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A catapult action for rapid limb protraction

Energy bursts from a horse’s elastic biceps muscles provide power for a flat-out gallop.

their limbs quickly in order to prepare

for the next stance phase™™. This is
particularly challenging for large animals as
their limbs are long* and their muscles con-
tract slowly and have a low power output®®.
Here we show that horses cannot achieve
the high power output required for rapid
limb protraction by simple muscle contrac-
tion and that they instead deploy an elastic
biceps muscle to store and then release
bursts of energy — this muscle’s catapult
action has an output that is comparable
to over 100 times its mass of non-elastic
muscle. Although grasshoppers and fleas
are known to rely on a similar catapult
mechanism for rapid acceleration”®, to our
knowledge this has not been demonstrated
before in larger animals.

The legs of large cursorial animals func-
tion like pogo sticks, storing and returning
energy during running gaits. This is a
spring—mass system, so energy storage and
return occupy similar periods of time”®. In
a catapult, energy is stored slowly with a
large force but is released quickly to accel-
erate a small mass"®. This mechanism,
however, requires a more sophisticated
lever, or cam system, to exert sufficient
force on the spring and then release it"*.
Such a system exists in the horse (Fig. 1) —
the forward movement of the trunk and
the orientation of the ground-reaction
force (GRF) during stance stretches the
biceps muscle while the carpus is locked in
extension; in late stance, the carpus buckles
and releases the leg.

At 50% of stance (Fig. 2a), the GRF is
flexing the shoulder joint (resisted by the
biceps), flexing the elbow (resisted by the
triceps and digital flexor muscles) and
extending the metacarpo—phalangeal joint
(resisted by the digital flexors and suspen-
sory ligament). At 90% of stance (Fig. 2a),
the GRF has moved further behind the
shoulder and is now also behind the elbow
joint. The GRF is therefore further flexing
the shoulder and extending the elbow, both
of which stretch the biceps.

Through stance, the carpus is extended
by the GRF and the tendinous link of
lacertus fibrosis/extensor carpi radialis, and
is flexed by the digital flexors and palmar
carpal ligament. When the GRF approaches
the neutral axis of the carpal joint, it no
longer balances the digital flexors’ moment
(this occurs at around 90% of stance). The
carpus then buckles forwards, destabilizing
the limb and releasing the catapult. The
GRF and the digital flexors subsequently
fold the collapsed joint and the limb is

Fast runners must be able to protract
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accelerated forwards by recoil of the biceps.
At 101% of stance (Fig. 2a), the biceps
muscle is flexing the elbow and extending
the shoulder.

We used force-plate and motion analysis
to work out the limb-joint angles and GRF
moment at the shoulder of thoroughbred
horses during trotting at 3 m s™* (n=16).
We determined biceps arm moment at the
elbow and shoulder joints by radiography
and dissection; tendon paths were roughly
circular and were therefore assumed to be
so. Eighty per cent of shoulder extensor
moment was attributed to biceps and 20%
to supraspinatus (apportioned from muscle
architecture™). Biceps length peaked at 91%
of stance with a force of 11.4 kilonewtons
(kN), and 74 joules (J) of elastic energy was
stored. The biceps muscle has a substantial
internal tendon (cross-sectional area, 200
mm?) which is parallel with two short-
fibred (6 and 18 mm, respectively) pennate
muscle heads™.

Figure 2b shows the force—length rela-
tionship measured for biceps in vitro
(n=7) and in vivo. The similarity of the
plots indicates that the muscle’s properties
in vivo are mainly passive. During gallop-
ing on a treadmill at 12 m s™*, maximum
biceps length was 12 mm greater than in
trotting (at 100% of stance). Extrapolation
of the curves shown in Fig. 2b by 12 mm
gives a peak internal tendon strain of 7.5%,
a force of 19.8 kN, and an elastic-energy
storage of 261 J.

Figure 1 Good going: horses stretch and release their biceps in
a gallop, creating 100 times the energy output of non-elastic muscle.

The energy released after the foot leaves
the ground (‘foot-off’) was determined
from biceps length and from the results
shown in Fig. 2b, assuming that muscle
fibres are isometric® and that energy loss
due to hysteresis is 7% (ref. 7). The sum of
the kinetic and potential energy of the limb
segments below the elbow (relative to the
horse’s centre of mass and segment height
at foot-off, respectively) mirrored the
biceps’ elastic energy release, peaking at 33 J
in a trot (Fig. 2c) and 120 J in a gallop.
Some elastic energy was released before
foot-off (Fig. 2b), and some energy acceler-
ated the scapular and humeral segments
and extrinsic muscle tissue.

