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Synopsis Animal legs are diverse, complex, and perform
many roles. One defining requirement of legs is to facili-
tate terrestrial travel with some degree of economy. This
could, theoretically, be achieved without loss of mechani-
cal energy if the body could take a continuous horizontal
path supported by vertical forces only—effectively a wheel-
like translation, and a condition closely approximated by
walking tortoises. If this is a potential strategy for zero
mechanical work cost among quadrupeds, how might the
structure, posture, and diversity of both sprawled and par-
asagittal legs be interpreted? In order to approach this
question, various linkages described during the industrial
revolution are considered. Watt’s linkage provides an an-
alogue for sprawled vertebrates that uses diagonal limb
support and shows how vertical-axis joints could enable
approximately straight-line horizontal translation while de-
manding minimal mechanical power. An additional
vertical-axis joint per leg results in the wall-mounted
pull-out monitor arm and would enable translation with
zero mechanical work due to weight support, without tip-
ping or toppling. This is consistent with force profiles
observed in tortoises. The Peaucellier linkage demonstrates
that parasagittal limbs with lateral-axis joints could also
achieve the zero-work strategy. Suitably tuned four-bar
linkages indicate this is feasibly approximated for flexed,
biologically realistic limbs. Where “walking” gaits typically
show out of phase fluctuation in center of mass kinetic
and gravitational potential energy, and running, hopping
or trotting gaits are characterized by in-phase energy fluc-
tuations, the zero limb-work strategy approximated by
tortoises would show zero fluctuations in kinetic or po-
tential energy. This highlights that some gaits, perhaps
particularly those of animals with sprawled or crouched
limbs, do not fit current kinetic gait definitions; an addi-
tional gait paradigm, the “zero limb-work strategy” is
proposed.
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Background and assumptions

There are various demands for effective legged loco-
motion. Animals require some capacity to accelerate,
travel, decelerate, maneuver, climb, and descend, all
with adequate control. Such activities are metaboli-
cally demanding, so presumably there has been se-
lection acting on the form and use of legs toward
economy. The condition for zero mechanical work is
the avoidance of any instances of mechanical power;
that force and velocity are always perpendicular to
each other or that one of them is zero. This gener-
alization accounts for the (theoretically) zero work
requirement of rolling wheels, sliding skates, and
swinging pendulums. While a variety of biological
tissues may absorb and return energy with some de-
gree of elasticity, all do so with hysteresis and energy
lost as heat; some relevance of mechanical work and
power minimization still applies even for animals
with long, elastic tendons.

To what extent can the implications of posture
and gait of terrestrial animals be related to minimi-
zation of the mechanical work and power demanded
from the limbs? And what insight can be found from
suitable analogues developed in engineering?

To explore such questions, I focus on mechanical
principles that provide insights into the fundamental
demands that might be made of muscle. The impli-
cations of various aspects of posture can be consid-
ered without resorting to highly detailed and
constrainingly case-specific musculoskeletal modeling
if we begin by assuming that:

(1) costs are dominated by the demands in terms of
mechanical work for supporting body weight dur-
ing translation—the work associated with lifting
and accelerating the limbs is not considered;

(2) compression and shear can be opposed without
metabolic cost using bone;
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(3) tension can be opposed without physiological cost

through passive structures, such that muscle costs
are only those associated with work and power,
and not isometric tension, and

(4) rigid bones can be connected by frictionless “rev-

olute” (“hinge” or “pin”) joints.

It should be acknowledged at the outset that each
of these assumptions is imperfect. In particular, a
limb capable of many tasks may not be able to pro-
vide tension links with only passive tissues, and load-
ing of muscles—even if they are not required to
perform mechanical work—may impose a physiolog-
ical cost. To begin with, however, we follow the
assumptions outlined above in assuming that passive
structures are available as long as no mechanical
work or power is required.

Scope

The purpose of this article is to demonstrate the
theoretical possibility of zero limb-work gaits and
to describe simple linkages with which these might
be achieved, some of which might be approximated
in biology. While the linkages are sometimes de-
scribed in relation to specific animal forms, it is
not my intention to quantify how closely species
match either zero limb-work gaits or any particular
linkage. Further, some linkages are described in or-
der to demonstrate a physical principle, but that also
depart from any sensible biological analogue. This
need not make the demonstrated principles invalid
or irrelevant, but closer anatomical analogies can
generally be perceived in linkages that approach
but cannot exactly match the physical limiting
extremes. Two limb models are presented that have
no biological counterpart, but are valuable in dem-
onstrating the extreme point that there is no funda-
mental geometric reason for weight support with legs
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Linkages and the zero limb-work gait

during translation of the body to demand mechani-
cal work.

Where empirical data are presented, it is either
taken directly from the literature or matches previ-
ously reported findings so closely that no novelty is
claimed. However, measured force profiles will be
presented to show their subjective consistency with
predictions from zero limb-work gaits. It is hoped
that future kinematic and kinetic studies, particularly
of sprawled and crouched quadrupeds, might find
value in considering their findings within the theo-
retical framework developed here.

Parallels with design requirements of the
early industrial revolution

A challenge faced during the industrial revolution
was to convert to and from purely rotational and
translational motions with only rotational joints—
ultimately between pistons and gears or wheels—
but without rolling or sliding elements (precluding
the slider-crank mechanism). Such “straight-line
mechanisms” were desirable because durable rota-
tional joints could be machined with precision, while
rolling or sliding required flat surfaces (difficult to
machine before the invention of the planar (Norton
1992)) and induced wear (pending advances in
materials), rapidly degrading the transmission be-
tween translational and rotational forces and
motions.

