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One cannot assume that resemblances between the mechanical devices of human technology and those produced by the evolution-
ary process reflect either specific copying of nature by people or some particular point of functional superiority. A third aterna-
tiveisthat the two mechanica contexts derive quite different advantages from a given arrangement. While this latter might appear
unlikely, one can argue that it underlies such things as the use of conical shapes, helica tensile structures, spheres and cylinders,
beams and columns of reletively low torsiona stiffness, and geodesic shells.

1. Introduction

Despite profound differencesin scae, in materids, in manufactur-
ing methods, and in the basic design process, the mechanicd de-
vices we humans build quite commonly resemble those we find in
nature. We giffen sructures by corrugating them just as doesa
scdlop's shell. We inject and extrude through tubes that resemble
the fangs of many venomous snakes and spiders. Our hollow col-
umns follow the same logic as those of many plant ems, arthro-
pod legs, and vertebrate long bones. One can continue a list of
mechanica smilarities dmogt indefinitely. How can we explain
them?

Two raionaes come immediately to mind. The first, that we
humans have ddiberately copied, usng neture as modd for our
technology, turns out — as| have argued elsawhere (Voge 1998) —
to be less important than ordinarily believed. Some devices are
indeed bioemulatory;, decent evidence for copying exigts for such
digparate items as barbed wire, streamlined bodies, earphones, and
rayon. But their diversty is more impressive than their number.
The second, that the common context of the two mechanicd
worlds implies smilar solutions to analogous problems, certainly
underlies mogt of the resemblances between them. After dl, things
meade by both nature and people must work under the gravitetiona
force of the same planet, in ways determined by the same rules
of physcs and mathemaics, and condraned by the
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same propeties of ubiquitous substances such as ar and
water.

A third possible rationde for resemblance has received much
less attention than these previous two. Similarity may be essen-
tidly fortuitous; that is, the two systems might find a given design
or device attractive for entirely different reasons. An aspect of its
behaviour may recommend it to one; another aspect of its behav-
iour may press it on the other. While the matter might initialy
seem to be no more than something needed to fill out a set of logi-
cd dternatives, | would argue that it is far from trivid in practice,
and that its examination exposes with especid cdlarity key differ-
ences between how we make things and how nature does 0.

2. Cones

Consider the conica objects found among both human and natural
designs. Some are immediately obvious—teepees, dunce caps, ice
cream cones, paper cups, limpet shells, rhinoceros horns. Some are
hidden — the wheel bearings of our cars, the tool-holding holes of
meta |athes, the compression fittings between pipes. Some aren't
obvioudy conica — the horns of sheep and goats, the shdls of
snails and nautili, the screw-in couplings of drain pipes and garden
hoses. Conica shapes unquestionably apped both to nature and
to human designers. What underlies thet apped ?
Conesturn out to have two splendid features for mechanica
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gpplications. For one thing, identical cones nest within each other
to form mutualy reinforcing stacks. The way we ship and store
edible cones for icecream and paper cones for drinking water
makes fine use of thistidy stacking. For another, either extending
the edge or thickening the wall of a cone increases its Size without
changing its shape— a cone that grows by these schemes retains
the same taper, the same ratio between its height and the width of
its base. A snail grows by such edge extenson, and Egyptian
pyramids (redly just squared-off cones) or a Babylonian ziggurat
can be enlarged by such smpleincrementa addition.

Nesting in stacks is't just a convenience for transporting iden-
tica items. Something with a conica outside will fit snugly into
something with a conica indde, as long as ther cones have the
sametaper. Press them together harder and the connection gets
tighter. That adjustable snugness underliesthe use of conica rollers
as bearings for the whedls of our cars— as opposed to ball bearings
or cylindrica rollers. It's dso why we give a dight taper to the
threads used to screw pipes into their fittings— opposite diame-
ters converge a a bardy-noticesble 3- 6° (Oberg et al 1984). By
contragt, ordinary screws and nuts are cylindrically-grooved. Thus
the connection gradudly tightens as a pipe and coupling are forci-
bly screwed together. As long as the threading tool has the right
taper, pipes can be cut off and rethreaded quite casudly.

