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1.

Introduction

Several themes underlie the essay that follows. While any or
all might be deferred to a ﬁnal encapsulation, perhaps they
are better borne in mind while reading it.
For all its arcane and counterintuitive phenomena, ﬂuid
mechanics builds its bioportentous aspects on only a few
material properties of gases and liquids – density, viscosity
and sometimes surface tension. Interest centers for the most
part on just two substances, air and water. Solid mechanics,
however greater its intuitive familiarity, encompasses a
daunting host of potentially signiﬁcant material properties
– three elastic moduli and strengths, corresponding to
tensile, compressive and shearing loads; extensibility and
compressibility; strain energy storage; work of fracture; up
to six Poisson’s ratios; hardness; and yet others. In addition,
and of similar relevance, it invokes structural properties
such as ﬂexural and torsional stiffness. But for any given
application, biological or technological, only a few
properties must bear directly on functional success. Often a
biomechanical investigation must begin with a decision – or
guess – as to which properties might matter.
As pointed out by an engineer, the late James E Gordon,
humans most often design structures to a criterion of
adequate stiffness (plus, of course, a safety factor). He
noted that nature, by contrast, appears to design for
adequate strength (again plus some margin), a criterion that
ordinarily demands less material. More than that material
economy, what matters for the present discussion is the
implication that a fundamentally different philosophy of
design might depend on different suites of properties. We
probably need not need devise novel ways to describe
materials, but we might well need to make different

selections among those properties long established by
mechanical engineers.
While structural properties depend on material
properties, they also depend on geometric properties—on
shape. Put another way, they depend both on what goes
into the structure and on its arrangement. Relying on
pure materials, simple composites, or preexisting natural
materials, we humans typically alter structural properties by
tinkering with geometry. Nature is adept at making materials
whose properties vary from place to place within individual
structures, and she appears to play as much with material
as with geometry. Central to her structural technology
are anisotropic composite materials, that is, ones whose
properties depend on load direction and location within
structures. Perhaps the difference can ultimately be traced to
the contrast between Nature’s tiny factories, cells and their
components, much smaller than the structures they produce,
and our large factories, which produce smaller products. But
whatever the underlying cause, the availability of locationtuned, complex composites must reﬂect itself in structural
designs.
Extending the argument takes a brief introduction to
materials and structures. Materials can be stressed in three
distinct ways – they can be stretched (tension), squeezed
(compression), or sheared. Structures, in addition to these,
can be bent, that is, loaded ﬂexurally, or twisted, meaning
loaded torsionally. Each of these structural loadings
combines several material stresses. Thus a beam extending
outward from a vertical support responds to downward
bending of its free end by developing tension along and
below its top surface, compression along and above its
bottom surface, and shear in between, as in ﬁgure 1a. A
shaft extending outward responds to twisting of its free
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Figure 1. (a) The internal forces that result from a normal force
on a beam. (b) A simple apparatus for measuring EI as a composite
variable with what is known as three point bending.

end with tension and shear on and near its outer surface
while being compressed in the middle, as in ﬁgure 2a – we
use that compression when wringing out a wet cloth by
twisting it. Textbooks ﬁrst introduce tension, in practice the
simplest stress, then compression, and ﬁnally shear. When
considering structures, they look ﬁrst at ﬂexion and then at
torsion. Perhaps as a result, shear and torsion often get short
shrift; perhaps as further consequence, we too easily ignore
what appeared as afterthoughts.
In part as a reaction to this underemphasis, I want to
focus on torsion. The purpose here goes beyond any sense
of social fairness or a physical balance of forces. I worry
that we may overlook or misinterpret widespread cases
in which torsional stresses and their resulting strains play
adaptationally signiﬁcant roles.
In examining such cases, we encounter the familiar
problems of standards and scale. Compilations of values
of shear modulus or torsional stiffness provide poor
bases for evaluations, and they serve still less well for
comparisons. Values, per se, provide neither an obvious
frame of reference for the biologist nor convenient bases
for relevant comparisons. Moduli refer to materials with
J. Biosci. 32(4), June 2007
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Figure 2. (a) The internal shear forces that result from a torsional
load on a beam; compression occurs as well–think of how one
squeezes water out of wet fabric by twisting it. (b) An apparatus,
perhaps a metal lathe equipped with locking headstock and live
center, for measuring GJ as a composite variable.

no consideration of shape, and structural stiffnesses depend
intrinsically on size. Looking, for materials, at stiffness
when sheared relative to stiffness when stretched, or, for
structures, stiffness when twisted relative to stiffness when
bent solves both problems. With equivalent non-torsionrelated properties as proper bases for comparisons one gets
ratios that are conveniently dimensionless and therefore
much less affected by size.
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2.