The demands faced by 18th- to 19th-century engi-
neers have a parallel in animal limbs: joints can allow
effective, low-friction rotation; and work and power
demands could be zero if these resulted in purely
horizontal translations of the hips and shoulders
without imposing horizontal forces, making effective
conversion between rotations (about functional
ankles) and linear translation (of hips and shoulders)
advantageous. Again, animals appear limited in their
use of economical rolling or sliding—they do not
have wheels or skates.

Watt’s straight—line linkage

“Watt’s straight-line linkage” (Reuleaux 1876;
Norton 1992) (note that Watt’s name is connected
to more than one linkage) is a special case of a four-
bar linkage (Fig. 1A) that provides a simple means of
interchanging purely rotational motions of pin joints
to very nearly linear translation. It was described by
Watt for the purpose of transforming the motions
provided by pistons—which need to be kept linear in
order to maintain a good connection with the
seals—to the rotations of a “working beam.” It

Fig. 1 Watt’s linkage (A) provides an analogue for the sprawled
crocodilian (Reuleaux 1876), (B) with diagonal foot contacts
(Schaeffer 1941), (C and B) connected by a back (from A to D),
forming a four-bar linkage when the ground between contact feet
(red dotted line, or C to B) is included. Motion of the linkage
results in the midpoint of the back (E) progressing (C) along a
very nearly straight line (green ahead, yellow line behind). The
geometry of motion of this linkage is easily calculated but not
necessarily intuitive; for instance, the angular deflections BAE and
EDC are not equal.

continues to be widely adopted in suspension sys-
tems of cars and trains.

Many sprawled amphibians and reptiles walk with
foot placements supporting weight with diagonal
pairs (Schaeffer 1941; Usherwood and Self Davies
2017) (Fig. 1B)—approximately the same phasing
as a trot: left hind and right fore limbs support
weight and retract as right hind and left fore swing
forward in protraction, and vice versa. This action
can be viewed as the motions of alternating Watt’s
linkages, with the links formed from: a hind limb
with foot in contact with ground; a back linking
hip and diagonal shoulder; the diagonal forelimb
(also with a foot on the ground); and with the
fourth link provided by the ground connecting the
two diagonal feet.

An ideal Watt-linkage quadruped would require
minimal craniocaudal (fore-aft horizontal) forces and
very nearly zero limb work if roll can be neglected.
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Derivation of force profiles for near zero-
work gaits approximating Watt’s linkage

If we assume a duty factor of ¥ (each foot spends
exactly half the stride cycle in contact with the
ground) and trotting limb phasing (simultaneous di-
agonal fore and hind foot contact), neglecting roll or
ground reaction forces other than from the limbs (i.
e., weight support or drag from a trailing tail), the
limb forces resulting in zero limb work—achievable
for a sprawled animal using something akin to
Watt’s linkage as a mechanism—can be calculated.
Watt’s linkage results in zero work if there are
zero fluctuations in height or velocity and so contin-
uous, constant weight support mg. Resolving vertical
reaction forces F, from hind and forelimbs gives:

Fz, fore + Fz, hind = Mg (1)

If there are also no changes in pitch, pitching
moments imposed due to hind and fore limb forces
must cancel:

Fz7 fore Tfore + Fz,hincl Thind = 0 (2)

where g and mynq give the moment arms about the
center of mass of vertically orientated forces from
fore and hind feet, respectively.

These moment arms change through stance, with
front foot progressing toward the center of mass
(decreasing the magnitude of rg,.) contrasting with
the hind foot translating further from the center of
mass. Taking nose-up pitching as positive,

Lstance

2

Tfore = (1 - p)Lback + stancez (3)
where L,q is the back length, defined as the dis-
tance between front and hind foot placement, with
the center of mass located at a proportion p between
hind and front limbs. p is determined from mea-
sured vertical impulses and the ratio of weight sup-
ported by forelimbs as a proportion of total
supported weight:

_ IFZ, foredt
J‘Fz. foredt + IFZ, hinddt'

p (4)

and which may also be approximated through ana-
tomical measurements.

Stance length, Lyunce is the distance traveled dur-
ing one stance—assumed to be the same for front
and hind limbs. f is the proportion of stance
duration.

J.R. Usherwood
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Fig. 2 Key geometries for deriving limb force profiles for a
sprawled animal approximating a Watt’s linkage as applied to an
Alligator (sketch derived from Willey et al. (2004)).

Contrasting with 7g, e,

L -
Thind = — <prack - st;nce + Lstancet> . (5)

Combining Equations (1)—(4) gives the force pro-
files of fore and hind limbs through stance:

1 L L .
Fz, fore:Emg<2p_w+2wt>; (6)

iback Lbalclk

m ~

FzA, hind = Mg — mgp + 8Lstance _ stance 7 (7)
2 Lpack Liack

This development allows model force profiles to
be calculated given only a single side-view image (as
in Fig. 2), weight mg and weight distribution p.
Force profiles from these expressions provide a rea-
sonable match with those reported for a walking al-
ligator (Fig. 3) in as much as the horizontal forces
are relatively low and the fore forces are skewed high
in late stance, while hind forces are skewed high in
early stance.

