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Ratcheting surfaces are a common motif in nature and appear in plant awns and grasses. They are known
to proffer selective advantages for seed dispersion and burial. In two simple model experiments, we show
that these anisotropically toothed surfaces naturally serve as motion rectifiers and generically move in a
unidirectional manner, when subjected to temporally and spatially symmetric excitations of various
origins. Using a combination of theory and experiment, we show that a linear relationship between awn
length and ratchet efficiency holds under biologically relevant conditions. Grass awns can thus efficiently
transform non-equilibrium environmental stresses from such sources as humidity variations into useful
work and directed motion using their length as a fluctuation amplifier, yielding a selective advantage to

these organelles in many plant species.
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1. INTRODUCTION

Motion rectification by ratchets arises repeatedly as a
theme with variations in nature to technology on a range of
scales, from the molecular (Feynman 1964; Ajdari & Prost
1992; Magnasco 1993; Julicher et al. 1997; Reimann
2002; Kuli¢ ez al. 2005; Galajda et al. 2007; Wan et al.
2008) to the macroscopic (Bug & Berne 1987; Nordén
et al. 2001; Mahadevan ez al. 2003), in both deterministic
and stochastic systems. A key ingredient in all ratchets is
the presence of a static or dynamic asymmetry that serves
to rectify motion, with many convergent solutions seen in
nature. For example, ratchet and pawl mechanisms are
basic mechanical components in many man-made gadgets
and machines. They serve to rectify linear or rotational
motions by using a mechanical anisotropy that often takes
the form of an asymmetric sawtooth that allows the ratchet
to slip in one direction and not in the opposite direction.
Their microscopic (thermal) analogues have been inten-
sely studied (Feynman 1964; Ajdari & Prost 1992;
Magnasco 1993; Julicher er al. 1997; Reimann 2002;
Kuli¢ ez al. 2005; Galajda et al. 2007; Wan ez al. 2008) over
the past decades in the context of molecular motors
(Julicher er al. 1997), where the physical sawtooth is
replaced by a potential with a similar property that
is periodically switched on and off. On the macroscopic
scale as well, nature has stumbled on ratchets repeatedly,
and a host of examples exist in the plant world, in
particular (Murbach 1900; Peart 1979; Stamp 1984;
Garnier & Dajoz 2001; Elbaum et al. 2007), where they
might proffer selective advantages for seed dispersion and
burial. Indeed, the observation that different plant families
show the same robust and efficient solution to the problem
of dispersion and self-burial is yet another example of
convergent evolution driven by a combination of physical
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constraints and functional requirements. Here, we use the
particular example of the wild foxtail Hordeum murinum
to study macroscopic natural ratchets that rectify
deformation induced by swelling, shrinking and other
environmental factors, into unidirectional motion that
serves important functional purposes, from the burial of
seeds to their transport by animals.

When a H. murinum plant awn is placed on a soft,
porous or rough material and excited by dynamic
macroscopic forces that might be deterministic or
random, it generically moves in the direction of its tip.
To understand the mechanism of operation of this simple
machine, we start with the common observation that
sliding one’s fingertips over the surface of a foxtail awn is
easy in one direction and essentially impossible in the
opposite direction. A closer look under a scanning electron
microscope (SEM) reveals the reason (figure 15). The awn
has a highly anisotropic surface structure with sharp
micro-barbs tilted unidirectionally at an angle 3= 35° with
the horizontal and a typical length of 50 um. Such a
surface geometry, in combination with the elasticity of the
awn, induces a cooperative locking transition of micro-
barbs via a progressive bending of the awn towards the
substrate (figure 1d). This cooperativity of locking
increases the number of stress-bearing micro-barbs, and
thus reduces the probability of interfacial failure. The
tilted barb has a second effect in addition to providing a
force parallel to the substrate, since its geometry naturally
also gives rise to an effective normal (adhesion-like) force
component F, =F tan 8, as shown in figure le.
The combination of a rigid microscopic geometry
associated with the barbs and a macroscopic elastic
compliance associated with the barb backbone allows
the foxtail awn to slide unhindered with respect to the
substrate in one direction (figure 1c¢), but efficiently
suppresses motion in the opposite direction (figure 1d).
We now consider two different physical situations in which
transport is generically observed.