Deﬁning the variables

First the variables in some such ratios, beginning with three
properties of materials and then, to put the materials into
structures, two geometric ones. The material properties
come from measurements of how something changes shape
under an applied force. To shift from a speciﬁc sample being
tested to a material, one divides force by cross section to get
stress. For a tensile test, the complementary variable, strain,
is extension divided by original length. For shear, strain is
the angle turned (as a rectangular solid, say, shifts to the
equivalent parallelogram) as a result of a force applied over
an area. Stress has dimensions of force over area; strain is
dimensionless.
The Young’s modulus of elasticity, or tensile modulus,
is the slope of a graph of tensile stress (ordinate) against
tensile strain (abscissa). Since the slope cannot be assumed
constant for biological materials (by contrast with metals
in particular), one should specify whether a datum gives
initial modulus, tangent modulus, or something else. We
will consider initial moduli here, bearing in mind that where
stress-strain curves are non-linear and loads cause severe
shape change, we might be overlooking errors two-fold
or worse. The shear modulus is the equivalent slope for a
graph of shear stress against shear strain, again specifying
the place on the graph of the particular slope. Like tensile
stress, shear stress is force divided by area, but here the
area runs parallel to the force. As angular deformation,
shear strain needs no correction for original form. Again,
we will assume initial moduli and tolerate some resulting
error.
Stretching an object usually makes it shrink in directions
normal to that of the stretch. But the amount of shrinkage
relative to the stretch varies from material to material. The
common measure of that relationship is Poisson’s ratio,
compressive strain normal to the load relative to tensile
strain in the load direction. It must be emphasized that
the very concept of a single Poisson’s ratio for a material
presumes isometry, that a material behaves in the same way
whatever the direction of the stress. No single ratio can truly
describe an anisotropic material. That means just about any
living or once living material – all but a few are anisotropic,
multi-component composites. Material can be stretched
in any of three orthogonal directions, with compensatory
shrinkage in the two other directions. Thus a metal may
have one Poisson’s ratio while wood or bone will have no
fewer than six.
One commonly encounters a formula in which Poisson’s
ratio, ν (lowercase nu), sets a relationship between the
Young’s modulus, E, and the shear modulus, G, of a
material:
E
G=
.
(1)
2(1 + ν )
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Thus something that retains its original volume (as do
many biological materials) should have a Poisson’s ratio
of 0.5 and an E/G ratio of 3.0. I mention the formula and
that value in order to assert their total unreliability for
biological materials. The shadows of history, practicality,
and embedded assumptions afﬂict the formulas we borrow
from engineers even more strongly than those we get
from physicists. Equation (1) assumes, again, an isotropic
material, one that responds in the same way to loads from
any quarter, a condition that the materials of organisms
almost never meet. The inapplicability of the equation will
be crucial in most of what follows.
E/G, though, provides a properly dimensionless ratio, a
much better one than ν, for comparing several important
properties of materials. That last word, materials, points up
its main drawback. For it to apply to structures, all those
being compared must have the same shape—although
not size. To extend it to less homogeneous structures, we
need a complementary pair of geometric variables, ones
that take account of the ways stresses vary within loaded
structures.
When bending (ﬂexing) a structure, both stress and strain
will vary with distance from the central plane of bending. For
a material with a linear stress-vs.-strain line (again the usual
simpliﬁcation) both stress and strain distributions will take
the form shown in ﬁgure 1a. Therefore material contributes
to stress resistance in proportion to the square of its distance
from that central “neutral” plane. We deﬁne our geometric
variable as the sum of the squares of the distances (y’s) of
each element of cross section from that neutral plane, with
each square multiplied by that unit of cross section, dA. This
second moment of area (sometimes, ambiguously, “moment
of inertia”), I, is thus

I = ∫ y 2dA .

(2)

For a solid circular cylinder, for instance,
πr4
(3)
.
I =
4
Flexural stiffness (sometimes “ﬂexural rigidity”), the
resistance of a structure to bending, is just the product of the
material factor, E, and the geometric factor, I. In practice, it
is usually convenient to measure the composite variable, EI,
in a single operation. Not only can one resort to a particularly
simple test (as in ﬁgure 1b), but – importantly – calculated
and effective I’s may differ considerably.
For twisting loads, material also contributes to stress
resistance, now shear stress, in proportion to the square
of its distance from a central element – again assuming
(and thus limiting accuracy of the result) a linearly elastic
material The element, though, is now a neutral axis rather
than a neutral plane, as in ﬁgure 2a. So the corresponding
geometric variable, J, the second polar moment of area, has
J. Biosci. 32(4), June 2007
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Figure 3. (a) An especially twistable structure, one for which
conventional calculation of I gives a mechanically unrealistic
value. (b) A similar structure that lacks the lengthwise slit and
that resists torsion much more strongly–as calculated from I. The
pair can be made from a piece of cardboard or plastic pipe for a
dramatic illustration of the effect of permitting lengthwise shear.

a nearly identical formula:
J =

∫ r dA .
2

(4)

For a solid circular cylinder, as before,
J =

πr4
2

.

(5)

Similarly, torsional stiffness (or “torsional rigidity”), the
resistance of a structure to twisting, is the product of the
material factor, G, and the corresponding geometrical factor,
J. And, again, measuring the composite variable, GJ, as in
ﬁgure 2b, proves simpler and more reliable than dealing with
its elements separately.
In a sense, none of our four key variables can be regarded
as ideally tidy and law-abiding. Either modulus, strictly,
works only for one location on a stress-strain graph, as
already mentioned. I and J give trouble as well. Figure 3a
shows a structure, a hollow cylinder with a lengthwise slit,
for which calculated J’s greatly overestimate measured (and
thus functional) GJ’s. Measuring the composite variables is
not just simpler but is also less likely to mislead us.
We now have the elements of what was asked earlier –
measures of behavior that, by incorporating I and J, apply to
structures rather than merely to materials. Expressing them
in a ratio gives what we sought, an adequate comparative
basis and size-correcting dimensionlessness. That ratio of
J. Biosci. 32(4), June 2007

torsional to ﬂexural stiffness, then, is GJ/EI. I prefer to take
an arbitrary further step and shift to its reciprocal, ﬂexural to
torsional stiffness, or EI/GJ.
In effect, the inversion tacitly shifts from the world
of the engineer to that of the biologist. A technology that
values rigidity represents its variables as resistance to
deformation, hence ﬂexural and torsional stiffnesses. GJ/EI
thus gives twist resistance relative to bend resistance. A
biologist looking at natural design, where achieving rigidity
seems less often a primary goal, does better with ease of
twisting relative to ease of bending. That means, in effect,
adopting a “twistiness-to-bendiness” ratio, in conventional
terms EI/GJ. It amounts to a shift in thinking from terms of
stiffnesses to ones of compliances. As we will see, EI/GJ
has the additional advantage of yielding values most often
above 1.0. Etnier (2003) has used just this ratio to deﬁne a
“stiffness mechanospace” for elongate biological structures.
Combining the value of 3.0 given earlier for the E/G of
a circular cylinder of an isotropic, isovolumetric material
with equations (3) and (5) for I and J gives us a convenient
base line for evaluating values of this twistiness-tobendiness ratio, For such a cylinder, EI/GJ will be 1.50. The
corresponding values for square and equilaterally triangular
sections are 1.77 and 2.49. When comparing cylindrical
structures, I will most often cite or calculate values of EI/GJ
rather than E/G – mainly to anticipate discussion further
along of shape effects. Where data exist only for the moduli,
whatever the shape, the conversion will assume a circular
cylinder and ν = 0.5, so EI/GJ = E/2G.
Not only should the ratio of ﬂexural to torsional stiffness,
our twistiness-to-bendiness ratio, help assess the role of
torsion, but it may provide a simple index of the degree of
functional anisometry of a material or a structure. We will
return to this role near the end of the essay.
Table 1 provides a summary of what will be a large
number of different values of the EI/GJ ratio.
3.