Note that these skews are not an inevitable con-
sequence of having forelimbs progressing toward the
center of mass, and hindlimbs traveling away. Were
the weight-supporting feet to average directly under
their respective shoulders and hips, and the forces to
be orientated through these proximal joints—as gen-
erally assumed in vaulting or bouncing idealizations
—vertical force profiles would be symmetrical and
there would be large deceleration—acceleration
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Linkages and the zero limb-work gait
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Fig. 3 Modeled (hind, gray lines; fore, black) and measured
forces of a walking alligator (Willey et al. 2004). Forces modeled
assuming a near zero-work gait, potentially facilitated by motions
approximating a Watt’s linkage with vertical-axis rotations of hip
and shoulder. Model and empirical force traces are aligned by
centroid of total vertical force.

craniocaudal forces. Skewed forces are the result of
resolving pitching moments at the same time as
more-vertical-than-purely-axial forces.

The principle revealed from Watt’s linkage

Watt’s linkage allows weight to be supported during
translation of the center of mass without demanding
mechanical work from the limbs. This requires that
rotations about joints are achieved without torques
about the same axis. The sprawled posture enables
this, as the axis of rotation of hips and shoulders
approximates vertical—the direction of weight sup-
port—and forward motion is horizontal. The anal-
ogy of the boom of a sailing boat demonstrates that
this could feasibly be achieved with biological struc-
tures without unrealistic mechanisms: the boom,
analogous to femur or humerus bones, resists com-
pression and achieves low-resistance rotations about
the mast supported by tension along the sail (up) or
boom vang (down) (Fig. 4), analogous to passive
tensile tissues acting across shoulder or hip. The gen-
eral principle is simple: horizontal translation need
not demand mechanical work if weight can be sup-
ported with frictionless vertical-axis joints.

But no animal is a perfect Watt’s linkage-

A quadruped with rigid links forming Watt’s linkage,
especially with relatively short limbs and long back,
would require fluctuations in energy for a non-
point-mass body: the back yaws, so fluctuations in
rotational energies would require cycling of work.
Further, to varied extents, animals bend their backs
and have mass centers located other than centrally
between hips and shoulders. An expectation of true
zero limb work in amphibians, lizards, and crocodi-
lians might be foolish, and analogy with Watt’s

Mast

V Boom

Vang

Fig. 4 The boom of a sailing boat demonstrates that vertical
forces can be opposed with passive structures while allowing free
horizontal rotations about a vertical-axis joint. The boom is free
to rotate about the mast (double headed arrow) while loaded in
compression; vertical forces are supported with tension (dashed
arrows) upward (sail) and downward (boom vang or kicking
strap).

linkage should be made with caution. However,
while Watt’s linkage is the simplest that can be con-
ceived for effective quadrupedal locomotion with
near-zero limb work, this does not prevent more
complex linkages from achieving the same—or
slightly better—lack of resistance to horizontal travel.
Does lateral flexion of the back necessarily mean
mechanical work demand? No, not if the flexion
can be achieved with rotations of vertebrae with ver-
tical axes. This principle is exploited in some toy
snakes.

The screen support and the tortoise: the
potential for true zero limb work

Monitor screens are often mounted to walls with a
two-link mechanism enabling free translation of the
screen while providing weight support (Fig. 5A).
Again, this linkage divorces weight support from
motions with vertical-axis joints and horizontal
movements. This two-joint mechanism can be
viewed as an analogy for a sprawled limb with not
only vertical hip (or shoulder) joint, but also a
vertical-axis knee (or elbow) joint. This is definitely
not intended to be an accurate reduction for tortoise
limb action, which certainly does include a degree of
rotation, particularly of the distal limb segments, in
parasagittal planes (Schmidt et al. 2016). However,
the principle provides an additional degree of free-
dom (per limb) which means that horizontal trans-
lation can be continuously supported without
horizontal force or fluctuations in height.
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Fig. 5 The tortoise modeled as having two vertical-axis joints
per limb, as in a pull-out monitor screen (A), allows not only
exactly straight-line, horizontal, zero-work motion of the center
of mass (green line ahead, yellow behind, (B)), but can also
continuously prevent both pitching and rolling moments.

Center of mass translation could be achieved with
zero limb work throughout stance; further, rotations
(in roll, pitch, or yaw) could be completely avoided
given a suitable footfall pattern (Gray 1944; McGhee
and Frank 1968; Jayes and Alexander 1980). A model
for tortoise forces was developed by Jayes and
Alexander (1980) (equivalent to the derivation above
but also resolving roll), originally to explore the
requirements of avoiding excessive pitch and roll
deflections in very slow gaits. The same assumptions
and model (so not repeated here) resulting in zero
roll, pitch, horizontal or vertical acceleration also
results in a zero limb-work—not merely work min-
imizing—gait. Tortoises approximate this mechanical
analogy: giant Galapagos tortoises have been mea-
sured achieving near-constant weight support overall
(Zani et al. 2005); individual limb vertical forces
(Jayes and Alexander 1980; Fig. 6; see
Supplementary Movie 1) approximate those pre-
dicted to provide continuous weight support without
rolling or pitching (Jayes and Alexander 1980); and
limb horizontal forces can be low. Limb forces may
impose considerable moments about hip and shoul-
der joints, but do not demand mechanical power as
long as both forces and joint axes are vertical.

The sprawled posture and walking gait of tortoises
should not, therefore, be considered in some way
mechanically deficient because they lack “pendular
transduction” between kinetic and potential energies.
Such interchange provides no advantage in the hy-
pothetical extreme of absolute zero limb work.