Lathes, familiar to every machinist if not to most of us, make
fine use of asmilar device. Both ther large drills and their chucks
for smdl drills have conicd back ends. These fit into the hole in
the tailstock (the opposite end from the motorized headstock) as
the mae haves of a pair of nesting cones. Three degrees (across
their diameters) is typica of these conicd tapers; because of this
dight taper, when the drill pushes back againgt the tailstock it
tightens the fit — they're said to be “sdlf holding”. But if the drill
suddenly jams in the work, it can spin non-destructively in the
taillstock. Not only are such nesting cones relatively easy to ma
chine, but the angle of taper isn't senstive to the changes in size
that accompany heating and cooling.

Cylinders, by contrast, behave quite differently. Manufacturing
tolerance determines how tightly the pieces of a telescoping radio
antenna will fit together, and wear makes them loosen. Nor will
identicad cylinders nest together. Corks for onetime use, asin
wine bottles, are cylindrica. Corksfor repetitive use, asin chemis-
try laboratories and in an earlier generation of Thermos battles, are
conica. Conica corkswill do amost aswell after long use aswhen
new,and stoppers in a dozen sizes suffice to fit every flask. Coni-
cd ground glass stoppers are amost completely interchangesble,
but we often number the ground glass cylinders and pistons of
hypodermic syringes to facilitate non-promiscuous remating after
they get a communa washing. So there's no great mystery about
why modern mass-production technology often sdects cones
where cylinderslook at first glance like the more obvious choice.

Organisms occasiondly take advantage of the way identicd
cones nest together. One kind of mallusc, a dipper limpet aptly
named Crepidula fornicata, lives in a nested stack. A limpet ar-
rives (essaswimming larva) at arock, settles down, and growsinto
ajuvenile with alow, conica shell. But larva limpets prefer lim-
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pet shells, when available, to rocks as surfaces for atachment. So
a second limpet commonly settles on the first and grows into a
juvenile, while the first grows into a mature mae. A third limpet
then lands on the second, the second matures as a mae, and the
first metamorphoses into a female. And so on, with the lowest
shells becoming just passive supports that no longer house living
animals. Thefit of mae upon female provides proper reproductive
proximity, new space on arock need only rarely be won, and the
stack grows up and away from any other creatures that crowd its
periphery and protrude into the flows that provide it with food.
But the caseisunusud.

The other advantage of cones, to remind oursalves, is growth by
incrementa addition without change of shape. Adding to the end
of a cylinder or a rectangular solid makes it relatively skinnier
while a cone suffers no such dteration. That seems to be the key
feature that makes cones attractive to nature. Most conspicu-
oudy, it facilitates the growth of dmost dl shelled molluscs. Most
may not look quite conica, but that's only because besides gtrict
cones, amore generd cone-like form retains its shape asit grows.
Thusif one adds materid preferentialy to one side of the free edge
of a hollow cone, one gradually transformsit into aspird. It may
be aflat, two-dimensond spird, asis a Nautilus shdll; or it can be
agoira with alittle helica extension to one Sde, as are the shells
of snails, whelks, and periwinkles; or it can form avery low spird,
asarethe hadf-shdlsof dams.

All these are spirdls of the particular kind — so-called logarith-
mic or equiangular spirdls. A logarithmic spiral gets wider exactly
in proportion to how far it has lengthened — just like a cone except
that the thing now wraps around itself. The generd equation for
suchagspird is

r=ed

—theradius, r, of the piral increases at arate determined by a as
it swings around through an ever-increesing angle g (Positive a’s
produce left-hand spirals, increasing in diameter with counter-
clockwise turning; negaive a's produce right-hand spirals.) The
larger the cone that's enlarged by edge and surface addition, the
more materid it takes to do the enlargement, since the larger cone
has more edge. But the requirement for materid scaes conven-
iently, retaining its proportiondity with the volume aready pre-
sent. Cones and spirds interconvert easily —thus pastry chefs
often take high, narrow cones and wrap them into spiras. Note,
though, that spirals don’t so inevitably nest together.

