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 GRAND QUESTIONS
✤Absolute or relative notion of space (Immanuel Kant)

“What can more resemble my hand or my ear, and be more 
equal in all points, than its image in the mirror? And yet I 
cannot put such a hand as is seen in the mirror in the place 
of its original …”(1783)

✤Parity and symmetry breaking in physics (R. Feynman)
“The rule is that the particles which carry spin, like the 
electron, neutrino and so on, come out (in weak decays) 
with a spin mostly to the left. Now that is the rule, but today 
we do not really understand the whys and wherefores of it. 
Why is this the right rule, what is the fundamental reason 
for it, and how is it connected to anything else?” (1964)

✤Ultimate origin of chirality in nature
✤Functions of laterality in biology, neurosciences
✤Selection of handedness in genetics
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 petite questions
✤Mechanics: chirality transfer from scale to scale

Left

Right

F

?

F

✤Explaining inversion (and perversion)

✤Response of a chiral structure: winding or unwinding?

?

✤and what really happens when you empty your bath?
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BBC documentary EARTH (Plants) narrated by D. Attenborough (2009)

Tendril Perversion
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A tendril  invariably becomes twisted in one part in one 
direction, and in another part in the opposite direction... 
This curious and symmetrical structure has been noticed 
by several botanists, but has not been sufficiently 
explained.
 Darwin The movements and habits of climbing plants

 Darwin      Léon      Dutrochet    de Candolle     Goethe   Ampère
1865 1858 1844 1827 1790 1760

Tendril perversion
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NO NET ROTATION

TENSION
 

  A mechanism

Transverse section through a tendril
 H. de Vries (1877)

Mechanically, a tendril is an elastic filament 
with intrinsic curvature under tension whose 
ends are prevented from rotating

GROWTH INDUCED CURVATURE

Increasing curvature or reducing tension 
creates an instability
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 A mathematical model

AG, McMillen, 02 
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 A better spring?

Tendrils are better springs than helical springs

AG, McMillen, 02 

TT
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  Perversion?
The operation of passing from one system to the the other is 
called by Listing, Perversion. The reflection of an object in a 
mirror image is a perverted image of the the object.
J. C. Maxwell, A Treatise of Electricity and Magnetism, 1892

Busycom 
perversum

Busycom 

Tait’s example of perversion
The trefoil knot

J. C. Maxwell (1831-1879) 
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  Digression: a convention
In pure mathematics, little inconvenience is felt from the want 
of uniformity, but in astronomy, electromagnetics, and all 
physical sciences, it is of the greatest importance that one or 
other system should be specified.
J. C. Maxwell,  1871

Professor Miller has suggested to me that as the tendrils of the 
vine are right-handed screws and those of the hop left-handed, 
the two systems might be called those of the vine and the hop 
respectively. The system of the vine, which we adopt, is that 
of Linnaeus, and of screw-makers in all civilized countries 
except Japan. 
J. C. Maxwell, A Treatise of Electricity and Magnetism, 1892

London Mathematical Society, 1871

Right

In consequence, the right-handed system 
symbolized by a corkscrew or the tendril of the vine 
was adopted by the Society (Nature, May 1871)  

Left

Right
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Carl Linnaeus (1707-1778)
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p. 39
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p. 103
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Left
Sinistrorsum

Right
Dextrorsum

Sinistrorsum externe visus 
== 

Dextrorsum e centro visus
==

Following the course of the sun
==

Like the hand of a watch

Linnaeus
Gray
Eichler
Duchartre
Darwin
...

Linnaeus
de Candolle
von Mohl
Bischoff
Sachs
...

==
Left handed ! 
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W. R. Hamilton (1805-1865)

1866
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Handedness in proteins

Polypeptide chain: PRIMARY STRUCTURE

Steric hindrance
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alpha-helix

Handedness in proteins

 Secondary structure  Tertiary structure
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 Coiled-coils, the heptad repeat

a  b  c  d  e  f  g  a  b  c  d  e  f  g

d  c  b  a  g  f  e  d  c  b  a  g  f  e A mechanical model

S. Neukirch & AG, ‘06
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 Pulling on coiled-coils

S. Neukirch & AG, ‘06

F
Comparison with crystal data

Does it unwind or overwind 
when pulled??
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Winding or unwinding?

double stranded DNA helix,
 B-form (right-handed)

F

Simple physical intuition predicts that DNA should unwind 
under tension, ...  Here we show that for small distortions, 
contrary to intuition, DNA overwinds under tension

?
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Winding or unwinding?