J.R. Usherwood
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Fig. 6 Measured (bold colored lines bounded by +/SD) and
modeled force profiles for a walking tortoise. Model and em-
pirical force traces are aligned by centroid of total vertical force.
The model is for a tortoise that supports continuous, straight-
line motion of the center of mass without pitching or rolling
following Jayes and Alexander (1980). In this model, which has
exactly three limbs supporting weight throughout the gait cycle,
rapid transitions in force are required, which would be physio-
logically unrealistic (as discussed in Jayes and Alexander (1980)).
However; this is not a necessary feature of the zero limb-work
strategy; if periods of three-limbed support were interspersed
with periods of four-limbed support, smooth transitions in force
would be possible. However, the system then becomes overde-
termined for periods of the gait cycle, making prediction of
forces at these times with the current model impossible.
Modeled vertical force profiles (gray hind; black fore) and zero
horizontal forces would result in zero mechanical work demand
from the limbs in supporting body weight during translation.
Measured vertical forces broadly match modeled (N 10 (hind)
and 8 (fore) stances), and horizontal forces (shaded color
regions) are low, agreeing with Jayes and Alexander (1980).

It should be highlighted that, while a sprawled
posture indicates that at least some joints within
the limbs are orientated at least some way toward
vertical, the tortoise leg is certainly not composed of
only purely vertical joints. The screen-support mech-
anism is intended to demonstrate a potential physi-
cal extreme and a feasible realization of this extreme
—that zero limb work progression is possible with
vertical-axis joints. The consistency between zero-
work force profiles and measured tortoise limb
forces is encouraging; however, no quantification is
attempted here concerning the relative contributions
of vertical-axis joints and other potential straight-
line mechanisms.

What of the parasagittal limb?

The parasagittal limb of most mammals and many
dinosaurs contrasts with sprawled limbs in that they
operate predominantly in the forward-back, up-
down plane. As a result, their joints must rotate
about lateral axes, and the principles of economical
weight support demonstrated by Watt’s linkage can-
not be exploited. Does this mean that the
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Linkages and the zero limb-work gait

parasagittal limb is inherently unable to provide
purely vertical forces throughout stance and the
zero limb-work in stance condition approximated
by tortoises? Theoretically at least, no.

The Peaucellier linkage: a hypothetical zero
limb work parasagittal limb

Many linkages have been described and implemented
that achieve parasagittal limb motions using lateral-
axis joints that support weight with near-horizontal
motions of the functional “hip” or “shoulder,” main-
taining also low horizontal forces, resulting in low
mechanical work demands. A full survey of these
linkages falls beyond the scope of this article; how-
ever, the Chebyshev “Plantigrade machine” displayed
in Paris in 1878 and the more modern “Strandbeest”
of Jansen deserve particular note (and are effective
internet search terms). The Peaucellier linkage
(Fig. 7) demonstrates that the extreme—of perfect
horizontal translation, zero limb work weight sup-
port during translation—is theoretically achievable
using parasagittal limbs.

However, this linkage is not typically adopted in
walking machines. It is limited in practical utility as
a leg because the bottom link must be kept vertical;
and this is only achieved (without a foot that actu-
ally grasps the substrate) if the force vector passes
through the foot; step length is limited to foot
length. It also deviates sufficiently from animal
form that, even if this exact linkage did offer bene-
fits, this limb design might not be achievable by any
reasonable evolutionary process. The point still
stands, however: parasagittal limbs with lateral-axis
joints could require exactly zero limb work associ-
ated with weight support during travel.

A biorealistic four-bar linkage could
achieve near-zero-work weight support

No simple four-bar linkage results in a perfectly
straight-line mechanism; however, many possibilities
exist that get very close (Norton 1992).
Approximately straight-line horizontal motion sup-
porting very nearly pure vertical forces—and so al-
most zero-work weight support during stance—
could be achieved with a broadly biorealistic four-
bar linkage with appropriately tuned dimensions
(Fig. 8; Supplementary Movie 2).

Low-fidelity prototypes of four-limbed models
(Supplementary Movies 3, 4) using the tuned four-
bar linkage show how weight can be supported con-
tinuously with a footfall pattern providing a contin-
uous base of support (each limb contacting the sub/
superstrate for three-fourth of the stride cycle, with

Foot !
Distal link

—
Limiting step length

Perfect straight line

Figure 7

Fig. 7 The Peaucellier linkage demonstrates that perfectly
straight-line motion can be achieved with a parasagittal limb
consisting of only lateral-axis joints; weight could be supported
during steady, horizontal translation without requiring work.
Three postures in a sequence are shown (A), and combined in a
body-fixed frame of reference (B). The red boxes provide a fixed
body-reference for comparison between postures and presenta-
tions. The joint within the red box—the functional hip or
shoulder—is free to rotate. In addition to no horizontal forces or
fluctuation in vertical force during translation, no moments are
applied to the body; the red box does not rotate. The linkage is
not similar to any limb described in nature and is limited to
providing weight support when the proximal joint is above the
supporting “foot.” Beyond this, the most distal link is not main-
tained vertically, and the linkage collapses.

forelimb contacting one-fourth the cycle after the
hindlimb on the same side). These models support
the prediction: the body need not rise or fall during
stance, and the limbs oppose only those horizontal
forces associated with joint friction.