This journal is © 2009 The Royal Society
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Figure 1. (a) Grass species that exhibit ratchet motility (for (i) to (iii)): (i) single spikelet of foxtail grass (H. murinum), (ii) green
bristlegrass (Setaria viridis), and (iii) barley (Hordeum vulgare); scale bar, 2 cm. (b) Hordeum murinum’s micro-barb surface
structure is responsible for the ratcheting effect (SEM); scale bar, 50 um. (¢) A single clamped unstrained H. murinum awn (with
micro-barbs pointing to the right) glides easily on the substrate moving to the right (paper cover). (d) Awn buckling and
progressive micro-barb locking induced by substrate motion to the left (see movie 1 in the electronic supplementary material).
(e) A barb-locked awn on the substrate also resists upward lift forces (see movie 2 in the electronic supplementary material).

2. TRANSPORT IN INERTIALLY DOMINATED
ENVIRONMENTS

In a first experiment, we placed H. murinum spikelets on a
horizontal shaker driven sinusoidally with amplitude
A=3.7mm and observed their motion as a function of
the driving frequency w. When w < w,, a critical frequency,
almost no motion is observed, while if w>w. we observe
that the spikelet drifts in the direction of its tip, as shown in
figure 2 (see movie 3 in the electronic supplementary
material). The foxtail cannot move unless inertial forces
overcome friction, i.e. w2mA= ymg, which leads to an
expression for the critical frequency w. = +/yg/A, where m
is the mass of the grass; 7 is its friction coefficient; and g is
the acceleration due to gravity. Above this critical
frequency, the mean transport velocity can be derived
from the following graphical argument (cf. inset of
figure 2b): the grass moves with the shaker up to the
point 71, where the shaker acceleration 9,(z) coincides with
the critical slope —vyg. From this point on, the grass
unbinds from the shaker and slides on it, decelerating
under the influence of friction with 9(z) = —vyg. The free
motion ceases when the grass and substrate velocities
coincide again at a later time z=1,, and the cycle begins
again. In general, the time-averaged grass velocity can be
written as

Vi

1 (=
TJ (v, —vg)de, (2.1)
13}

where T=w ! and the times 7; and 7, need to be

determined numerically. Evaluating this expression numeri-
cally for a sinusoidal shaker velocity v,(z)=Aw sin wz
shows that this agrees well with our experimental results,
with y=0.4 (figure 25), the value of which is close to the
experimentally measured friction coefficient of y=0.46 +
0.05 (from independent inclined plane measurements on
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Figure 2. Ratcheting in the inertial regime. (a) Foxtail grass
moves unidirectionally on a harmonically oscillating hori-
zontal shaker (see movie 3 in the electronic supplementary
material). (b) The mean velocity is shown as a function of the
shaker frequency, with error bars from five different foxtail
specimens (circles). The best fit to a theoretical model (see
text), with y=0.4, is shown as a solid line. Inset: graphical
model for ratchet motion on an oscillating substrate. The
ratchet leaves the substrate frame when its inertia overcomes
the frictional force at t=t;, and it locks and moves with the
substrate again when the ratchet and substrate velocities
coincide again at t=1,.
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six different H. murinum samples). Near the transition
frequency w,, it is possible to obtain analytic results by
noting that both critical times z; and z, will be close to the
zero-velocity crossing point = 7/2. In this limit, we can use
a Taylor series expansion of the shaker velocity Aw sin wr
to the third order around 772 to determine expressions for
the unbinding time 7, = 7/2 —+/2a/w, and the rebinding
time 1, = T/2+ 2y/2a/w,, with the small parameter

a=+/1—wlw? < 1, leading to

1 [~ 9
T J (v, =78 dr =5 O(0 — w)dw(l = (@)Y,
15t

V;
(2.2)

with © being the Heaviside function. In the limit of strong
forcing corresponding to large frequencies w > w, and the
grass moves almost freely being impulsively driven by
the shaker during a very brief locking phase, we expect an
asymptotic mean velocity

Vi = Aw. (2.3)

In summary, in the frictional-inertial regime, the transport
velocity is independent of the mass and length of the grass
spikelet, but has a nonlinear dependence on the driving
frequency at the onset of motion,' which eventually
transitions to a simple linear relation far from the threshold.

