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ABSTRACT 

Human techi101og~ lzas riot ~ e t  equaled the high11 comple-u and 
effjclent construct~oii prznclples oj  nature. as s l ~ o ~ ~ n  in the 
r-uan~ple of a dragonjh tcing. J4z~ltifilzctionaIlt\ is a common 
pr~ncy l e  oj- b~ological structures. Tl~rougll tllr ui~al\ sis of 
biological light 1(rlgllt s t i~ctures and  s t~uc twe  s\,steni us7ng 
Fmlte Elenlent Ana l~s i s  and material anul\s7s Lte can niahe 
quantitotu e statements regarding thelr co1lstrzrctzz.r e#czenc?. 
T 1 ~ s  research focuses 011 the relat~onslzips bet11 ren the structure 
slstent. (a tubular folded plate. a hjdraullc ?\stem and a 
mrinbra~ir) and the nzatei-ial of the drag017j1 ~ ( m g  (nature) and 
makeu t l ~ r  connectzon to nett niuterials and siizart structures 
used 117 P I ~ ~ I I I P C ~ I I I ~  (technolog\). 

The definition fol light-\+eight construction i* the optimization 
of tllr path of fortes touards the reduction of the constructed 
I olurne. Tliif research \+ill examine to n hat extend adap t i~  el, 
affect5 the optimal geometr! and efficient! of a structure. The 
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goal is to define a set ol structural principles. and to riidhe those 
principles applicable for architects and engineers. 

From the scientific. a~cliitectural. aerod!nainic and erigineering 
ytandpoint tlie uing of the diagonflj ir a perfect ohjert to stud! 
because of its l ight~eight  and Je t  rigid structure. The rtirigs are 
in particular fascinating because of tlie minimal uqe of material 
ionlj 2% ot the bod\weight). The basic structure of a dragonfl, 
r\ing consists of a tubular folded plate (the veins) of prirnan, 
bending rnernbers. secondarj bending members and a chitin 
membrane that spans between the bending mernhers. In 
addition. there is a hjdraulic system of fluids that constantlj 
f l o ~  through the bending members. The wing itselt emerges 
from its chnsalis as a conlpactlj folded structure. To deploy the 
~t ings .  a fluid florts from the dragonflyns body out into the 
members of the rrings. The h o l l o ~  members respond to the 
growing pressure of the fluid b j  expanding outward and 
dep lo~ ing  the rtings. 

The veins (Fig.1) also stiffen the dragonfly's wing and support 
its cantilever. sirnilar to the wa! spars or box-sections stiffen 
and support an aircraft uing. The stiffening is greater near the 
front of the ~+ing,  so that exen crude up and down flapping of 
the wing tends to create lift and fomard motion. The me~nbers 
themsehes. as well as the majoritj of the dragon fly"^ body. are 
made of Chitin (Fig. 12). This particular material is a rersatile 
compound that can either be rigid or flexible. thick or thin. 
From a ~riorpllolopical point of ~ i e n  the  multilaminated 
procuticle of insects can generallj be described as a natural 
composite material consisting of mainlj chitin fibrils and other 
components embedded in a protein matrix (1-incent 1980). 

HYBRID STRUCTURE 
The smart structure of tlie dragonfly wing 

Structural s!stenis that h a ~ e  an ernbedded capabilit~ to sense 
external stirnulus and respond to it depending upon piedeter- 
mined criteria are commonly referred to as "Smart Structures." 
Smart structures positilelj afiect the static as well as the 
dynamic chaiacteristi~s of the sjstem and minimize the  eight 
of the  structure. Smart Structures essentially consist of three 
componrnts: nene-similar sensors. which measure the external 
inlluences. a control eJstem. ~ h i c h  process the information. 
and muscle-similar actuators. which \+ark against the outside 
iorces. 4 peilect example of a smart structure in natuie is the 
dragonfl! rlirig. This actixe sjstein is able to change the 
geometrj arid the phjrical properties accordin& to drnarnic 
loads to optimize stress and deforrnation. 