Is such a strategy perfectly adopted by parasagittal
quadrupeds such as mammals? Certainly not: most
large mammals walk with a duty factor (0.6-0.7,
Usherwood and Self Davies 2017) that is insufficient
to meet the requirements of continuous weight sup-
port without rolling and pitching (= 0.75, Jayes and
Alexander 1980); fore-aft forces are sometimes con-
sistent with approximately axial limb loads
(Alexander 1989) as are energy fluctuations (e.g.,
Cavagna et al. 1977); and some degree of stiff-
limbed vaulting is broadly consistent with somewhat
M-shaped vertical forces typical of moderate to large
walking mammals, and footfall timing during
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Fig. 8 An appropriately tuned four-bar linkage allows very nearly
straight-line motion with lateral-axis joints resulting in a parasa-
gittal limb. Three postures in a sequence are shown (A), and
combined in a body-fixed frame of reference (B). This linkage
produces near-horizontal motions between foot and hip or
shoulder; resulting in very low work demand during steady
translation supporting body weight. The red link provides a body-
fixed reference: joints at each end are free to rotate, but this link
is fixed to the body. The linkage could be viewed as broadly
biorealistic, with a zero-length-change tension element (blue)
that could represent a completely passive ligament or low-cost,
isometric muscle-tendon unit. The triceps (forelimb) and quad-
riceps (hindlimb) could approximate this role in the upper seg-
ments of upright parasagittal mammal legs, though other joints,
structures, and indeed linkages of greater complexity could all
contribute toward generating a straight-line mechanism with low
limb work demand.

grazing (Usherwood and Smith 2018). However,
while perfect zero-work walking is certainly not
adopted by large walking mammals, the hypothetical
extreme case presented here may provide a useful
concept when considering function and diversity of
two-joint muscles. For instance, do some species ap-
proach zero-work strategies more closely than
others?

Discussion

The success of work-minimizing accounts for walk-
ing and running in point-mass models of bipeds
(Alexander 1980; Srinivasan and Ruina 2006) is ap-
pealing ... or perhaps beguiling. Some form of min-
imization of mechanical work has also been invoked
as an account for quadrupedal gaits (Alexander 1980;
Ruina et al. 2005; Srinivasan and Ruina 2006; Xi
et al. 2015; Polet and Bertram 2019; Usherwood
2019). However, quadrupedal gaits could, provided
appropriate straight-line mechanisms were anatomi-
cally realizable, require consistently zero power, at
least in terms of the limb mechanical work associ-
ated with weight support during steady translation.

J.R. Usherwood

Vaulting in quadrupedal walking should therefore
NOT be viewed as a strategy for maximizing me-
chanical economy using direct analogy with bipedal
work minimization, unless near-axial loading is al-
ready accepted as a given for some reason
(Alexander 1980; Xi et al. 2015; Polet and Bertram
2019). Even in bipeds, a finite pitch moment of in-
ertia and non-axially loaded legs reduce mechanical
work demands in running (Usherwood and Hubel
2012). Alexander identified the potential energetic
advantage of some form of linkage for quadrupeds,
formed of links consisting of bones and muscle or
passive tension tissues (Alexander 1976, 1988, 1991),
including the potential of two-joint muscles and
pantograph mechanisms, but stated “mammals
seem not to have adopted this [these] solution[s]”
(Alexander 1991). He therefore focused his modeling
of large parasagittal locomotion on strategies for work
minimization given the assumption of axially loaded
limbs. The case of the tortoise, however, demonstrates
that near-zero stance-work limbs are sometimes realized
in biology; and it may be worth revisiting the role of two-
joint muscles and four-bar linkages in small, flexed-limb
mammals exhibiting slow, level locomotion. The zero
limb-work strategy provides a good account for the verti-
cal force profiles and (absence of) horizontal forces in al-
ligator and tortoise (Figs. 3 and 6) and offers a useful
fundamental mechanical paradigm in addition to those
of pendular vaulting and spring-like “bouncing” gaits de-
scribed for parasagittal bipeds and quadrupeds (Cavagna
et al. 1977). When expressed in terms of energy fluctua-
tions, as has become the convention when describing “ki-
netic” definitions for gaits, the zero-work paradigm is
easily identified (Fig. 9). The walking, “inverted pendu-
lum” or “vaulting” gait described for slow bipeds and
large, parasagittal quadrupeds (since Cavagna et al.
(1977)) is characterized by out-of-phase fluctuations in
kinetic and gravitational potential energy (KE and GPE
respectively) and generally low limb work because forces
are broadly perpendicular to velocities during the vaulting
phase. The “bouncing” gait of running, hopping or trot-
ting shows in-phase fluctuations of kinetic and gravita-
tional potential energy (see Cavagna et al. (1977) and
Biewener (2003) for a current text-book presentation)
with relatively high limb works due to forces and velocities
deviating from perpendicular. Some degree of recoil from
elastic structures prevents all the positive limb work from
being demanded de novo each step. The zero-work gait
would be characterized by zero fluctuations in kinetic or
gravitational potential energy, just as would be observed
for a rolling wheel or round ball.

The straight-line mechanisms described here dem-
onstrate the theoretical potential for such gaits to be
achieved with passive structures, without the
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physiologically cost of activating muscle to oppose
weight-induced forces or for simultaneous positive
and negative power generation/dissipation.

Why do large mammalian quadrupeds not adopt
zero limb-work gaits? Limbs adapted for high speed
locomotion, especially noting the costs associated
with protraction (a requirement for legged locomo-
tion but not wheeled) and advantages due to axial
limb loading, might well invalidate some of the
assumptions in this article. Whether this is necessar-
ily the case among mammals, especially small, slow,
and flexed-limbed quadrupeds, deserves further
attention.

Practicalities 1. What differentiates a “zero-
work gait”? How do I know if an animal is
(nearly) adopting one?