For example, metal versus wood

Adopting the formulations of the mechanical engineers
allows us to use data from their handbooks as context
for a look at biological structures. Their classic structural
materials – although rarely used in quantity before the 19th
century – are, of course, metals. The treatment just presented
dates from that era; assumptions such as that of linear stressstrain plots (and thus strain-independent moduli) retain the
odor of those metallocentric concerns.
Data for both ﬂexural and torsional stiffness abound,
the former critical for building large structures, the latter
important for choosing rotating shaftwork in order to
transmit power. E/G values range between about 2.4 and 2.8,
corresponding to Poisson’s ratios of 0.2 to 0.4, signiﬁcantly
below that isovolumetric 0.5. When pulled upon, metals, it
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Table 1. Representative values of the twistiness-to-bendiness
ratio, EI/GJ
Circular and assumed circular structures
Isotropic, isovolumetric cylinder
Steel shaft

1.50
1.3

Commerical (dry) wood (99)

7.15

Tree trunks (5)

7.34

Mature woody vines (5)

3.13

Woody roots (1)

2.34

Long bones (femurs) (2)

2.86

Primate mandibles (2)

1.55

Circular petioles (1)

2.8

Gorgonian corals (13)

3.9

Jointed beams (5)

4.3

Sunﬂower shoot (1)

1.4

Structures with non-circular cross sections
Grooved or ﬂat petioles (3)
Daffodil stems (1)

5.9
13.3

Sedge stem (1)

~36

Banana petiole (1)

~75

Locust hind tibia (1)

6.4

Feather shaft (1)

4.8

Parentheses give number of species from which values are
averaged. Details, additional values and references are in the text.

turns out, expand volumetrically as they extend lengthwise.
We just use them at such low strains that we rarely notice
(or have reason to care about) the volume change. For our
paradigmatic circular cylinders, that range of E/G-values
gives twistiness-to-bendiness ratios, EI/GJs, of 1.2 to 1.4.
By altering shape, one cannot easily push those values
downward, but they can be elevated to essentially any level
by using less and less cylindrical sections – cross shapes, Ishapes and so forth.
As important as metals, and in wide use by humans far
earlier, is wood – as dried and shaped pieces of tree rather
than the living biomaterial. Wood is anything but isotropic.
As every woodworker knows, nothing rivals the direction
of the grain in determining its mechanical properties. We
glue pieces broadside with crossed grain, forming sheets of
plywood and particle board that behave similarly in at least
two directions – edge-glued strips gain little more than size
and aesthetic advantages. That anisotropy gives it ratios of E
to G far higher than those of metals; once again referring to
the EI/GJ ratios for circular cylinders, I calculate an average
value of 7.15 for the 99 kinds of wood tabulated by Bodig
and Jayne (1982). Of course one has to specify direction
for any anisotropic material – here E is for a longitudinal
pull and G for a longitudinal-radial plane. Despite a fairly
wide range of values of E and G, conspicuous differences
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in microstructure, and striking variation in practical
performance, the ratio changes little from wood to wood,
with a standard deviation of 1.21–16.9% of the mean.
The ratio varies less than does the density of the woods,
the latter with a standard deviation of 21.1% of the mean
value. It also varies a little less than both E (20.5%) and G
(20.8%), which is to say that the two covary and that equation
(1) still casts its shadow. Still, applying it as given yields a
Poisson’s ratio of 12.3, which would imply a fabulous radial
shrinkage for even a modest longitudinal tension.
Textbooks on materials and mechanical design, even
older ones, appear silent on practical consequence of the
great difference between E/G (or EI/GJ) for metals and
for woods or on the high ratios for woods. Silence in an
application-driven ﬁeld suggests minimal importance. But
one can at least envision points of relevance. The high values
for woods should affect the behavior of unipodal wooden
furniture. Thus wooden lecterns and pedestal tables, even if
adequately resistant to bending, will be relatively prone to
twisting. But one suspects that anticipation of such problems
in design comes more from experience than calculation.
4.

Cylindrical structures

Tree trunks. Most tree trunks have circular cross sections,
so EI/GJ can be safely equated (recalling equations 3 and 5)
with half of E/G, and geometric issues can be put aside. That
makes tree trunks an obvious starting point for asking what
our ratio might tell us. First, though, the data just cited for
wood, however relevant to its role as construction material,
beg a question that cannot be ignored. Do those data say
anything about wood as the material of a tree, as opposed to
its performance as a sliced and dried commercial material?
Common experience tells us that dead wood and live
wood differ mechanically – a dead twig snaps; a live one
bends. Unsurprisingly, comparative measurements conﬁrm
the observation. Hoffmann et al (2003) reported direct
comparisons between dried (at 55% RH) and rehydrated
sections of the stems of several tropical lianas (woody
vines). Dried Bauhinia stems had fully twice and dried
Condylocarpon stems 1.4 times the Young’s moduli of
rehydrated stems. Ratios of shear moduli for the two were
essentially the same, 1.9 and 1.4. The quotients, E/G or EI/
GJ, thus differed only minimally.
Roughly the same results emerge in a comparison of my
values (Vogel 1995) for freshly collected trunks of small trees
with those of Bodig and Jayne (1982) for lumber of the same
species. For the ﬁve species in common, two gymnosperms
and ﬁve angiosperms, slicing and drying raises E by factors
of 1.8 and G by 1.75 on average, with lots of variation and
no obvious interspeciﬁc pattern. EI/GJ, again on average,
remains essentially constant – it drops an insigniﬁcant 2.4%.
In short, while drying changes the moduli considerably, it
J. Biosci. 32(4), June 2007
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has curiously little effect on the ratio of the moduli. Put
another way, whatever confers the peculiarly high E/G ratios
of wood seems not to depend on the water content of the
wood – at the least, these are by no means hydrostatically
supported systems.
What, then, are the values of our twistiness-to-bendiness
ratio? While data for Young’s modulus can be found for a
large number of species, shear modulus seems only rarely
to be determined. I made paired measurements of the two
moduli on freshly-cut lengths of a few trunks, and the data
suggest some general patterns. For three hardwood trunks,
EI/GJ averages 8.7, with little variation (Bodig and Jayne,
1982, give 8.0 for prepared wood); bamboo culms give
an average value of 8.6, insigniﬁcantly different. Two
softwoods, a loblolly pine and a red cedar have lower
ratios, 6.1 and 4.4. (Bodig and Jayne give 8.2 and 4.1).
The differences between hardwoods and softwoods,
whatever the present values, should not be taken as general,
judging from extensive data (Bodig and Jayne 1982, again)
on prepared wood, where EI/GJ averages 6.91 (s = 1.12) for
52 types of hardwood and 7.51 (s = 1.13) for 47 types of
softwood.
Clearly the EI/GJ ratios for both prepared wood and
freshly-cut circular lengths of small trunks are far higher
than the 1.50 of isotropic, isovolumetric circular cylinders.
Do high ratios hold functional signiﬁcance; might they
represent, perhaps, a direct product of natural selection?
Any assertion of direct selective signiﬁcance requires
stronger evidence. One might well be viewing some indirect
consequence of the design of xylem as sap conduits. One
expects a set of parallel, longitudinally oriented pipes to be
naturally anisotropic Put rubber bands around a bundle of
thin, cylindrical, dry pasta, and the structure will twist more
easily than it bends, at least if the strands are not too strongly
squeezed together.
Still, unless especially symmetrical in both shape and
exposure, a tree in a wind will experience both a bending
and a turning moment. Accommodating that turning moment
with some twist might lessen the associated bending
moment by permitting drag-reducing reconﬁguration. And
the softwoods for which I got low values of EI/GJ, loblolly
pine and red cedar, are relatively narrow-crowned and
symmetrical trees. But we should resist the seductive appeal
of facile functional rationalization. Thus I ﬁnd the trunks of
trees with woven rather than straight-grained wood, such as
sweetgum, sourwood, and sycamore, especially hard to split
lengthwise for ﬁrewood. Yet the ratios for such trees do not
differ noticeably from ones that split easily such as oaks
and tulip poplar. That should also remind us that the present
issue is the utility of a twistiness-to-bendiness ratio as one
structural variable, not as the only relevant one. It does not
appear to covary with failure point, whether the latter is
expressed as strength, extensibility or work of fracture. Nor
J. Biosci. 32(4), June 2007

