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Quadrupedal animal locomotion is energetically costly. We explore two
forms of mechanical work that may be relevant in imposing these physio-
logical demands. Limb work, due to the forces and velocities between the
stance foot and the centre of mass, could theoretically be zero given vertical
limb forces and horizontal centre of mass path. To prevent pitching, skewed
vertical force profiles would then be required, with forelimb forces high in
late stance and hindlimb forces high in early stance. By contrast, joint
work—the positive mechanical work performed by the limb joints—
would be reduced with forces directed through the hip or shoulder joints.
Measured quadruped kinetics show features consistent with compromised
reduction of both forms of work, suggesting some degree of, but not perfect,
inter-joint energy transfer. The elbows-back, knees-forward design reduces
the joint work demand of a low limb-work, skewed, vertical force profile.
This geometry allows periods of high force to be supported when the
distal segment is near vertical, imposing low moments about the elbow or
knee, while the shoulder or hip avoids high joint power despite high
moments because the proximal segment barely rotates—translation over
this period is due to rotation of the distal segment.
1. Introduction
Theoretical consideration [1] and computer optimization [2] of bipedal gaits
indicate that there is an inevitable cost to locomoting with finite step lengths
in terms of limb mechanical work, and that this cost is minimized with some
form of vaulting ‘inverted pendulum’ walking gait at low speeds, and a ‘boun-
cing’, running gait at higher speeds. However, these conclusions are not directly
applicable to quadrupedal gaits.

In bipeds (humans, birds, rodent and marsupial hoppers) with zero, or at
least finite, pitch moment of inertia, limb forces that do not act in line from
ground contact to centre of mass impose pitch accelerations with detrimental
energetic consequences. Axially loaded limbs—legs with force vectors passing
along the line of the leg, close to the joint centres and broadly towards the
hip—may allow passive vaulting during the stance phase of walking, but
step–step transitions require work [3,4]. In running, axially loaded limbs slow
the body both horizontally and vertically until the centre of mass is relatively
low and the supporting leg flexed, requiring work to re-accelerate and lift the
body during the second half of stance.

By contrast, the requirement of broadly axial limb loading due to pitch
avoidance does not apply to quadrupeds: their shoulders and hips are located
fore and aft of the centre of mass, so pitching moments applied from one end
can be countered by the other without resulting in pitch accelerations.
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Theoretical force profiles and foot contact timings that result
in zero vertical displacements of the centre of mass, zero
horizontal forces and zero roll or pitch accelerations have
been described [5], and are broadly consistent with observed
timings and forces of tortoises [5,6]. While the original intent
of such modelling was in exploring strategies that prevent
excessive roll and pitch despite strides of relatively very
long duration, it also demonstrates a strategy that allows
weight support and progression while approaching absolu-
tely zero limb work [6]. The term ‘limb work’ here is the
mechanical work associated with forces and deflections
from ground contact (the foot), all the way to the centre of
mass, for each leg—it does not include work associated
with accelerating the limb mass.

Body weight could be continuously and exactly supported
with purely vertical forces from the limbs. Hips and shoulders
could, therefore, translate the centre of mass perfectly horizon-
tally and, if horizontal forces are avoided, no limb power is
ever required. Force profiles of walking alligators and tortoises
appear highly consistent with this wheel-like or ‘sliding’
strategy [6] (this is not typical for mammals, particularly the
familiar, larger species—see below). Note that zero limb
work as defined here, while providing one option for demand-
ing zero work from the muscle, is not the only one. For
instance, with hypothetical perfect elasticmechanisms, or suit-
able transfer between centre of mass and rotational energies
(as in a double pendulum that may be a helpful analogy for
a swinging gibbon), limb force vectors and centre of mass
velocities are not continuously perpendicular, limb work is
performed, but no energy need necessarily be dissipated or
generated from the muscle. More importantly, finding a limb
performing low limb work would not be sufficient to suggest
lowwork from themuscle: if low limb power is achieved using
simultaneous positive and negative muscle powers, there may
still be a high, costly, muscle power demand.