3. TRANSPORT IN CONTINUOUSLY DEFORMING
ENVIRONMENTS

We now turn to the second, biologically more relevant,
situation in which net transport is observed: continuous
deformation of the substrate along which the grass is
moving. Two important examples for such deformations
are (i) deformation of the skins of animals (naturally
dispersing the foxtail) and (ii) diurnal and seasonal soil
swelling and shrinkage driven by humidity and tempera-
ture variations (Iwata er al. 1988; Marshall er al. 1996).
The first process is believed to be responsible for the
dispersal of foxtail over large distances. It poses a potential
hazard to animals if the foxtail is trapped in nostrils or ear
channels, as it can ratchet into tissue to cause infection,
and possibly death. The second process is a potential
mechanism for the seed and awn burial into the soil
(Murbach 1900; Peart 1979; Stamp 1984; Garnier &
Dajoz 2001; Elbaum ez al. 2007), an important precursor
of germination. In general, in addition to substrate
deformation, the contour length of the ratchet grass itself
can actively vary as well. For example, relatives of the
foxtails such as Stipa somata show a hygroscopically driven
coiling and kinking of their awns to vary the effective
contour length of awns (along the direction of motion),
which yields linear strains of up to 20 per cent (Murbach
1900). In either case, these strain variations may be
rectified in the direction of the grass tip. To understand the
minimal properties of ratchet propulsion in this case, we
consider the combination of a time-periodic hygroscopic
strain of the grass awn &,(2), and that of the surrounding
substrate (soil/animal fur) &,(z). Then, on dimensional
grounds, we expect a simple scaling relation of the mean

propulsion velocity of the awn,
Ve ~aT "' f(eg ), (3.1)

where a is the awn length; T is the period of the soil and
awn strain variation; and f(ege,) is a dimensionless
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functional. To complete this analysis, we parametrize the
grass using its unstrained arc length s, € [—a/2,a/2], with
sg=0 corresponding to its centre. In response to internal
and substrate strain, each point along the grass moves so
that its position is xg(sg,t) =Xg(2) +5,(1+¢e4(2)) and its
velocity is v,(s,, 1) = Xg(t) + 5,8,(2), with Xg(2) =x4(0,1)
and v,(s, 1) = X,(s,2). The substrate (soil tube) can be
parametrized in a similar manner via its unstrained arc
length coordinate s,, so that material points along it have a
position x4(ss,2) = (1 +¢&5(2))ss and velocity (s, 1) = s4é,(2).
At a given instant of time z, the grass is in contact with the
soil over the interval x, € [X,(2) — (a/2)(1 + &,(2)), X, (1) +
(a/2)(1 + &4(2))]. Then, the relative velocity between the
grass and the substrate parametrized in terms of the grass
material parameter sz is Viel(Sgst) = Ug(Sgst) — Vs(8s(Sgst)52).
We assume that the grass acts as an ideal ratchet, i.e. no
part of it can move in the negative direction (that of
the micro-barb sharp tip orientation) with respect to the
contact points with the substrate. Then, the relative
velocity must satisfy the following condition:

Viet(sg: ) = 0. (3.2)

min
sg€ [—al2,al2]
Using the fact that x,(se,t) =x4(sg,t) and minsge[_a/z,a,z]
(s;C) =—(a/2)|C| (for any value C), the previous

condition can be recast as an equation of motion for
the position of the awn centre,

d X, _a |l +eé—1+eél
dr1+e 2 (1 +¢&)? '

(3.3)

Integrating the previous expression yields X,(z)= (a/2)
(1+e) [s(1+e)2 1 +e)ég —(1+ &p)és | dr’. To deter-
mine the mean velocity of the awn in a simple yet
realistic case, we assume that both &(z) and ey(z) are
periodic functions with a single minimum and maxi-
mum, with the same period 7, and that ¢, satisfies
&(0)=¢,(T)=0. Then, the velocity averaged over a

complete cycle V= (X (T)—X,(0))/T is

7 a [T [(1 4+ e)ég — (1 + eg)é | dr

£ o7 Jo (1+e,) 3-4)

There are two interesting limiting cases worth
considering.