is there reason to believe that it will correlate with energy
absorption before failure.
Woody vines. Of particular interest from the present
viewpoint are recent measurements on woody vines, or
lianas, common and diverse in tropical forests. The woods
of mature lianas mainly bear simple tensile loads rather
than the more complex compressive, ﬂexural and torsional
mixes of self-supported plant axes. Concomitantly, climbing
members of most lineages (and lianas have evolved many
times) have lower dry densities and much wider vessels than
do the self-supporting trunks considered so far. I looked
at attached, climbing stems of two woody vines, a native
grape, Vitis rotundifolia, and an introduced and escaped
ornamental, Wisteria sinensis; the ﬁrst yielded EI/GJ =
2.66, the second an average of 4.48 with especially wide
specimen-to-specimen variation (Vogel 1995). These values
lie well below the ratios for almost all tree trunks.
But most such plants support themselves at an early stage,
and the apical regions continue to do so as they reach out for
external assistance. Early stages and the apical portions of
climbers have ﬂexural stiffnesses typical of woody trunks;
the stiffnesses of later stages are much lower, up to an order
of magnitude so. Monocots, lacking secondary (that is, radial)
growth, provide most of the exceptions (Rowe et al 2006).
Again, data on torsional stiffness are fewer, but the latter does
not seem to drop in the same manner. For climbing specimens
of Croton nuntians, EI/GJ drops during ontogeny from about
9 to about 0.8 (Gallenmüller et al 2004). For Bauhinia
guianensis it drops from 9.5 to 5.9, for Condylocarpon
guianense from its exceptionally low 2.6 to 1.8 (Hoffmann et
al 2003). In short, all climbers so far tested develop especially
low EI/GJ ratios after giving up self-support.
As noted by Gallenmüller et al 2004, the ontogenetic
change makes functional sense. Not only must freestanding
plants support themselves (high E), but climbing plants may
depend on ﬂexibility in bending (low E) beyond merely
achieving some material economy. Flexibility should limit
loading caused by movements of their supportive hosts. The
argument for ontogenetic change, though, bears much less
on shear modulus (G), since torsional ﬂexibility should have
no particular disadvantage at any stage.
[Having given data for low EI/GJ ratios for mature lianas
from several studies as well as the case for their functional
signiﬁcance, I do not know what to make of a study by Putz
and Holbrook (1991), which reports E and G values for 12
tropical lianas from Puerto Rico. Assuming circular sections
(no data are given), they correspond to ratios ranging from
2.0 to 52.8, with an average of 10.0. Omission of the high
outlier reduces that average to 6.09. For ﬁve trees, by
comparison, they give a range of 3.1 to 33.5 and an average
of 13.2; again omitting the high outlier drops the latter to
8.1. They provide no information on stage or habit of the
specimens.]
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Roots. In light of the obvious mechanical importance of
roots, data are surprisingly scarce. One might guess that the
most serious loads are tensile. One might guess further that a
very high Young’s modulus could be disadvantageous, quite
unlike the situation for an upright trunk – a little “give” will
lower the peak stresses of impulsive loads and will facilitate
load-sharing among an array of nearly parallel roots. And
one might anticipate a lesser degree of functional relevance
for shear modulus. Therefore the EI/GJ ratio may serve
mainly to illustrate the possible variation in mechanical
behavior of woody structures built with lengthwise conduits
and thus anisotropic “grain.”
To provide such a contrast, I dug up and tested a few
roots (Vogel 1995). Young’s moduli are indeed low. For
instance, for loblolly pines (Pinus taeda), E = 6.01 GPa for
trunks but only 1.13 GPa for roots, a sufﬁcient difference to
be obvious when pieces are handled. Shear modulus differs
less, with EI/GJ dropping from 6.12 to 2.34. So roots appear
to be much less anisotropic than are trunks, parallel conduits
notwithstanding.
Bones. The nearest analog among animals to tree trunks
must be the long leg bones of large terrestrial mammals
– elongate, vertical, gravitationally-loaded, and cylindrical
or nearly so. (Most but not all long bones are close to
circular in section. Cubo and Casinos 1998 give extensive
data for those of birds and mammals, noting as an extreme
the tarsometatarsi of a parrot with a cross-sectional aspect
ratio of 2.0.) Long leg bones must face slightly more diverse
loads than do tree trunks, such as those from a variety of
muscles and postures and, in particular, the impact loads
of running. Still, they will not ordinarily experience major
torsional loading – except when we attach long, transverse
levers, skis, without provision for load-sensitive release.
And they incorporate no stiff-walled, lengthwise vascular
elements analogous to xylem.
The Young’s modulus of long bones are about three
times greater than those of tree trunks, about 20 GPa,
exceeding even bamboo culms, at about 15 GPa. But their
anisotropy is far less, as indicated either by measurements
along transverse axes or in terms of our ratio of EI/GJ.
Human femurs average 2.59. Bovine femur, somewhat more
resistant to both ﬂexion and torsion, has a similar ratio, 3.14
(Reilly and Burstein 1975).
What about bones of more complex shape and which
might bear more diverse loads? Dental interests, in both
the extant and the extinct, have stimulated measurements
on primate mandibles. Those of both rhesus macaques
and humans have somewhat higher Young’s moduli than
those of corresponding femurs, but they have notably lower
twistiness-to-bendiness ratios – 1.48 for macaques (Dechow
and Hylander 2000) and 1.62 for humans (Schwartz-Dabney
and Dechow 2003) – applying I- and J-values for cylinders
for the sake of comparison. These ratios do not quite
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correspond to those of isotropic, isovolumetric materials,
though. Poisson’s ratios for similarly stressed bone run
between about 0.2 and 0.4, signiﬁcantly non-isovolumetric.
Equation (1) and a value of ν = 0.3 (and assuming a circular
cross section) gives a still lower ratio, 1.3. In short, ratios for
bones are at or below ratios for woods. And the twistinessto-bendiness ratio appears to give a convenient, if rough,
indicator of anisotropy.
Additional items with circular cross sections will appear
further along, deferred to facilitate speciﬁc comparisons
with non-circular ones.
5.