These changes can he local for exarnple in the  joints between 
the thorax and wing and/or global in the entire wing ctructure. 

The Smart Joint 
Attacltnrent Tubular folded plate t o  tlze tlzornx 

The motion of the wings is vei: complex. T h e  attachment to the  
thorax and the musculature and structure of the thorax all 
contribute to the abilitj to flr. 

The attachment itself is not a single joint. but a fa1 more 
coniplex anangement of srnalle~ iridi\idual joints (Fig.6/7). 
Each main ~ e i n  is attached to one of these joints. Indiridual 
rnuscle groups are able to control each indi\idual rnernber 
witch con& of a joint and a rein. This gileq the abilit! to 
inciease or decrease i n d i ~  dually and actixelj the bending 
moments of each main beriding me~nber.  Therefore the wing 
can be actirel! deformed uncle1 flight operation and decreases 
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Basic Structure Component: Tubular folrl~d plate 
1. I?ilnar! 1 ) rn t l i y  111rrr11)ers. 
B. 5tw111tiar! b v ~ ~ d i ~ i g  rrwr1111tm. 
Fig. 2.  \xiorl~ati(, tiigital photograph! 41oai11; \ I r r n i~ rn l~ r  ( :or r~~gat ior~  ot 
the  uing. 

the internal forces. The ning joint is able to response d!namic. 
under d!namic loading. 
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the long dilection of the u ing and maid! exists at the iiont. 
The setorida~? (Fig.3) set luns apploxilndtel! at a fort!-file 
degiee angle. This set i +  m o d !  found at the leal and tlie outel 
half of the ving. This corrugation ha. been p o x e n  to ploduce a 
lalge bending rigidit! than that of a non-c orlugated structure of 
similar propoition. and is exen ad~antageous for the aerody 
namic behalior of the \\ing. 

The tubulal leiri-s!stem combines the structural efficirnc! of 
bending rigidit! liollo\\ tubs vith optinlal  material efficiencj. 
Inalogues ~ l i t h  technical pneumatic hofes the main ~e in : ,  are 
braced ~ i t h  spiral nall  reinforcing fiber-matrix matelial. [B. 
Iiessel] 

A non-destructi~e method to  determine the geometn, of s~nal l  
specimens is the micro-computer-tornograph!. T h e  cross-sec- 
tional diagram (Fig.8) demonstrates the distinct zig-zag-config- 
uration in the anterior part of a dragonflj hindwing (Aeshna 
c j  anea. 4nisoptera). [P. ICreuz . . .] 

The Membrane 

Fig. 7. Dl-ugonflv II+. 

Tuhular folded plate 

F hen tlie wings ale full! deplo!ed. the! consist of hundreds of 
small poljgons that interlocl~ to prolide structural rigidit! to the 
~5ing. This sjsterri i b  similar to a intersecting folded plate. Since 
the entire wing's structure is h o l l o ~  tubular members. its \\eight 
is dramaticall! reduced. Corrugations in the wing structure also 
contribute to its btrength. 

The corrugated rigid structure of the ning has (Fig.2) Inan! 
folds in different directions. There are two major sets of 
corrugations. The priman corrugation sytem (Fip.4) extends in 

1 er! little cuticle rnaterial is used to build the wings in order to 
reduce mass. The membrane combining the vein-netvork of a 
dragonfly ~ t i n g  (4nisoptera) is approximately 3-5 m thich. 
he l e r the l e s~  the cpecial morphological conptruction and ar- 
rangernent of the ning veins and ~nenibrarie cornbined rtith the 
particular rnrchanical properties of the uing cuticle guarantees 
the stahilit! and the aerodjnarnic function of this natural ultra 
light aerofoil (B. Iiesel 1998). 