The GPE-KE idealization for distinguishing gaits
(Fig. 9) may serve to demonstrate the principles be-
hind distinguishing between the three “gait para-
digms,” but the reality may often be gray. No gait
results in an absolutely zero fluctuation in KE and
GPE; when is “nearly zero” near enough to indicate
approximation to the zero limb-work gait? One ap-
proach to this is to declare how much fluctuation
would be consistent with the alternative gait para-
digms. For vaulting gaits, this is simple to calculate
for parasagittal animals assuming stiff-limbed geom-
etries. At low walking speeds, potential energy fluc-
tuations as a proportion of those predicted from
vaulting—termed the Compression Ratio
(Usherwood et al. 2007)—in dogs is approximately
60%. At moderate to high walking speeds, this falls
to approximately 20%. Might this imply that the
“vaulting” gait paradigm transitions toward the
“zero limb-work” paradigm with speed? How this
criterion might be applied to sprawled animals is
more problematic: how much “should” a tortoise
go up and down if it was using a vaulting gait?
But that also highlights a point being made here:
perhaps it is obvious that a sprawled animal
“shouldn’t” go up and down much ... but there
again, another way of putting that is to say “why
wouldn’t a sprawled animal be using a zero limb-
work gait?”

Limb powers can be calculated from measured
single-limb forces and center of mass motions. An
animal approximating a zero limb-work strategy
would display approximately zero limb powers. The
challenge with this is that, unlike the energy fluctu-
ation approach, it is less immediately apparent what
power profiles would be consistent with the alterna-
tive gait paradigms; this may be solved in the future.

Idealized walk gait:
‘vaulting’ or ‘inverted pendulum’

B
Idealized run, hop or trot gait:
‘bouncing’ ,
/\/\/\/\/KE
l
l
I
I
|
|
c Idealized
zero limb-work gait KE

Fig. 9 “Kinetic” definitions of gaits based on energy fluctuations
through the time of (following Cavagna et al. (1977) and
Biewener (2003)): walking, vaulting or “inverted pendulum gaits”
(A); running, hopping, trotting, or “bouncing gaits” (B); and the
proposed “zero limb-work gait” available to quadrupeds, or
bipeds with very large pitch moments of inertia (C). The
“inverted pendulum” mechanism involves out of phase fluctua-
tions of kinetic and gravitational potential energy; when the body
is high (dashed lines), with high gravitational potential energy
GPE, it is also slow, with low kinetic energy KE. This involves
relatively low limb work as forces and velocities are maintained
broadly perpendicular to each other—as in a pendulum. The
“bouncing” gaits show in-phase fluctuations of kinetic and gravi-
tational potential energy (when GPE is high, so is KE) and so
relatively large fluctuations of mechanical energy, associated with
forces and velocities deviating from perpendicular. Some energy
may be returned each step through elastic recoil. The “zero limb-
work gait,” when ideal, shows zero fluctuation in kinetic or
gravitational potential energy—just as would be the case for a
vehicle rolling on circular wheels.

But without these comparisons with which to com-
pare the measured limb powers, it will be difficult to
assert that a power is sufficiently near zero to be
interpreted as indicating adoption of the zero limb-
work strategy.

Force profiles offer a better indicator that zero
limb-work strategies are being adopted—hence the
approach taken here. At least in their simplest ren-
ditions, neither pendular “vaulting” nor spring-like
“bouncing” gaits would predict skews in vertical
ground reaction force; and both would result in axial
limb forces resulting in large horizontal forces.
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So, when a gait is measured that meets the follow-
ing criteria, perhaps we should infer that the zero
limb-work gait strategy may be being approached:

(1) for parasagittal animals, a low compression ratio
(a relatively small fluctuation in height with re-
spect to stiff-limbed vaulting);

(2) an early skew in hindlimb vertical force;
(3) a late skew in forelimb vertical force; and

(4) low horizontal forces, such that forces are orien-
tated more vertically than through proximal (hip
or shoulder) joint.

That many of these criteria may also be met in
animals adopting gaits currently described as vault-
ing or bouncing gaits suggests that these gait distinc-
tions are not all-or-nothing; there may be gradual
transitions between gait strategies, and a gait may
be nearly-but-not-quite zero limb-work and may
also display vaulting or bouncing kinetics.

Practicalities 2. How do I know if a
structure, mechanism, or tissue is
facilitating a (nearly) zero limb-work gait?

While I have demonstrated that it is possible for
vertical-axis limb joints in sprawled limbs, and linkages
in parasagittal limbs, to result in zero limb-work weight
support during translation, I have not demonstrated
that this is actually the case in any system. Where should
we be looking and how do we know if we have found
such a structure, mechanism, or tissue? The principle is
simple: a mechanism that allows horizontal motions
without horizontal forces can facilitate the zero limb-
work strategy. Vertical-axis joints do this perfectly, but
near-vertical would also be pretty effective.

I have shown one potential four-bar linkage that
would enable near-zero limb-work; however, many
others exist, and there is no reason for biological
limbs to be limited to only four bars. When might
a link or linkage be interpreted as functioning to
enable a near-zero limb-work strategy in a parasagit-
tal limb? First, the linkage must be flexed at mid-
stance: in order for zero vertical motions, the leg
must be more compressed at midstance than at the
extremes of stance. Second, each link of the linkage
must be isometric: each supports a load without
deflecting and all avoid either negative or positive
work. Third, the range of positions accessible to
the linkage must be broadly horizontal.