Non-circular structures

Shape has yet to play much role in the present discussion,
and except for the few data for mandibles, attention has
been restricted to elongate circular cylinders. My colleague,
Stephen Wainwright (1988) makes a case that such cylinders
form the morphological baseline for much of the diversity
of macroscopic biological form. As noted earlier, deviations
from circular sections increase ﬂexibility to lengthwise
twisting loads relative to ﬂexibility in the face of bending
loads. And, as we have just seen, analogous increase in
EI/GJ can be produced by incorporation of anisotropic
materials. How might nature combine these two routes to
the same end?
Petioles and herbaceous stems. My original impetus
for invoking the ratio came from an investigation of what
the leaves of a variety of broad-leafed plants did in high
winds (Vogel 1989). Most reconﬁgured into cones and
(for pinnately compound ones) cylinders, thereby reducing
ﬂutter, which might shred them as it does ﬂimsy ﬂags in
winds, and drag, which might uproot or break the parent
trees. With leaves exposed individually, their petioles (leaf
stems) should feel only tensile loading. But when, as should
be more common in nature, groups of leaves were exposed
to winds, they typically reoriented into stable clumps.
Clumping requires that petioles twist lengthwise. Thus
structures that resist bending, acting as cantilever beams
that hold leaf blades extended from branches, should at the
same time accommodate twisting. That argues for elevated
ratios of EI/GJ, whether achieved by material or geometric
specialization.
Petioles did have values of EI/GJ well above the isotropic,
isovolumetric baseline, whether their cross sections were
circular or non-circular. Non-circular ones, though, had
higher ratios than did circular ones. Thus a typical circular
petiole, red maple (Acer rubrum) had a ratio of 2.8; ones
with some lengthwise grooving (as in ﬁgure 4a) averaged
about 5.0. If twisting to cluster is important, one might guess
that grooving should be more common among shorter than
among longer petioles – short ones would need more twist
per unit length. Mami Taniuchi (unpublished) examined the
J. Biosci. 32(4), June 2007
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Figure 4. Some biological beams with longitudinal grooves. (a) Petiole of sweetgum (Liquidambar styraciﬂua); (b) feather shaft of blue
jay (Cyanocitta cristata); (c) neural spine of an unidentiﬁed bony ﬁsh.

literature on petiole lengths and cross sections; she found
some indication of such a correlation, but at the margin
of statistical signiﬁcance. While we cannot safely assert
speciﬁc adaptation – that structural variation has been driven
by functional imperatives – convergences such as this one
would provide evidence of the operation of natural selection
on a speciﬁc feature (Vogel 1996).
The value for bilaterally ﬂattened petioles of white
poplar (Populus alba), with lateral bending (as in pictures
of wind-driven clustering) was 7.7. That bilateral ﬂattening
characterizes the genus, which includes trees such as
cottonwood (P. deltoides) and quaking aspen (P. tremuloides).
Niklas (1991) gathered more extensive data for the last,
ﬁnding that petioles increased in EI/GJ from 2.11 to 9.62 as
they developed. All of these species have a strong propensity
to oscillate in modest winds, using a mechanism described
by Bschorr (1991), and much speculation has focused on
the function of that visually and aurally attractive habit. I
subjected individual leaves of P. alba to the strongest wind
I had available, about 30 m s-1.. While that speed shredded
most other leaves, these suffered no obvious damage.
From that and casual observations through binoculars of a
variety of leaves in thunderstorms, I suggest that instability,
J. Biosci. 32(4), June 2007

