce the observed deformation, and over-analysis.J. Biomech. Eng. Trans. ASMHAS 240—246.

simplifying any of these caused the model to fail even at therendergast, P. J. and Huiskes, R(1996b). Finite element
basic level of qualitatively reproducing observed deformations. analysis of fibrous tissue morphogenesis — A study of the
Not only was a surprisingly sophisticated model required to osteogenic index with a biphasic approadiech. Composite Mat
give reasonably accurate results, but also the response of thé2 144-150.

model was very sensitive to minor simplifications. Theseo™Mith, C. W., Herbert, R. H., Wootton, R. J. and Evans, K. E.
results serve to highlight the need to validate every (2000). The hind wing of the desert locuStkistocerca gregaria

. . Forskal). Il. Mechanical properties and functioning of the
simplification of a model before it can be accepted. membraned. Exp. Biol 203 29332943,

Only a small' portion of the hind wing was included in theSmith, T. S., Martin, R. B., Hubbard, M. and Bay, B. K.(1997).
model. Increasing the scope of the model to include the whole gy face remodeling of trabecular bone using a tissue level model.

wing, its corrugations and some of the axillae would enable 3. Orthop. Res15, 593-600.

more accurate load and boundary conditions to be appliegnodgrass, R. E(1925).Principles of Insect Morphology.ondon:
Sensitivity analysis should be applied to the model to gauge McGraw-Hill.

the sensitivity of the deformation to the parameters of materiadincent, J. F. V. (1990). Composites. IBiomechanics: A Practical
stiffness and the shape of the veins and to evaluate the relativeApproach (ed. J. F. V. Vincent), pp. 57-74. Oxford: Oxford

importance of the features discussed here. University Press. . . .
Watanabe, H.(1995). Structural Analysis of Dragonfly Wings with

FEM. Tokyo: Kawachi Millibioflight Project Workshop.
eis-Fogh, T.(1956). Biology and physics of locust flight. Il. Flight
performance of the desert locusSchistocerca gregar)a Phil.
Trans. R. Soc. Lond. B39, 459-510.
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