The kinetic and potential energy of the
limb continued to increase, but more slowly,
after biceps energy/force had dropped to
zero. This may indicate a shortening of
the contractile component as it unloaded
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Figure 2 Mechanics of equine limb protraction. a, Equine forelimb at 50%, 90% and 101% (protraction) of stance, taken from our
motion-analysis data. Biceps (B), brachiocephalicus (BC), supraspinatus (SP), triceps (T), lacertus fibrosis (LF), extensor carpi radialis (ECR)
and digital flexor (DF) muscles are indicated. GRF, orientation of the ground-reaction force vector. MCP, metacarpo—phalangeal joint.
b, Force—extension relationship for biceps in vivo in a trot (n=16) and during tensile testing in vitro (n=7). In vivo plot shows unloading
as carpus and elbow flex before the foot is raised. ¢, Energetics of limb protraction. The foot makes contact at time zero and leaves the
ground at the time indicated by the vertical line. Blue curve (BE) represents the elastic energy stored in the biceps through the gait cycle;
red curve shows the sum of the kinetic and potential energy (KE + PE) of the radial, metacarpal and digital segments after foot-off.
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(a common phenomenon) and/or work by
the brachiocephalicus muscle. We devised
a five-segment computer simulation of the
equine limb that had biceps represented by
a spring (k=700 kN m~*) and recorded
the joint angles at foot-off. The joint
angular acceleration curves and segment
trajectories generated by the simulation
were very similar to those that we observed
in vivo (see supplementary information).
The biceps released 243 J in 0.11 s in
a gallop (2,200 W), which equates to a
muscle with a peak power output of roughly
4,400 W (ref. 10). Equine muscle has a
peak power output of about 90 W kg~*
(Ve = 3.0 lengths per second®®; F,.,=0.3
MPa (refs 5, 9, 10); a/P,=2.5 (ref. 5)). A
horse would therefore require 50 kg of
non-elastic muscle to achieve the same
power output as a 0.4-kg biceps muscle.
The peak power output of brachiocephali-
cus (identified as the main forelimb
protractor®) would be only 220 W. The
catapult mechanism is therefore essential
for rapid protraction of the equine limb,
and it is likely that similar mechanisms
exist in other animals.
Alan M. Wilson*t, Johanna C. Watson*,

Outer planets

Origins of atmospheric
zonal winds

he origin of the strong zonal
T(east—west) jets at cloud-top level in

the atmospheres of Jupiter and Saturn*
is something of a mystery?®. Using an
idealized two-dimensional, deep-turbulence
model applied to a rapidly rotating plan-
etary interior that is mixed by thermal
convection, we are able to simulate the
atmospheric multiple jets of these giant
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Figure 1 Simulated zonal winds (solid lines) and actual observa-
tions (dashed lines) for Jupiter and Saturn, after 300 and 100
planetary rotations, respectively, from an initial random state.
Here, for numerical stability, spherical geometry is replaced by
a cylindrical wall parallel to the axis of planetary rotation at
99% of the planetary radius, which intersects with the planetary
surface at == 8.1° latitude. The plot assumes that homogeneous
winds on this cylindrical wall are directly observed at the cloud
tops of the lower latitudes. Full modelling details are available
from the authors.
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planets, and show that deep origins may
explain one of their distinguishing features
— the prograde (westerly) equatorial jets.

This feature cannot be reproduced in
conventional shallow-atmosphere models.
A set of idealized simulations of single
fluid-layer flows on a rotating sphere, start-
ing from a random initial condition®,
explains both the magnitude and the num-
ber of jets well, but has an important defect
in that it produces retrograde (easterly) jets
at the equator. The reason for this defect is
that turbulent horizontal mixing of the
planetary rotational vorticity, which has
opposite signs in the two hemispheres, gives
rise to a slower (retrograde) atmospheric
rotation than the planetary value over the
equator. The sign of the parameter g,
defined as the rate of change of the Coriolis
parameter with latitude, dictates the sign of
the jets (see equation (2.4) in ref. 5) by the
conservation of potential vorticity®, which
measures the total strength of the atmos-
pheric vorticity tube, in the course of this
mixing process’.

The atmospheres of Jupiter and Saturn
are much deeper than Earth’s atmosphere,
however, making possible completely dif-
ferent dynamics®*® in which the flows
are deep, extending from one hemisphere
to another. These flows are homogeneous

in the direction of the axis of planetary
rotation when the planetary interior is
well mixed by thermal convection®. A
single fluid layer, confined within the plan-
etary sphere, therefore describes these
deep flows™.

Analogous dynamics that conserve a
potential vorticity govern this system,
which is defined in terms of the deep fluid
tubes parallel to the axis of planetary rota-
tion. The resulting B, which now measures
the rate of change in the length of fluid
tubes with latitude, takes the opposite
sign®®. Consequently, the equatorial jet also
has an opposite sign, as has been observed.
Lateral transport of stronger potential
vorticity, owing to longer fluid tubes, from
higher latitudes to the equator, gives rise
to faster (prograde) rotation.

To demonstrate this, we run the model,
assuming constant density and no convec-
tive buoyancy forcing, for a long period,
starting from a random state with wind
variance of 100 m s™* and 200 m s™* for
Jupiter and Saturn, respectively. These
magnitudes are comparable to those
observed™*. In both cases, we obtain the
prograde equatorial jets of the correct
width and magnitude, and also with an
indication of multiple jets (Fig. 1).

Another attractive feature of our ‘deep’
model is that the magnitude of B values
is greater, which relaxes the wind-shear
stability criterion® and opens the way for
obtaining steeper high-latitude jets, in
accordance with observations. This is
another feature that conventional shallow
models can reproduce only with difficulty.
Inclusion of a convective buoyancy force®
would give rise to steeper jets in our deep
model.
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