especially torsional, at modest speeds goes along with good
reconﬁgurational ability at high speeds. Populus leaves,
with their ﬂattened petioles, are simply the extremes in
both regards. In short, the low-speed shimmering simply
represents an otherwise functionless concomitant of good
high-speed performance. And the trees of that genus are
especially common at high altitudes, in open plains, and
along coasts—places where strong winds are common.
Several cultivated herbaceous stems gave analogous
results. For tomato, with a circular section, EI/GJ = 3.9; for
cucumber, with a cruciform section, EI/GJ = 5.4. While the
former grows upright and free-standing, the latter is either
recumbent or climbing – but I hesitate to draw any functional
inference on the basis of this limited comparison.
Yet another comparative study also found relatively low
values for circular sections, but ones that still remain above
the expectation for structures made of isotropic materials
with reasonable Poisson’s ratios. Niklas (1997) looked
at the hollow internodes of six herbaceous species, all of
these with circular sections between their cross-wise septae
dividing the internodes. Despite wide phylogenetic diversity
and over four-fold ranges of E’s and G’s, the ratios of E/2G,
or EI/GJ, varied very little from 2.5.
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However far beyond our baseline, even the highest
ﬁgures so far noted should not be regarded as extreme. The
ﬂower stems of daffodils (Narcissus pseudonarcissus) are
hollow and lenticular rather than quite circular in section.
They bear single apical ﬂowers well to the sides of their
long axes, ﬂowers that “dance” in the intermittent gusts
common near ground level – as alluded to by several British
and American poets. As put by William Paley (1802),
posthumously famous as the darling of the anti-Darwinians,
“All the blossoms turn their backs to the wind, whenever
the gale blows hard enough to endanger their delicate parts.”
As conﬁrmed by Etnier and Vogel (2000) wind on the
off-axis ﬂowers produces torsional loading of their stems,
causing them to swing around and “face” downstream. That
reduces the drag of the ﬂowers, in effect the ﬂexural load
of the wind. We reported an average EI/GJ value of ﬂower
stems of 13.3, with the remarkably low standard deviation
of 1.0. By comparison, tulip ﬂower stems, with circular
stems that bear axially symmetric ﬂowers, had EI/GJ values
of 8.3 ± 3.2
Two other structures have far higher values, the ﬂower
stems of a sedge (Ennos 1993) and the petioles of a banana
leaf (Ennos et al 2000). Sedge (Carex) ﬂower stems stand
erect but curving to one side. Thus winds will load them
both ﬂexurally and torsionally. They are triangular in cross
section; for an isotropic, isovolumetric material that might
raise EI/GJ from 1.50 to 2.49, as noted earlier. In fact their
ratios proved much higher. While both ﬂexural and torsional
stiffness dropped by more than an order of magnitude with
height above the ground, EI/GJ changed much less and
peaked about half-way up. Its values ranged from 22 to 51.
What appears responsible for such radically high values
are mechanically isolated, lengthwise, peripheral bands of
ligniﬁed material in the stems.
Similarly, banana petioles, exceptionally large for
herbaceous structures, extend both upward and outward.
In contract with sedge ﬂower stems, they have U-shaped
cross sections. But like sedge stems, they have peripherally
concentrated, longitudinal, isolated ligniﬁed elements. These
play a major role in permitting twistiness-to-bendiness ratios
from 40 to 100, the highest of any natural structures yet
measured. These high EI/GJ values ensure that, rather than
bending, banana petioles will twist away from the direction
of the wind.
Other non circular structures. Most present data on
elevation of the twistiness-to-bendiness ratio through use
of non-circular sections come from stems and petioles. But
that predominance should not be taken as indicative of an
unusual reliance on the device by such structures. It more
likely reﬂects the predilections of investigators and a rare
case in which more has been done with plants than with
animals. Our animal data at this point mainly provide ﬁngers
pointing to systems ripe for more extensive scrutiny.
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Gorgonian corals, common in shallow tropical seas,
are relatively non-rigid but still erect. Jeyasuria and Lewis
(1987) reported E and G values for 13 species from the West
Indies, although with no information on cross-sectional
shape except a note that some were circular, others elliptical.
Assuming circularity produces EI/GJ values from 1.6 to 6.5
with an average of 3.9. Of interest in the present context
is a comment that species in which polyps surround the
circumference of the branches twist more easily, while those
with single rows of polyps on the sides of the branches twist
less easily. They interpreted the difference as reﬂecting a
greater need to maintain torsional orientation where polyps
are aligned in rows.
The joints of arthropod legs rarely if ever incorporate
analogs of our hips, ankles, shoulders and wrists, all
capable of considerable rotation. When dismembering
a decapod crustacean, for instance, one quickly learns
that legs disarticulate when twisted. Perhaps absorbing
torsional loads through shaft twisting could reduce the
demands on such torsionally vulnerable joints. Most leg
segments of arthropods appear circular, but quite often a
strip of especially thin cuticle extends lengthwise. This thin
region may be most familiar in the walking legs (pleopods)
of crabs and lobsters, whether fresh, frozen or cooked. It
might provide the functional equivalent of a groove or other
I-lowering device, increasing the relative ﬂexibility of the
segmental shafts to torsional loads.
Despite a wealth of descriptive information and
illustrations, I found no measurements of the behavior
of torsionally-loaded leg segments. So in parallel to the
measurements on petioles, I tested a few hind tibias of
freshly caught locusts, (probably Dissosteira carolina),
these being the least tapered segments of their most
powerful jumping legs. EI/GJ averaged 6.4, providing some
support for the argument. Specimens were quite vulnerable
to local buckling, so only very slight torsional strains could
be imposed, and three-point bending tests had to be done
with loops of thread rather than the usual point contacts.
The vane-bearing shafts (rachises) of the long, outer
feathers of birds, especially those of tails and wings, are
more obviously non-circular in section. They may have
lengthwise grooves on their lower surfaces (as in ﬁgure 4b),
or they may be nearly square in section with thinner lower
than upper sides. I made a few measurements on pieces
of shaft from the primary wing feathers of song sparrows
(Melospiza melodia), obtaining EI/GJ-values of about 4.8
– again indicative of a structure that preferentially accepts
torsion.
One can make a similar functional argument, here based
on ﬂight aerodynamics. Wing feathers, like propeller blades,
should not bend excessively. But animal wings, incapable of
full rotation, must alternately move up and down. So angles
of incidence of wings and primary (wing tip) feathers for
J. Biosci. 32(4), June 2007
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producing lift and thrust must shift between half-strokes.
For primary feathers that means reversing their lengthwise
twist. Proper torsional ﬂexibility can enlist aerodynamic
forces to cause that switch in twist, eliminating dependence
on muscles and nerves. That the grooving or thinning is
ventral rather than, as in petioles, dorsal (= abaxial), comes
as a surprise only until one realizes that, while petioles hang
from branches, birds hang from feathers – feathers in ﬂight
bend upward rather than downward.
Another set of non-circular structures that might bear
investigation are the neural (dorsal) spines sticking up
and rearward from the centra of the vertebrae of large,
bony ﬁshes. These (as in ﬁgure 4c) often have U-shaped
sections. A resulting increase in torsional ﬂexibility might be
important in permitting a ﬁsh to bend its trunk. If the spines
were fully vertical, bending would not impose any torsional
load, but their rearward tilt requires that they twist as the
overall ﬁsh bends.
6.