Why this great daboration of cones and logarithmic spirds
among the molluscs? Mogt likely that greet phylum can’'t do much
better when it comes to growing its hard parts. Molluscs can't
molt periodicaly like arthropods or take advantage of that splen-
did vertebrate invention, a living skeletal system that can grow
internaly. But molluscs aren't the only creatures that use this
basic shape. Cones and spirds turn up in the minute shells of
many protozoa, in flowers and other parts of plants, and in tusks
and horns. The paired hdf-shdls of brachiopods, a group that
figured large during the Palaeozoic but now persst as just a few
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species of tinyanimas, closdy resemble the haf-shdls of bivave
molluscs— both live within the geometrica congtraints on growth
by edge and surface addition without change in shape. No common
ancegtor shared the design; in fact the haf-shdlls of a brachiopod
are morphologicaly top and bottom rather than the left and right
Sdesof amallusc.

Mammalian horns are logarithmic spirds, while antlers are not.
Horns, which grow outward from the skull, enlarge by addition at
their bases, just as do mallusc shdls, and they form either smple
conesor flat or hdlical spirals. An antler forms benegth athin layer
of kin, is shed annudly, and gets replaced by alarger one. Grow-
ing this way imposes no such geometric congraint, and very few
antlers are cones or spirds. On the other hand, periodic shedding
can't be cheap. Among the artiodactyls, cows, sheep, and goats
have horns, deer, ek, and moose have antlers.

Nature's inordinate fondness for logarithmic spirads—often
looking persuesively conica — caught the eye of three different
biologists in the early 1900's. James Bdll Pettigrew (1908) saw in
them some evidence of a divine designer, Theodore Andrea Cook
(1914) envisioned a generd principle of design, and the better
remembered D’ Arcy Thompson (1917) viewed them as part of a
kind of mathematica perfection in nature. We treat them as some-
thing less grand if no less interesting — the morphogenetic conven-
ience of a system that doesn't have unlimited information for
specifying form.

Oncein awhile we humans take advantage of this characteristic
of cones, enlarging our conica structures by incrementd addition
to edges and walls. The ziggurat towers of the Babylonians and
Assyrians were conical, with stepped terraces or with pathways
spirdling up to the top. One could gradually enlarge one' s ziggurat
without scaffolding or functiona ateration. But we build most of
our conica dwellings— teepess, for instance— once and for al.
When we do enlarge our houses, we don't care much about main-
taining their origind shapes. In one case, a leadt, we reverse the
process, incrementaly subtracting from the walls and thus un-
growing a cone. That happens every time we sharpen a pencil —

can you imagine a sharpenable pencil with anon-conica end?

Have the separate worlds of human and naturd design hit on
the same shape for the same reason? While at firgt glance that
might appear to be the casg, redity is more subtle and ingtructive.
As noted, dmost dl the common cases of nesting cones involve
items of human design—Crepidula provides a nice tale, but it
represents no widely used scheme in nature. Nesting is mostly our
game. By contrest, dmogt al growing cones occur in nature's
designs— ziggurats have never been in the architecturd main-
stream, and wooden pencils are an isolated instance. Growing by
edge addition ismainly nature sploy.

Each world of desgn finds one advantage compdling while
remaining largely indifferent to the other. And the two worlds
have contragting preferences. For human technology, that ability
to nest proves enormoudy vauable; since we don't grow our arti-
facts, incrementa addition rardly matters. In nature, most things
get big by growing, most materids are soft, and even the hard
parts are rarely press-fit together. If the contrast carries alesson it

L

isthat recognition of nature s affection for cones should not in and
of itsdf induce us to design conical objects. Mativation is what
matters, and we can't assume that what's good for nature will fit
our needs as wdll. Nor should we dlow oursaves to be mided by
any notion of nature' s greater sophistication or longer experience.

3. Helices, spheres and cylinders, non-cylindrical columns,
geodesic shells

This lesson extends beyond cones and spirds. Nature€'s goas
aren't our gods, nor are her means our means. A good designin her
mechanical world— not even a “technology” in a gtrictly litera
sense since it does nothing intentionaly — may hold no advantage
in ours. Or, as here, a shape that works well for both may do so
for quite different reasons. Nor does the point rest entirely on this
one example. Cones aren't the only instances where coincidence
between nature’ s designs and our own proves purely coincidentd.

Both systems use helices. The most common human-made ones
are twisted ropes. If the strands of arope are twisted, then pulling
on the rope as a whole causes the individual strands to press to-
gether more tightly and therefore to dip againgt one another less.
In that way short fibres can be made— spun — into long, strong,
ropes. No second materia need gtick the fibres together; indeed
binding them may render a rope abnormaly susceptible to trans-
verse cracking and other modes of failure. Humans have been doing
this rope trick for many thousands of years and probably discov-
ered it on more than one occasion. Cordage immediately suiteble
for human useisrare in nature, but short fibres suitable for twist-
ing into ropes abound. We don't just make ropes this way — the
scheme underlies all the short-fibre threads from which we weave
cloth. Making practica thread of even the long strands produced
by silkwormsinvolves some spinning.