If we are interested in exploring the tissues that
enable low-work translation during weight support,
we presumably accept bone to be rigid, and should
focus on muscle-tendon units that do not change

J.R. Usherwood

length, and so do not perform work. The muscles
involved may therefore be relatively small. They may
also change depending on context. Nevertheless, they
may prove to be vital for facilitating economical
locomotion.
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Synopsis

German Gliedmaflen sind vielfiltig, komplex und dienen
vielen Funktionen. Eine definierende Anforderung an
Gliedmaflen ist energie-effiziente Fortbewegung. Dies
konnte theoretisch ohne Verlust mechanischer Energie
erreicht werden wenn sich der Korperschwerpunkt entlang
einer horizintalen Linie bewegt, und daher nur durch ver-
tikale Kréfte unterstiitzt wird, so wie Fortbewegung auf
Ridern, eine Fortbewegunsweise der Schildkroten nahe
kommen. Wenn wir annehmen dass diese Strategie es
Vierbeiners erlaubt mechanische Arbeit auf null zu redu-
zieren, kann diese Strategie die Struktur, Haltung und
Vielfalt sowohl der gespreizten als auch der parasagittalen
Extremititenfithrung erklaeren? Wir beantworten diese
Frage indem wir verschiedene Gelenkmechanismen aus
der industriellen Revolution betrachten. Das Wattsche
Parallelogramm entspricht Wirbeltieren mit gespreizten
Gliedmaflen im Kreuzgang, und es zeigt wie Gelenke mit
vertikaler Achse eine annihernd geradlinige horizontale
Fortbewegung ermoglichen und gleichzeitig minimale
mechanische Leistung erfordern. Ein zusitzliches Gelenk
mit vertikaler Achse pro Gliedmafle fithrt zu einem
Glenkmechanismus der einer ausziehbaren Bieldschirm
Wandhalterung gleicht und der Fortbewegung ohne mech-
anische Arbeit fuer Gewichtsunterstiitzung und ohne
Fallen oder Umfallen ermdglicht. Dies steht im Einklang
mit Kraftprofilen, die bei Schildkréten beobachtet werden.
Die Peaucellier-Geradfiihrung zeigt, dass parasagittale
Gliedmaflen mit Seitenachsengelenken auch der ,arbeits-
freien Gliedmaflen Stategie” folgen konnen. Geeignet
abgestimmte Gelenkviereckverbindungen zeigen, dass dies
fiir gebogene, biologisch realistische Gliedmaflen mdglich
ist. Wihrend Gehginge typischerweise eine
Phasenschwankung in der kinetischen Energie des
Massenschwerpunkts und des Gravitationspotentials auf-
weisen und Lauf-, Sprung- und Trabginge durch gleich-
phasige Energiefluktuationen gekennzeichnet sind, wire
die kinetischer oder potentieller Energie von gehenden
Schildkroten schwankungsfrei. Dies unterstreicht, dass
einige Gangarten, insbesondere die von Tieren mit
gespreizten oder gebeugten Gliedmaflen, nicht den gegen-
wirtigen kinetischen Gangdefinitionen entsprechen. Als
zusitzliches  Gangparadigma wird die ,arbeitsfreie
Gliedmaflen Stategie “vorgeschlagen.

J.R. Usherwood

Synopsis

Japanese ENNOBNTZ B DEMT « 155 O&EIRIE,
TWs. B RETNELTEREHROVEDIT » HAIZED
FHEM RS THE LT OBEIRIE-T AN E T BN 5.
LURED ZERFTED I ORT ZZ2HN » HBE IO
LK 28 T anid - I « Tl
X2 Rocn i » $2ERRSBITHRERENS. ChiE=E
BN H IR LB ESENERZET HY  VIH ADST
THEMTERREITEN. LSNP TUE ST IHETIRENN
OB ITITEIBAIT B2 OIC T ELEEFIREIE T
HaETNE -« FERDET B RITOR L 2 2R BT
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LR REOIIITHERTNE LVOESIN P DR
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WA —CTONCEIRENIBZNERLTVS. ST &
VOB (IC =B SHRIAR 2B T 5L » S ERICERITIFIZ5]
HREZST —LITH L (AR EFTEOMKITED
'OCT » POEERELEIORVILESEIN B ae kb, &
niE - VI AT RSN O 077 1LESARLTVS. Fi
RO T—Y T % Peaucellier ")7—yid  FEAEARS
FRRLLRMREANT HEEmd X (FHRMOR) Th
TEV OOBISLZER TR T HAICERRL TS, &b
(T~ AN =Y @IS HCET » M
IMIREIRET SO T L~ 1157 R D SE LS
EIRU e T HASEN REENTE. 51T TRUFL
s EEDPOCOVTOESH IR EEART Y w)LIR
ILXDIEAICT I shs. —F7 -~ EIT (0Z27) -
o7 b Oyh TR IRILE BN UAR T RIS TVS. Ch
BITHELT s WIHATEMENE TRt 24 08 )
TIHBERNTRILKERT Y oL IR OREN T 0T H5S
EEZNNA. COIRLX ZEOWIEREVD » HAIEDS
B (gait) » ENDF R ECR B OZE R LAV EMID
Thid > IREOEFHENSBOEEICHDLRVE] AR
FEWNCTH. 22T~ FERSBNITF ML, TTIILE
7 OEXBR (zero limb-work strategy) #2083 %,
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Synopsis