Planar systems

Up to this point attention has centered on cylindrical or
nearly cylindrical structures. Hollow structures were fully
circular, with no lengthwise openings into their lumens.
Planar and near-planar structures experience and respond
to torsional stressees in ways of equal biological cogency;
among nature’s designs, ﬂat surfaces simply happen to be
somewhat less common – or at least less diverse. Not that
they are truly rare – examples include the leaves of higher
plants, many macroalgal fronds, the vanes of feathers and
the wings of insects.
Most insects use indirectly-acting muscles to power the
strokes of their ﬂapping wings, muscles that attach at neither
end to the wing articulations but instead act by reshaping the
cuticle surrounding their thoracic chambers. The small direct
muscles that insert on the bases of the wings supposedly
rotate and camber the wings, making the changes necessary
between each alternating half-stroke. In addition, they have
been held responsible for reversing the lengthwise twist
between half-strokes – as mentioned for the wing feathers
of birds – to maintains a near-uniform angle of attack along
a wing’s length. (The propellers of airplanes, ships and
turbines face no such problems since they, unlike ﬂapping
wings, normally rotate in a single direction.) The precise
phasing of these direct muscles drew little attention despite
the severe demands that would place on a neuromuscular
system dealing with wings that beat hundreds of times each
second.
Ennos (1988) drew attention to a more realistic
mechanism, one in which their intrinsic and locally tuned
torsional ﬂexibility enabled insect wings to use aerodynamic
forces to effect these rapid changes in wing contour. That
paper forced reevaluation both of the role of the direct
J. Biosci. 32(4), June 2007

muscles and of the role and arrangements of wing veins. A
second paper (Ennos 1995) provided a general analysis of
the torsional behavior of cambered plates, as found in leaves
(especially grasses), feather vanes (as noted earlier), and
cuticular plates in arthropods.
Coincidentally, the ﬁrst successful human-built aircraft
took advantage of torsional ﬂexibility in just the same manner
– if without the rapid reversals demanded by ﬂapping. In the
1903 Wright Flyer, the pilot controlled turns by shifting a
slide that, through cables, warped opposite wings so they
would produce different amounts of lift. Vertical struts
connected upper and lower wings with deliberate omission
of the cross bracing that would have provided torsional
stiffness. What look like cross bracing (and are inaccurately
shown as such in many drawings) were, in fact, those wingwarping cables. Hinged ailerons, as still used, soon replaced
wing warping, initially as Henri Farman’s way, in 1908, of
circumventing the Wright’s patent on their system of control
(Anderson 1997).
Rolling a ﬂat surface into a cylinder without sealing the
joint to prevent shear produces an apparently cylindrical
beam or column that resists bending but has exceptional
torsional ﬂexibility. One can produce a model by doing
nothing more elaborate than rolling up a sheet of paper.
Such an arrangement occurs in many xeromorphic (droughtadapted) grass blades. According to the usual explanation,
the device reduces water loss; noting that stomata are on
the inside of the cylinder, it views the roll as a functional
addition to the sunken stomata of more planar xeromorphs.
The roll might also have a mechanical role, although no
one seems to have looked into the possibility. The tops
of tall grasses ordinarily bend to one side, so wind will
load blades torsionally. As suggested earlier, torsional
ﬂexibility can reorient such a structure so more surface
area is parallel to ﬂow and downwind from other surface.
That would, of course, decrease drag and reduce the chance
of ﬂexural buckling – what agricultural scientists call
“lodging.”
The parent phenomenon, aeroelasticity, has been of
considerable interest to aircraft designers, but they typically
focus on trouble rather than on adaptive mechanism.
Tilting a wing to change its lift usually moves the center of
pressure fore or aft, changing the torque on the wing and on
its attachment to the fuselage. In at least one aircraft used
during World War One, a Fokker D8, the wings sometimes
detached as a disastrous result (Gordon 1978). Aeroelasticity
has at least occasionally be put to positive use in aircraft –
for example, a recent small, high performance military jet (a
US F-18) has been ﬁtted with torsionally aeroelastic wings.
Aeroelasticity deserves more attention from biologists. We
touched on it when considering the reconﬁgurations of
leaves in winds; similarly, it takes on importance for tree
trunks and similar structures in rapid ﬂows; and it might be
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used to induce oscillations that detach seeds and spores into
dispersing currents of air or water.
7.

Jointed systems

When considering arthropod legs, mention was made of
joints and their behavior in torsion. Joints ordinarily bring
muscles into the picture, along with an ability to make
short-term adjustments of mechanical behavior. One can,
for instance, deliberately stabilize a wrist to resist either
twisting or bending as a task demands. When we jump, we
spontaneously adjust the compressive stiffness of our legs,
mainly at our ankles, so the stiffness of legs plus surface
remains nearly constant over a wide range of surface
compliances (Ferris and Farley 1997). We also adjust ankle
torsional stiffness, if slightly less so (Farley et al 1998).
Whether our actions are voluntary or involuntary and for
both wrists and ankles, the two stiffnesses are separately
controllable.
Several biological systems make use of beams of
alternating joints and stiff portions. Etnier (2001) looked
at such multi-jointed systems in horsetails (Equisetum),
crinoid (echinoderm) arms and crustacean antennae,
obtaining EI/GJ values not greatly different (1.8 to 6.6) from
those of most simple biological beams and columns. Here,
though, the possible functional signiﬁcance of values above
that baseline of 1.5 for isotropic, isovolumetric cylinders
remains unclear – a pattern, if there is one, in the behavior of
such jointed systems has yet to emerge. What does emerge is
further evidence that natural structures can achieve a range
of values with joints and muscles as well as by material
and geometric characteristics of elongate, passive, solid
elements themselves.
8.