Nature, by contrast, doesn’t make ropes or threads this way.
Hers ether use fibres long enough to run the full length of the
tendle gtructure, asin silk cocoons and webs, or else shorter fibres
get joined to form a long sructure with a second component, a
glue. The molecules of one of her most common tensile materids,
collagen, turn out to be long, triple hdlices. So our tendons and the
walls of our arteries do use helicd materia to withstand tension.
But the strength of collagen depends in no way on the same kind
of resistance to mechanica shearing between strands; any specid
significance attaching to the hdlica form of collagen needs ancther
eglandion.

And nature' s fondness for helices does have ancther explana-
tion, one first proposed by a physicist, Horace Crane, back in
1950. Ingtructing a system to make a hdlix, he noted, requires very
little information. In a hdically-twisted stack, each component fits
into place exactly the same way as does every other one. And one
can argue that development is, in a sense, an information-starved
process, making complex three-dimensiona structure from a sim-
ple linear code. Indeed, many important intracelular structures
turn out to be just such smple hdlices built of monotonous re-
peats of some basc monomeric units in equivaent positions—
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microtubules, microfilaments, some muscle proteins, and others.
Some can be made to sHf-assemble in vitro from asolution of their
monomers in the right chemica environment — the desired way is
smply the only way they can go together. None uses shear
between fibres to resist being pulled upon in the manner of our
threads and ropes.

Our bal bearings, whedls, and rotating shafts take advantage of
the smooth and steady way spheres and cylindersrall, behaviour
that depends on their specific and congtant radii. Gears, pulleys,
flywheds, and capstans form no minor collection of cylindrica
rolling devices, and they just begin the list of our hard rollers,
Spheres may be dightly less ubiquitous, but they're far from rare.
Complex mechanicd devices ssem dmogt unimaginable without
spheres and cylindersrolling around.

While spheres and cylinders are common enough in nature, only
rarely do they roll. They're typicaly used for pressurized ves
sels—tanks and conduits. Such vessds are chegpest to make if
they have the same curvature everywhere, which spheres and
cylinders do. “Cheapest” here applies equadly to informationa
economy and materid economy relative to volume. Pressurize an
enclosad
volume with a membrane of uniform thickness without further
ingtructions and one gets (depending on the conditions) a sphere,
dlipsoid, or cylinder. Deviating from these basic shapes costs—
any place where the radius of curvaure is greater will fed a
gregter tenson tending to cause further bulging (an aneurysm) or
to split the wall; so the greater radius of curvature will demand a
proportionately thicker wall. For thin-waled cylinders, the rule,
often cdled “Laplace’s law”, is that transmural pressure equals
wall tension divided by radius of curvature. For spheres, that
pressureistwicethewal tenson divided by the radius.

Nature' s water-filled baloons, organisms or their parts that use
hydrogtatic stiffening in what are caled “hydroskeletons’, include
many unicells, lots of worms, the tiny feet of starfish, the bodies
of squid, and most mammalian penises. Beyond these, virtudly dl
blood vessdls and other internd fluid conduits are cylinders with
pressure differences across their wals; usualy but not universaly,
pressures are greater insde. Our technology likes the ralling
behaviour of spheres and cylinders with their constant radii,
nature likes the wall-tenson equdizing behaviour of these shapes
of congtant curvature. Both, though, recognize that cylinders make
good shafts and struts when these are subjected to torsion, face
failure by buckling, or have to withstand flexurd loads from any
direction. Thus bicycle frames, architectura columns, tree trunks,
and long bones share both their cylindrica cross sections and the
rationae for adopting them.