Polish Nogi zwierzat sa roznorodne, maja zlozona budowe
i pelnia wiele rol. Jednym z podstawowych zastosowan
konczyn jest ulatwienie przemieszczanie si¢ naziemnego
przy pewnym stopniu oszczednosci (energetycznej).
Teoretycznie, gdyby cialo (a wlasciwie jego srodek masy),
podparte przez pionowe sity reakcji, niczym koto, moglto
przemieszcza¢ sie jedynie w plaszczyznie poziomej, chod
moglby odbywac si¢ bez strat energii mechanicznej.
Warunek ten jest w przyblizeniu spetniony przez chodzace
z6twie. Jesli przyjmiemy, ze minimalizacja kosztu pracy
moze byc¢ strategia u czworonogéw, jak mozna interpreto-
wac strukture, ustawienie i réznorodno$¢ zaréwno konc-
zyn ulozonych bocznie, jak i bardziej pod cialem? Aby
podejs¢ do tego pytania, w pracy rozwazane sa rozne
potaczenia i tancuchy mechaniczne, ktérych opis wywodzi
sie z rewolucji przemyslowej. Prostowéd Watta zapewnia
analogie dla kregowcow z konczynami umieszczonymi
bocznie, ktére wykorzystuja podparcie konczyn po prze-
katnej, 1 wyjasnia, w jaki sposob polaczenia o pionowej osi
obrotu moga umozliwic¢ translacje pozioma w przyblizeniu
w linii prostej, wymagajac minimalnej mocy mechanicznej.
Dodatkowe polaczenie o pionowej osi obrotu, analogiczne
do ramienia montazowego, ktore pozwala na odsuniecie
monitora od $ciany, umozliwiloby translacje przy zerowej
pracy mechanicznej ze wzgledu na podparcie cigzaru oraz
bez przechylania si¢ lub przewracania. Jest to zgodne z
profilami sily obserwowanymi u z6twi.

Prostowdd Peaucellier pokazuje, ze konczyny ze stawami o
bocznej osi obrotu (zawarte w plaszczyznie poprzecznej)
réwniez umozliwiaja osiagniecie strategii zerowej pracy.
Odpowiednio dopasowane czteropunktowe potaczenia
wskazuja, ze jest to mozliwe w przyblizeniu dla ugietych,
biologicznie realistycznych konczyn. Dla przemieszczania
sie w postaci typowego chodu, zwykle obserwuje sie
zmiany energii kinetycznej i potencjalnej $rodka masy
w przeciwfazie, zas lokomocja w postaci biegu, wielosko-
koéw czy tez ktusu charakteryzuje sie fluktuacjami energii o
zgodnej fazie. Z kolei strategia zerowej pracy konczyn,
aproksymowana chodem z6twi, wykazataby zerowe zmiany
energii kinetycznej lub potencjalnej. Podkresla to, ze niek-
tore rodzaju chodu, by¢ moze w szczegdlnosci zwierzat z
konczynami ulozonymi bardziej z boku ciata lub w usta-
wieniu zgieciowym, nie pasuja do obecnych definicji kinet-
ycznych typow lokomocji. Zaproponowano zatem dodatk-
owy paradygmat chodu — ,strategie zerowej pracy
konczyny”.
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Synopsis

French Le squelette appendiculaire des animaux est diver-
sifié, complexe et permet de réaliser de nombreuses fonc-
tions. L”une de ces fonctions principales est de permettre
un déplacement efficace en milieu terrestre. En théorie, ce
déplacement peut étre effectué avec une faible dépense
d”énergie mécanique si le corps suit un déplacement hor-
izontal tout en étant soutenu par des forces verticales
comme dans le cas d”’une translation engendrée par un
mouvement de roue: une condition atteinte par les tortues
terrestres. Comment interpréter la structure, la posture
ainsi que la diversité des membres parasagittaux et «
arqués » tout en considérant la stratégie d”atteindre un
travail de force nul au niveau des membres chez les organ-
ismes quadrupedes? Pour répondre a cette question, plu-
sieurs mécanismes décrits pendant la révolution industri-
elle sont considérés. Le mécanisme de Watt peut étre
utilis¢é comme une analogie pour les vertébrés avec des
membres « arqués » car ils offrent un support diagonal
au corps, démontrant ainsi comment les articulations le
long d”un axe vertical peuvent permettre une translation
horizontale du mouvement tout en demandant un mini-
mum de travail de force. L”analogie qui correspond le
mieux a [”ajout d’une articulation supplémentaire le
long de I”axe vertical sur chaque membre est celle d”un
support mural avec bras articulé, typiquement utilisé pour
des écrans. Ce modele permet une translation avec un
travail de force nul grace au support du poids et a 1”ab-
sence de basculement, ce qui est également observé chez
les tortues terrestres. Le mécanisme de Peaucellier
démontre quant a lui que les membres parasagittaux
avec des articulations le long d”un axe latéral peuvent
également atteindre la condition de travail de force nul.
Les mécanismes a quatre barres, avec les parametres
appropriés, fournissent également des approximations
biologiquement crédibles de la flexion des membres.
Tandis que la marche provoque des fluctuations alternées
entre [”énergie cinétique du centre de masse et 1”énergie
potentielle gravitationnelle alors que la course, le saut ainsi
que le trot sont caractérisés par des fluctuations synchro-
nisées, la condition de travail de force nul atteinte par les
tortues offre des fluctuations nulles pour [”énergie ciné-
tique et 1”énergie potentielle. Ceci démontre que certains
modes de locomotions, en particuliers ceux d”animaux
avec des membres « arqués » ou une position accroupie,
ne correspondent pas aux définitions actuelles. Un nou-
veau paradigme est donc proposé: « the zero limb-work
strategy » (terme franais suggéré: « la non-sollicitation des
membres »).
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