Spring (Drawing by Hooke)

Simple physical intuition predicts that DNA should unwind under 
tension, ... Here we show that for small distortions, contrary to 
intuition, DNA overwinds under tension

κ

Γ<1
Γ<1

Γ=1

θ

Γ=1

Γ>1

Γ>1

τ

(κ,τ)^ ^

c

c

b
b

a
a N

All uniform helical springs in tension
                              first wind then unwind!

Tait and Thomson Treatise on natural Philosophy 1867

AG & Maddocks 2013
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 Unwinding in plant cells

LLoyd and Chan 2002. 
The Plant Cell

Buschmann et al 2009.
 The Plant Cell
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Left or right?

Middlebrook-Preston (1952)
PhycomycesFrei-Preston (1961)

Green Algae

Left or right?
Is there a critical angle?
How does it depend on stiffness?

Freeze one fibre, rotate the other one
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Exact Anisotropic Elasticity I

€ 

W =W (I1, I2, I4, I5)

I4 = M. CM( ), I5 = M. C2M( )
C = FTF

Incompressible anisotropic hyperelasticity, e.g. fibre 
reinforcement of an elastic cylinder.
Introduce new invariants into free energy 

M = fibre orientation in reference configuration, e.g. 
fibres parallel or transverse to a cylinder axis
m = F.M = fibre orientation in current configuration
I4 = m.m = measure of fibre extension

M

See  Pence, Horgan & Murphy, Ogden & Merodio,. 
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€ 

W =W (I1, I2, I4, I5, I6, I7, I8)

I4 = M. CM( ), I5 = M. C2M( )
I6 = M ' . CM '( ), I7 = M ' . C2M '( )
I8 = M. CM '( )
M = Mr, Mθ , Mz( ) = 0, cosΦ, sinΦ( ), M '= M 'r , M 'θ , M 'z( ) = 0, cosΦ', sinΦ'( ),

If M and M’ equal and opposite no net torque on cylinder

MM’

Incompressible anisotropic hyperelasticity, 
   e.g. fibre reinforcement of an elastic cylinder.
            With 2 fibre families

Exact Anisotropic Elasticity II
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�c =
p

arcsin(1/3) ⇠ 33.4o

 

  Unequal fibres

Φc

Φc

Φ1

Φ2

π/2

π/6

π/6

π/2

0
0

τ>0 (RH)

τ<0 (LH)

μ1<<μ4  (stiff fibers)

μ1>>μ4 (stiff matrix)

τ>0 (RH)

τ<0 (LH)

Fix one fibre, rotate the other one. Will it turn CW (left) or CCW (right)?

Unequal fibres but no rotation!
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M. Tabor & AG (’11)

 

Phycomyces
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Phycomyces: left AND right!
Rotation

IVa: Counter-clockwise rotation (1-2h)
IVb: Clockwise rotation (24-48h).
IVc: Counter-clockwise rotation in (1-2h)

IVa IVb IVc

R L R

Helical growth:1915 (Burgeff) 

1940’s – 1950’s: Castle, Roelofsen, Preston, 
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ASSUMPTIONS
  (1) Elastic thin tube with reinforced fibres
 (2) Right handed helical fibres 
 (3)  As the tube grows, new fibres are laid down

 continuously, stress free, and aligned with
 previous fibres
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A model for Phycomyces
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Contradictory rotation

grow
th'zone

z=0

z=l
Cohen & Delbrück (1958) 
“Distribution of 
stretch and  twist along the growing  zone...”

According to our model, points in the upper 
part of the growth zone turn  counter-clockwise 
where points below turn clockwise

Ortega-
Gamow 1992
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AG &Tabor (2011)
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Kuroda et al. 2009

Conclusions
✤Response of a chiral structure: 

Combination of geometry, material  
properties, large deformations, 
nonlinear response

✤Inversion/perversion
Non-monotonous response

✤Other inversion (AG&Tabor,’13)
Poynting effect
Shell inflation
Inversion of axial strain in arteries
....

✤Chirality
Measure of chirality?
Helicity/Writhe
Gyrality
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