Dissecting the variables

For simple circular cylinders, again, E/G would serve
just as well as would EI/GJ in providing a handy index
for the degree of anisotropy. Admitting a role for shape,
as deﬁned by the two moments of inertia, permits us to
dissect anisotropy into an instructive trio of components.
Stretching the usual meaning of anisotropy we can regard
the ratio of the elastic moduli, E/G, or as used here, E/2G,
as “material anisotropy.” That of the second moments, 2I/J,
then becomes “geometrical anisotropy,” with a convenient
base line of 1.0 for cylindrical sections. And their product,
EI/GJ, constitutes “structural anisometry,” in the form of a
twistiness-to-bendiness ratio.
From either two ratios, of course, one can get the third.
The easiest route will usually consist of measuring EI/GJ,
obtaining (with the caution previously noted) 2I/J from crosssectional shape, and then calculating E/2G. For only a few
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cases can EI/GJ yet be teased apart in this way. For daffodil
stems, for instance, E/2G = 10.0 since EI/GJ = 13 and 2I/J
= 1.3 (Etnier and Vogel 2000). For sedges (Ennos 1993) a
2I/J of 1.25 implies an E/2G of roughly 30. Such values,
together with the elevated EI/GJ ratios of circular beams
such as bones and tree trunks, suggest the following general
characteristic of biological designs. Structural anisometry
comes far more from an unusually high E relative to G, that
is, from high material anisometry, than from high I relative
to J, that is, from geometric anisometry. Put another way,
deviation from circularity commonly indicates a high EI/GJ,
but ordinarily it represents the lesser element of causation.
For this reason EI/GJ provides almost as good an indicator
of underlying material anisometry as does E/2G.
That forms a striking contrast with the structures of
our human technology. We take a piece (or melt) of metal
or plastic and then treat it as a homogeneous material in
fabricating some desired shape. In effect, we accept a
value of E/2G of about 1.4 as a given. Particularly when
making large structures, most shifts in the structural ratio,
intentional or incidental, come from adjustment of geometric
anisometry. Older materials such as stone, cement, and brick
get similar treatment. Structures such as I-beams and metal
fence posts get high EI/GJ ratios entirely as consequences of
their cross-sectional shapes. And in our mechanized, massproductive society, we factor out of our factories and leave
to the province of craft workers the paradigmatic high E/2G
material, wood.
9.

Looking still further aﬁeld

Hydroskeletons. Everything so far implies, ﬁrst, that material
and structural specialization can raise the twistiness-tobendiness ratio above a baseline value and, second, that
functional advantage may be gained by its elevation. By
extending the ratio downward we can display quite a
different set of biological designs on the same spectrum.
Lengthwise anti-grooves will not lower EI/GJ, but an
widespread arrangement should do so quite effectively. It
consists of an incompressible but highly non-rigid core
surrounded by an outer ﬂexible skin within which ﬁbers run
helically in both directions. These so-called hydroskeletons
provide support, among others, for limp annelid and stiff
nematode worms, for the tube feet of echinoderms, for the
mantles of squid, and for the bodies of sharks.
Twisting such a ﬁber-wound, pressurized cylinder one
way puts tensile stresses on one set of ﬁbers; twisting it the
other way stresses the other set. In all such systems the ﬁbers
in the outer membrane are relatively inextensible, so they
strongly resist such torsion. At the same time, little except
stretch of the membrane itself limits bending. The net effect
has to be a low twistiness-to-bendiness ratio. That torsional
stiffness is rarely noted. Clark and Cowey (1958) provide the
J. Biosci. 32(4), June 2007

654

Steven Vogel

classic description of hydroskeletons, Alexander (1988) puts
their operation into the context of motility as well as support,
and Niklas (1992) extends the discussion to plants. (The
only known hydrostatic supportive systems with lengthwise
and circular reinforcement rather than such crossed-helical
windings are those of non-bony mammalian penises,
as discovered by Kelly (2002). Their function demands
resistance to lengthwise compression, provided by their
combination of circumferential ﬁbers and a constant volume
interior. Lack of torsional stiffness probably matters little.)
Unfortunately, hydrostatic supportive cylinders do not
lend themselves to the kind of mechanical testing that might
measure EI/GJ ratios – imagine an apparatus that twists
a worm. I made a few measurements (Vogel 1992) on a
partially hydrostatic system, young shoots of sunﬂowers
(Helianthus) about 10 to 15 cm high – the average ratio
was 1.4, slightly below our base line of 1.5. But the scatter
was wide, with some specimens yielding values around 1.0.
Fully hydrostatically structures should have considerably
lower values.
Just as a high EI/GJ ratio should provide functional
advantage to many terrestrial, gravitationally-loaded systems,
a low ratio might be maladaptive under such circumstances.
Perhaps the scarcity of classic hydroskeletons in mature
terrestrial systems compared to aquatic ones comes from
that need to hold erect structures of a far higher density than
that of the medium.
A tale of a tall building. Finally, an example of
unexpected relevance of this twistiness-to-bendiness ratio—
and torsion generally. This tale of a faulty tower comes
from Levy and Salvadori (2002). When completed, in 1974,
the John Hancock Tower, a tall (234 m), slender building,
in Boston, MA, was applauded for its elegance. But soon
thereafter a variety of problems appeared. While, among
the effects of wind, falling exterior glass panels gained
the most notoriety, a more interesting failing was the way
the building underwent quite unpleasant twisting motions.
Between the high aspect ratio of its cross section, about 3:
1, its rhomboidal shape, and the much-admired lengthwise
grooves running up the smaller two sides, the structure
turned out to be unexpectedly lacking in torsional stiffness
– too little GJ for its EI.
The cure, not an inexpensive one, consisted of two
parts. About 1500 t of diagonal bracing were added. And,
occupying the far ends of the top ﬂoor and resting on a
thin layer of oil, a pair of 275-t masses were connected to
the structure through springs and shock absorbers. These
passive dampers, tuned to oscillate in opposite phase with
the building, compensated for most of the torsional motion.
Nature’s designs may be less rigid than those things
we build, but perhaps they can provide guidance if one
applies an adjustment of scale. Traditional rigidity takes a
disproportionate amount of material in very large structures.
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So our tall buildings sway and our large aircraft ﬂex their
wings. Thus natural design at the more modest scales of
animals and plants may hold relevance for our efforts when
we work at much larger scales.
The present discussion holds a ﬁnal lesson, one not
new to this or the earlier essays. In reading and reviewing
material in biomechanics, I have all too often encountered
an inappropriate level of conﬁdence in the applicability of
formulas obtained from the engineering literature. For that
matter, I have been guilty of the practice myself. They have
to be taken with a larger discount than the ones we biologists
encountered in our physics course. Both their intrinsic
accuracy as descriptors of reality and the conditions for
them to apply may be severely restricted – in ways that may
matter more to us than to their originators. In general, the
more complexly multidimensional the underlying physical
situation, the further along on a spectrum from precise
predictors through rules of thumb to completely inapplicable
are the equations one encounters.
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