We commonly use struts and beams in shapes that resist bend-
ing quite wdl but that ae much less ffective a
resigting twisting. An |-beam, for instance, resigts twisting only
about haf as well as does a cylinder, rdaive to their respective
resistances to bending. And our various U- and L-channeled struts
share that lack of torsona tiffness. We ordinarily circumvent it
by using such beams in pairs or groups so their communa action
resigts torsond loads. Thus the deck of a bridge may be sup-
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ported by two or more I-beams but never by a single one. Occa
sondly we smply tolerate some torsiona flexibility. Thus when
we mount street signs atop channeled poles, we make them pro-
trude equdly to the rigt and left; winds thereby
impose no torsond loading that might make the signs oscillate
about ther vertical axes

Nature aso uses structures that resist bending more than twist-
ing. Hers more often take the form of cylinders with lengthwise
grooves ingtead of 1-beams, dthough some of the neurd and hemd
spines (“ribs”) extending above and below fish backbones come
close in cross sedtion to |-beams. But she most often uses such
structures individudly for applications where some specific virtue
emerges from their rdaively greater torsond flexibility. Thus
each of the feethers that form the tips of the wings of birdshasa
groove aong its shaft, a groove that dlowsit to twist more easlly.
That means it can twist one way when the wing moves upward
and the other way when the wing moves downward again, as the
aerodynamics of flapping flight demands. At the same time, the
feather resists bending, as it must. After dl, in flight a bird (or
arplane) quiteliterally hangsits body from itswings. Insect wings
do much the same thing, passively twisting one way on the up-
stroke and the other on the downstroke. In this way they may
avoid what might be difficult
problems of coordinaing phesc muscles where wingbeat
frequencies run into the hundreds per second. Tree trunks, leaf
petioles, and daffodil dems adso have high twidti-
ness to bendiness ratios. For these, twisting in the wind appears
to be a device to achieve orientations that
incur  lower drag—flexibility under torsond loading
reduces the bending loads they must sustain (Etnier and Vogel
2000).

One other difference distinguishes the way nature's structures
and ours respond to flexural and torsona loads. How something
bends and twists depends on the materid of which it is mede as
well as on how that materid is aranged. So usng a non-circuler
cross section isn't the only way to decresse a structure's resis-
tance to twisting. We ordinarily use materias thet, however di-
versein other ways, provide little room for adjustiment of relative
resistance to bending and twisting — we depend almost entirely on
cross-sectional geometry. While nature does tinker with cross
sections — lengthwise grooves are common among both animals
and plants — she does much more with materials. Using both mate-
rid and geometric factors permits the ratio of torsona to flexura
stiffnessto vary by more than an order of magnitude, considerably
wider than the roughly three-fold variation among our structures.
So in practice a lengthwise groove both raises the ratio somewhat
and derts us to the high likelihood that specidized materid ar-
rangements are at work raising it consderably further.

When we build geodesic domes we teke advantage of the effi-
cient way they alow alarge, siff, and strong structure to be built
with short, light, struts. We don't make grest use of them, perhaps
on account of some basic incompatibility with our predominantly
rectilinear designs. One might expect geodesic structures to occur
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widely among organisms, between their materid efficiency and the
fact that nature need not escape any preexisting bias toward recti-
linear forms. But they're rare, even among such obvious candi-
dates such as the spicular skeletons of sponges. Perhaps getting
high diffness a low cost matters less anong naturd designs,

which seem to place alower premium on stiffness, as opposed to
strength. Sponges, for ingtance, have adequate strength to with-
stand typhoons, but they’ re notably low in stiffness.

Nature does build domes— egg shells, nut shells, cranid cases,
and so forth— but they’re not geodesically srutted. The crucia
feature of mogt of her domesiis their uniform resistance to impact
or puncture, as when hit or bitten, something a strutted membrane
fails to achieve. Where she does use geodesic assembliesisin vird
shells, and here what matters is much more likely to be the same
kind of informational economy we noted for helices. Multiples of
a single basic component can be designed to sdf-assamble into
sandard shdlls. Once again, the same device reflects different im-
peratives.

Yes, nature' s designs often resemble ours on account of similar
underlying congtraints or functiond imperatives. Y es, we can learn
useful lessons about design from andyzing her designs. And, yes,
we can sometimes even make useful devices that copy hers. But
nature speeks an unfamiliar language, and a literd trandation—
simple, davish copying with its tacit assumption of similar
imperatives— is dl too likely to misinterpret her messages and all

too unlikely to produce practical products. The utility of adesign
has meaning only in the context in which it lies, and the mechanica
technology created by us humans differs profoundly from the
mechanica world of the rest of nature.
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