Case I. Negligible substrate strain. In this case, =0,
so that equation (3.4) simplifies to I7gI =(a/2T) (]“OT épdz=
(al2T) (fon ég dr — ffm _ & dr), yielding the expressions

(3.5)

for the velocity and displacement per cycle, where Ty, is
the point at which ¢ attains its maximum and ¢, changes
sign from positive to negative and ¢,,,, being the maximal
strain during a single strain cycle.

Case II. Negligible plant awn strain. In this case, we have
eg=0 and V' = (@/2T) [ [ 4 /(1 + &,)?]dz. Splitting the
integral as in the previous case, and integrating over a full
cycle, yields

S a €max

&,
_ , AH — max
€ T T (1 + ) g =4

. 3.6
1 + eqax (3.6)

In summary, we see that the speed and displacement
per cycle in both cases scale linearly with the grass
length a, showing that longer grasses pick up and rectify
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Figure 3. Ratcheting in a continuously deforming environment. (a,b) Experimental set-up: foxtail spikelets are placed inside a
4 mm inner diameter rubber tube that is periodically strained (see movie 4 in the electronic supplementary material). Spikelets
move in the direction of their tips (stained black for video analysis) with an efficiency that varies with their length. The distance
between marker lines on the tube is 2.54 cm. (¢) An intensity line scan (kymograph) corresponding to the time dynamics in
(a) shows the periodic tube motion and the average propulsion of the spikelet over the time course of 60 s (x-axis).
(d) Propulsion distance per strain cycle versus maximal rubber tube strain for four spikelets of various lengths: experimental
points with error bars from seven to nine measurements and best fits to Ag = aeg™ /(1 + &™) (solid lines). Inset: the fitted
effective contact length (y-axis, centimetre units) versus the measured length of the longest awn (x-axis, centimetre units) of
individual spikelets. While the effective lengths show a good correlation with the measured lengths, they are slightly smaller due

to occasional awn buckling and imperfect tube—awn contact.

larger fluctuations in proportion with their length.
Therefore, longer grass awns act effectively as better
‘fluctuation amplifiers’.

4. COMPARISON WITH OBSERVATIONS

AND EXPERIMENTS

Although the results of equation (3.5) were not directly
tested experimentally, they are consistent with the
previously measured linear relationship between the awn
length and burial depth of S. somata (Garnier & Dajoz
2001). This provides some evidence for a selective
advantage of larger awn lengths in the contractile awn
case as well. More generally, for hygroscopically driven
awns, equation (3.4) predicts a non-trivial interaction
between soil strain and awn strain contributions to the
rectification of motion. Indeed, the two effects act in
concert or ‘resonate’ for oppositely phased strains but can
cancel each other for in-phase strains.?

To test the behaviour of a ratcheting awn in contact
with the soil, as described by equation (3.6), awns and
single rachis spikelets of various grasses of different lengths
and diameters (figure 1a) were placed inside a rubber tube
(inner diameter of 4 mm). The tube was then subjected to
slow periodic strains with maximal strains ranging from

Proc. R. Soc. B (2009)

emax=0.01 to 0.4. All the grasses rectified the oscillatory
strain, with the H. murinum spikelets showing the most
robust and reproducible behaviour (figure 3d). At very
small sub-hertz frequencies at which the rubber tubes
were strained (0.3 Hz), the ratchet displacements per
cycle were independent of both frequency and the
direction of gravity. The experimental results for the pro-
pulsion displacement 4,, as a function of the length of
H. murinum spikelets, show good agreement with the
theoretical prediction from equation (3.6) with a single
fitting parameter per specimen—the effective contact
length a, which is itself proportional to the actual
awn length (figure 3d, inset). For longer awns, the fitted
length shows, however, a systematic 20-40% reduction
relative to the measured length consistent with our
observations of occasional awn buckling and imperfect
tube—awn contact of longer spikelets; this effect is less
pronounced for shorter spikelets (figure 3d, inset).
Grasses and plant awns have long been known to have
anisotropically barbed microstructural elements that are
able to lock directionally into virtually any soft natural
material, such as soil, animal fur and skin. Our theoretical
and experimental study shows how the asymmetry of these
surface structures enables them to rectify external
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environment fluctuations that have functional conse-
quences for dispersal and anchoring. In particular, in the
context of seed dispersal, longer awns lead to a selective
advantage to those seeds, since they can move further and
thus disperse more efficiently than their shorter competi-
tors. Our results also point the way for technological
designs that might mimic this simple but robust motif.