Principles that might allow the zero limb-work strategy to
be achieved with low muscular work have recently been
describedwith analogy to linkages of the industrial revolution
[6]. Sprawled limbs with predominantly vertical axis joints
allow translation without joint work; by contrast, parasagittal
limbs with predominantly transverse-axis joints must experi-
ence simultaneous and cancelling positive and negative
joint powers, but this could be achieved with appropriate
passive linkages [6]. Joint power and joint work here are
those associated with moments and angular deflections or
velocities about each joint. Inter-joint energy transfer, often
due to muscle–tendon units crossing at least two joints, has
long been recognized [7], inhibiting simple calculation of
functionally relevant work from merely summing joint
works. The mechanical work required from limb muscles
in order to support the body mass during translation may,
therefore, relate to some intermediate between limb and
joint works. It is important to note that these demands on
muscle are not the only sources of physiological cost: work
and power associated with accelerating limb masses for
protraction and retraction may be significant; as may be the
costs associated with activating muscle isometrically. How-
ever, weight support during travel with low mechanical
work demand on muscle—whatever the other sources of
physiological cost—is presumably an important feature of
economical locomotion, and traits that facilitate this (in
addition to tendon elastic energy storage and recoil [8]) may
provide insight into animal form and function.
2. Paper scope
This paper aims to (i) demonstrate the contrasting demands
for limb work and joint work minimization; (ii) provide evi-
dence that quadrupeds generally show features consistent
with a compromise between the two forms of work minimiz-
ation; and (iii) show how the elbows-back, knees-forward
limb geometry can act to reduce the joint work demands of
a low limb-work stance.
(a) Axial forces reduce joint work not limb work
The existence of decelerating and accelerating impulses in run-
ning or trotting—with their associated energetic costs—does
not appear consistent with simple limb-work minimization.
While a point mass model of bipedal running demands that
limb forces must be maintained axially (along the line of the
leg from foot through centre of mass), the same is not true
for trotting. Here (figure 1), we model (details in the electronic
supplementary material) above-walking-speed gaits with a
half-sine vertical force profile sufficient to oppose body
weight (a reasonable approximation for running and trotting
[9,10]) and include horizontal forces such that ground reaction
force (GRF) vectors are continuously orientated a proportion p
between vertical and upper (hip or shoulder) joint. Limb
powers are calculated as the dot product of GRF and centre
of mass velocity. Joint powers are calculated using the force
vectors and the geometry of (i) an isolated two-joint forelimb
with backward-angled ‘elbow’ or (ii) an isolated hindlimb
with forward-angled ‘knee’ joint (figure 1). The instantaneous
power at a joint is the product of the moment created by the
GRF vector and the angular velocity of the joint at that instant.
Limb and joint works are the integrated respective positive
powers over the stance. Leg (assumed to be massless) geome-
tries are determined here with equal length upper (thigh/
upper arm) and lower (shank/forearm) elements, though
results are not sensitive to this. Initial and final height and
horizontal displacement from midstance are assumed to be
equal, resulting in a symmetrical path of the proximal joint
about midstance. The model is intended to be generic, so
absolute lengths, speeds and timings are unimportant
(powers are represented in arbitrary units); however, the
geometry is broadly appropriate for a human (1 m leg
length) sprinting at 8 m s−1 with both stance and aerial
duration of 0.125 s, landing with a slightly flexed leg (initial
start height of 0.85 m). Leg flexion/extension is prescribed
by the centre of mass trajectory and the feasible geometry of
the two-segment leg.

The simulation confirms that, for a running (trotting
or hopping)-style gait, the vertical force strategy (p = 0)
demands less limb work than the axially loaded limb [11].
This can be explained as, with purely vertical forces, only
the work required to accelerate the hip (/shoulder) up from
its lowest point is required; any deviation from vertical
forces demands an additional limb work to accelerate the
hip (/shoulder) horizontally.

By contrast, joint work is low if the forces are orientated
directly towards the proximal hip or shoulder joint ( p = 1);
purely vertical forces result in very high joint powers (figure 1).
The general principle can be explained if (i) all force orien-
tation strategies use approximately consistent kinematics,
such that each joint has broadly consistent angular profiles
across options, but (ii) GRF vectors passing close to joint



0 1.00.2 0.4 0.6 0.8

po
w

er
 (

A
U

)

proportion of stance

0 1.00.2 0.4 0.6 0.8

po
w

er
 (

A
U

)