Hydraulic System 

.Ilthough xer! light. the efficienc~ of the \\ing itself increases 
during flight hecause the  transfer of fluid decreases bending 
moment dramatirallj. This efticienc! dulirig flight is made 
possiihle b! another aspect of the dragonflj \\ing's hybrid 
structure, the h!draulic system. 1 s  the dragonflj take flight. 
fluid from its bod\ transfers to the uings venation (Fig.1 1) 
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$!stem increasing their weight. and  in turn making the body 
lighter. 

This brings up the question of h o ~  structural systems might 
delelop d!namic response to load under d!namic loading. This 
is analogous to consideration of weight distribution in modern- 
daj aircraft design,  here fuel tanks are located in the wings to 
increase their weight but the meight changes dynaniicallj over 
the course of a flight as fuel is burned and redistributed 
between tanks. 

MATERIAL CHITIR 
The cuticle of arthropods: a multifunctional fiher-in- 
matrix material 

The cuticle of arthropods can b e  interpreted as a greatl! 
~ar iable  fiber-in-matrix material dependent on function and 
position. Its uide range of application extends from eutremel! 

Cuticle - tlt30 mam compontnta: 
- long-chained. highl! cr~stall ine pol?-satcliarid rllitin 
- multi-structural chitin \%hich constitute the matrix material. 

IIotennl Properties: 
- ac t i~e l>  respond to external changes 

Fig. 11. R i n g  I.;~mtiou ( T ~ ~ P I I  f iom ".I (;lid? to Dl-aponj7irs and 
Dnnz,?elflies o f  \ o h  h e r i c u "  .. . 2002 Gloria Wultdi Press). 

- Lariable fiber-in-matrix dependent on function and popition 
- ~ \ i d e  range of perforinarlce from extremel! hard to elastic 
- self-repairing. capable of identif!ing a failure and reacting 
accordingl! 

The cuticle alma!e consistb of t ~ o  main components: a long- 
chained. highl:, ci?stalline polysaccharid chitin and multi- 
structural chitin nhi rh  constitute the matrix material. On a 
molecular h e 1  the meclianical properties of the  chitin are 
determined b j  the bonding betueen the ~ a r i o u f  proteins or 
hetneen proteins and chitins or lipids. Furthermore. character- 
istics such as elasticit!. iigidit) and haidness are influenced b! 
the long-chained pol!nier chitin. The rigidit) or hardness of the 
fiber composite material chitin expands uith increasing d e r o -  
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tizatiori of the  matrix material. whereas the chitinous fibers 
themsehes have a substantial influence on the elasticit?. 

Furthermore chitin fiber. aggregate to form fibrils. which are 
arranged in ~ a r i a b l e  fibrous compounds. The differing orienta- 
tion of these fibrils in superimposed lajers (Fig. 12/13) also 
irllluences the  mechaniral material characteristics. At t h e  same 
time. the helicoidall! olieritation of the layers appears to be of 
greatest importance for tlie multi-functiorlality of the material. 
The catalogue of the meclianical characteristics of the material 
'cuticle' at different hierarchical lexels is based on simulation 
experiments using the finite element method. 

NEW MATERIALS AKD STRUCTURAL SYSTEMS 

Smart materials are similar to the natural material chitin in 
there potential to be adaptable and self-repairing materials 
capable of identibing a failure and reacting accordingl!. 
Potentially these 'adaptixe' composite materials will be able to 
adapt themselves to particular external requirements. because 
do not habe fixed properties. The! are then able to actitely 
respond to external changes such as temperature. radiation. 
loading or electrical current. Of particular interest is the 
re\ ersibilitj of change3 in propert!. 