ENDNOTES

We note that the transport behaviour at the critical frequency . is
non-universal and depends on the differentiability of the excitation
signal. A symmetric sawtooth shaker velocity leads to a jump of the
mean velocity slope dV;/dw at w= ..

’In general, the ratchet motion will be dominated by the strain
contribution with the larger value of the product of the strain and
frequency. For similar but incommensurate oscillation frequencies
wg=ws, the mean velocity displays an intermittent switching
between periods of large and small mean velocities on time scales
T=2n/|wg—wy|, but saturates to a value V; ~ a(w, + wg)(e™™ + eg™)
at larger times.
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Plant Biomechanics: Using Shape

to Steal Motion

For grass species to spread efficiently through their environment requires
seeds that can disperse over large distances and burrow into the ground.
Recent work using awns from Hordeum murinum in conjunction with
mathematical modelling shows that awn shape leverages environmental
oscillations in order to produce these directional translations.

Charles W. Wolgemuth

Vince Guaraldi, the jazz pianist and
composer, suggested with a song

title that we should cast our fates to
the wind. As animals, though, we

are typically not so trusting of the
benevolence of Nature and, instead,
decide where we want to go and
expend energy to move there. Many
plants nevertheless release their seeds
and seemingly hope for the best. A
recent paper by Kulic et al. [1] shows
that some grasses, at least, are not so
cavalier and have engineered their
seed carrying appendages (spikelets)
to increase dispersion and facilitate
seed burial by converting periodic or
random oscillations in the environment
into directed motion.

The spatial extent of a plant
population is largely determined by
seed dispersal [2]. There are three main
mechanisms for seed dispersal: being
carried by the wind, water, or an animal.
Foxtail grasses employ a spikelet or
cluster of spikelets that contains the
grass seeds. These spikelets are
engineered for hitch-hiking on animals.
The more entrapped a spikelet
becomes in an animal’s fur, the farther
the animal can carry the seed, and,
therefore, it is beneficial for the spikelet
to work its way into an animal’s coat.
Kulic et al. [1] used scanning electron
microscopy to show that the awn from
an H. murinum spikelet has sharp
micro-barbs that are angled at roughly

35° with respect to the awn (Figure 1).
These micro-barbs produce
anisotropic friction with the
environment [1]. The awn slides easily
when pushed along one direction,

but when pushed in the other
direction, the barbs catch.

The barbs thus act as ratchets,
allowing motion in one direction and
preventing the counter motion. If
a spikelet is placed on a rough surface
that is shaken at a fixed frequency, the
barbs slip with respect to the surface
when the surface moves one way, but
stay stuck to the surface when it moves
in the other direction, which leads to
net motion of the spikelet (Figure 1).
Using a simple mathematical model
that incorporates this sticking and
slipping, Kulic et al. [1] were able to
show that anisotropic friction is

Stick

Slip
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Figure 1. How foxtail grass seeds steal motion from the environment.

(A) A cluster of spikelets has the appearance of a foxtail. (B) Schematic of a single spikelet
from H. murinum. The long arms that project off the base are known as awns. (C) Scanning
electron microscopy shows that the awn surface is covered with angled micro-barbs. (D)
When a spikelet is placed on a shaking surface, the barbs catch when the surface moves in
one direction, and the spikelet moves with the surface. (E) When the surface moves in the
other direction, the spikelet continues moving in the original direction, but slows due to friction

with the surface.
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sufficient to explain the net translation
of the spikelet as a function of the
applied frequency. So when the
spikelet is in contact with an animal’s
fur, random motions of the animal can
lead to the ratcheting of the spikelet
further into the animal’s coat.

Spikelets also use this mechanism
to facilitate burying themselves into
the ground, which acts not only to
plant the seeds, but also to protect
the grass species during fires [3].
Periodic variation in humidity causes
soil swelling and leads to changes in
awn shape [4]. To model how the
anisotropic friction of grass awns
couples to soil swelling, Kulic et al. [1]
inserted grass spikelets into a rubber
tube. The tube was then slowly
stretched and relaxed and the motion
of the spikelet with respect to the tube
was measured [1]. Kulic et al. [1]
developed a mathematical model that
describes how these changes in
environmental strain — the ‘stretching’
of the environment — can interact with
the spikelet in order to bury the seeds.
The model predicts that the burial rate
should increase with environmental
strain and with awn length. This latter
prediction is in good agreement with
measurements of the burial depth of
Stipa somata awns as a function of
awn length [3]. Some awns also have
a twisted shape at the end, which
can facilitate burying [4].

Grass awns are not the only place
where biology has found a use for
coupling anisotropic friction to
undulatory motion in order to create
net translation. Another prime example
of this mechanism is the motility of
snakes and earthworms. Snake skin
has slanted ‘micro-hairs’ [5], analogous
to the micro-barbs observed in awns,
and these micro-hairs lead to
significant frictional anisotropy
between forward and backward
motions [6]. Contraction and extension
of the snake musculature produces an
oscillatory motion of the snake skin
against the surface, and the combined
effect gives a slithering snake.

An interesting difference between
the snake and the awn is that the snake
relies on its own power, while the awn
effectively steals energy from the
environment. Biology has figured this
strategy out in other arenas, too. Inside
cells, some proteins can do work. A
myosin molecule walks to pull on actin
and contract muscle. Actin, itself, can
polymerize and push. The flagellar
motor and ATP synthase rotate. For

all of these examples, the molecules
ratchet random motions from thermal
fluctuations and thereby drive many
processes in our cells. New work
also suggests that jelly fish and some
bugs may be able to steal motion
from undulating water or air currents:
Spagnolie and Shelley [7] have shown
that if a swimmer, such as a jelly fish,
changes its shape out of step with

a periodic flow, it can swim.

Biology has thus repeatedly found
ways of producing net work by
rectifying fluctuations with ratchets,
and it is interesting to speculate on
other areas where this mechanism may
play a role. Evolution is one directly
analogous system and a comparison
between it and Brownian ratchets
has been drawn previously [8]. Clearly,
random mutations in an organism’s
genome lead to fluctuations in
phenotype. Reproduction can lock in
these variations, and natural selection
then acts as a ratchet, reducing the
likelihood of maintaining a population
that is less competent at reproducing
while increasing phenotypic
populations that are fitter. A more
tenuous comparison, though, comes
to mind when | consider my own
thoughts, which all too often seem
quite random. | must consciously
work to rectify these thoughts, plucking
out the good ones and discarding the
bad, in an attempt to construct an
understanding of the world about me.
Could my own thinking be working by

trapping useful ideas from a pool of
noise? One of the not-so-useful ideas,
right? But, it has been suggested

that certain nuclei in the basal

ganglia act as a random motor
pattern noise generator [9]. If our
brains can create noise, maybe they
can ratchet it too.
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Nuclear Envelope:

Membrane

Bending for Pore Formation?

Membrane-shaping proteins known as reticulons help to sculpt the
endoplasmic reticulum; recent findings indicate that they also play a role in the
formation of nuclear-pore-complex-associated pores in the nuclear envelope.

Wolfram Antonin

In eukaryotic cells, nuclear pore
complexes (NPCs) in the nuclear
envelope mediate transport between
the cytoplasm and the nucleoplasm.
These are huge macromolecular
assemblies of about 65 MDa in yeast
and up to 120 MDa in vertebrates.
Although most, if not all, components
of NPCs are known [1,2], it is not fully
understood how these large structures

are formed from their individual
proteins. Nevertheless, significant
progress in understanding the protein
interaction network in the NPC has
been made in recent years [3,4].
NPCs are embedded in the membrane
of the nuclear envelope, but how
insertion is achieved is not known [5].
An inspiring new study [6] suggests
that the membrane bending proteins
of the endoplasmic reticulum (ER)
play a role in this process.
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