For about the last ten !ears. there has been an increase i n  the 
use of composite fiber materials made from glass. carbon. or 
araniide fibers (ex. Ketlar) in architectural and engineering 
dpplications. T h e  benefits from these fiher-reinforced plastics 
are in their increased stabilit!. rriiriirrial ueight. and resistance 
to corlosion. [Tnexplored uses for composite fibeis include riot 
on]! the replacement of con\ eritional materials like steel. 
aluminum or \\ ood. hut also uses particular to the ne\+ material. 
Especiall! in the case of structural]! optimized building 
elements arid systems. entirel! neM design possibilities are 
a~ailahle. The idea of material and \\eight distribution accord- 
ing to the specific requirements means that material \+ill o n l ~  

I ) ?  p la~etl  \+here it is ncressarj acc olding to tlie arnounts 
l~qui led  Ir! structulal statics and d\namic-s. It open< a n e ~  
d~meri-ion in the field of material and stluctuial optimization. 
CI en a ne\+ techno log^ of optirrlized connectioris oi building 
elerrierith ( an be del eloped from the adhe-ix e+ used fol pla-tics 
and aluminum in the ailplane indust l~ .  

Inflatable Rigidizable Space Strurtilre 

Large h~draulic tubular space frames using inflated membrane 
~hapes  with diameters greater than L O  rneters are ahead? in use 
(Fig.14/16). Aperture diameters I~etmeen 50 nl and lOOm for 
use in a .pace-based system like the Terrestrial Planet Finder 
and the Terrestrial Planet Imager. \ \ S i  (scheduled for launch 
in 2012/20) \\ill be impossible \\ithout the use of \ e q  
lightweight and lolume-conformable s~stems. These structures 
are inflatable but extremelj rigid after deplojrncnt. 

Because the mass and stowed (un-inflated) 1 olume of inflatable 
toniponerits is man! times less than an  equibalent solid 
btructure, inflatable structures can significantlj reduce the cost 
of futuie niissior~s using these components (10 to 100 times less 
expensi~ e). 

Inflatable qtructures also have the potential to deploj much 
more reliablj than the con\ entional nieclianical s j  stems used 
for deplojing rigid structures. I n  addition. the small packaged 
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size of the iriflatdble romponenti al lons Ler! large structures to 
be deplo!ed in *pace ~ + i t h  a single s~rlall ldunch \ellick. 

Thi- space trusr protot!pe (Fig.14/lt5) is dep lo \~d  un-inflated 
from a lei? irriall pacbage. It inflates t o  a light. stlong. and *tiff 
b p t e  f~aine  suitable for man! <pace application*. Shoi-th after 
inflation the structure material rigidizes and inte~nal pressure is 
no l o r i p  requiied. 

The air cushion f r o ~ n  the inflated space antenna b j  Contraves 
Space AG (Fig.156) is made out of thin film. inflated in space 
and hardens under US'-light. This is comparable \\ith the 
dragonflj wing  itch is also harden ones diploid. 

Smart Pneumatic Structures in Architecture 

4n  example for a smart pneumatic structure in architecture is 
the pneumatic exhibition building tha t  mas de~eloped b! Festo 
(Fig. 17/18) reacts to ernironmental influences like a liling 
organism. 330 single air-inflated chambers and a computer 
create a self-controlled system nh ich  checks the pressure of 
each chamber at regular interlals and controls i t  in accordance 
mith a neather station. Pneumatic muscles (elastic tension 
elements) are contractile hoses which - with the help of air 
p r e s w e - a r e  able to genelate tension forces that can be 
coritiolled exactl?. 

The Dragonfl) F i n g  is an example for the combination of a 
form-optimized structural s jstmi (smart structure) uith an 
extrernel~ light and flexible material (composite fibers). This 
create. an extrernelj leu ratio betmeen the  loading capacit! and 
the constructed ~ o l u m e  of a structure. 

The Dragonfl) \ling shows that 'srnart structure' has a \iealth of 
unexplored porsihilities. Its "adaptive' systems of one or more 
structural co~nponents are able to adapt themsel~es to particu- 

Fig. 1 8  I -shaped eo1111nn cor~nectrrl to a wall contpo~aeizt and t he  

pr7eurizntic r~zusclrs (elastic temiori rleriimts). 

lar external requirements. hecause each structural component 
has a d!namic range of properties. Taken together this range 
gi\ es increased flexihilit) to the total svstem. This complexit\ is 
not jet reached in architecture ore engineering. 
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