proportion of stance

0 1.00.2 0.4 0.6 0.8

proportion of stance

0 1.00.2 0.4 0.6 0.8

proportion of stance

direction of travel

‘k
ne

e’
 c

on
fi

gu
ra

tio
n

‘e
lb

ow
’ c

on
fi

gu
ra

tio
n

0 1.00.2 0.4 0.6 0.8

proportion of stance

0 1.00.2 0.4 0.6 0.8

proportion of stance

hip

knee

limb

shoulder

limb

elbow

W
joint
+S = low

W
limb
+S = highW

limb
+S = intermediateW

limb
+S = low

W
joint
+S = intermediateW

joint
+S = high

W
joint
+S = low

Wlimb
+S = highW

limb
+S = low W

limb
+S = intermediate

W
joint
+S = intermediateW

joint
+S = high

Figure 1. The consequences of orienting force vectors vertically ( p = 0, first column), half-way between proximal joint and vertically ( p = 0.5, second column) and
directly through the proximal joint ( p = 1, third column). Stick cartoons with red arrows show proximal (hip or shoulder) and distal (knee or elbow) joint positions
and force vectors at evenly spaced instances through stance. In this case, summed positive joint and limb work is not dependent on knee/elbow orientation (for-
ward- or rearward-facing), though joint power profiles do differ. Directing force vectors continuously vertically minimizes limb work but results in high joint work.
Force vectors maintained axially, through the proximal joint, minimize joint work but result in high limb work. (Online version in colour.)
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centres result in low aggregate joint moments and therefore
joint powers. Purely vertical GRFs result in large moment
arms about the joints and high negative and positive joint
powers. Summing the positive powers and neglecting
energy transfer between joints results in high joint work
costs. With symmetrical, unskewed force profiles, there is no
difference between elbow- or knee-orientation summed joint
works, though they do exhibit contrasting joint power profiles
which will become relevant later in this paper.
Forces directed more vertically than axially indicate a
pressure towards limb work rather than joint work minimiz-
ation. Were this to be observed, it would suggest—but not
explicitly demonstrate—at least some degree of inter-joint
power transfer. Measured vertical force profiles provide
evidence of more-vertical-than-axial limb loading. It has
long been recognized [11] that vertical forces would demand
lower work requirements than axial, but also identified that
this is not consistent with observed force orientation in
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walking and running animals. This was attributed to an
absence—or at least insufficiency—of multi-joint linkages to
provide inter-joint power transfer [11], meaning that minimiz-
ation of joint work was taken as a suitable initial cost function
to consider when exploring animal limb design (though see
also [12]). Minimization of joint work does appear effective
in accounting for some features of bipedal [13] and quadrupe-
dal [14,15] gait kinetics [1]. But force vectors in bipeds
(humans: [16]; birds: [17]; wallabies: [18]) and quadrupeds
[19] are consistently observed to be orientated between axial
and vertical. If joint work was indeed the suitable energetic
cost, some non-energetic explanation is then required. Stability
is one such consideration [16] and has driven considerable
interest, not least due to the very demanding challenges
of achieving stability in bipedal robots. However, the stability
issue does not appear to translate to quadrupeds: with a
suitable pitch moment of inertia, stability in pitch is easily
achieved [20]. In quadrupeds at least, then, we interpret
orientation of force vectors between axial and vertical as
indicating a compromise between joint work (axial) and
limb work (vertical) minimization.

Vertical forces that are higher in early stance than late
may be termed early-skewed. These are widely observed in
bipeds, including young children, human sprinters and
birds. Potential explanations for this range from energetic
(children: [21]; birds: [22]) to stability [23] to anatomical
(sprinters: [24]; birds: [17,25–27]). Whatever account for early
skew is favoured for bipeds, late skew—a common feature of
quadruped forelimb vertical force profiles (figure 2)—is not
consistent with any of the accounts for skew in bipeds. Instead,
it points to pitch avoidance with a limb loading that is more
vertical than purely axial [5], a feature of low limb-work
gaits [6]. Vertical forces from the forelimb in early stance
act on a large moment arm about the centre of mass, which
reduces over the duration of stance; in order to impose both
a net-zero pitching moment and constant weight support,
this requires a vertical force profile that increases through
stance, accounting for the late skew.

Such skews (not only hind-early but also and especially
fore–late) are widespread across walking quadrupedal mam-
mals (figure 2). Further, timing of peak vertical force as a
proportion of stance acts as a convenient proxy to skew;
this is relatively early for hindlimbs and late for forelimbs
across quadrupedal tetrapods (figure 3), suggesting pressure
towards low limb-work kinetics quite generally.
(b) Vaulting reduces joint work not limb work
Limb work during weight support can theoretically be zero if
purely vertical forces constantly summing to oppose body
weight can be realized. While some form of vaulting may be
limb-work minimizing for bipeds due to costs associated
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with pitching (demanding broadly axial limb forces), the same
is not the case for quadrupeds as pitch moments can be
resolved through skewed force profiles. The parsimonious
account for limb vectors not being constantly vertical therefore
presumably falls elsewhere. Let us take the extreme case, that
between-joint energy transfer is either impossible or extremely
costly. Might this account for vaulting ‘inverted pendulum’
walking gaits?

Thegeometryof a symmetrical arcing-vault stance phase of
a single limb operating at duty factor (proportion of stride each
foot is in contact with the ground) DF = 0.5 allows themechan-
ical works associated with joints to be approximated. In the
case of a quadruped walking with relatively short steps, with
hips and shoulders relatively far from the centre of mass,
issues surrounding pitch can be neglected. In this case, the
strategy for limb work minimization is to maintain a constant,
horizontal hip (/shoulder) joint trajectory with constant verti-
cal force and zero fore–aft forces. But what would this demand
in terms of joint power for a parasagittal leg? This strategy
would require flexion of one or more joints (predominantly
the knee or elbow)while under bodyweight load; also, as hori-
zontal forces are to be avoided, moments about the upper joint
(hip or shoulder) are required. In the case of exactly constant
zero limb power, the positive and negative joint powers
coming from upper and lower joints continuously cancel: the
knee flexes, absorbing energy during the first half of stance,
while the hip contributes positive work; the knee extends pro-
viding positive joint power during the second half of stance,
while the hip dissipates. For a symmetrical stance, the mini-
mum joint work Wþ

joint to maintain the zero limb work
strategy is simply double the work dissipated by the knee
W�

knee (or elbow):X
Wþ

joint ¼ 2W�
knee: ð2:1Þ

The negativework performed by the knee as it compresses
to midstance depends on the vertical force (constantly oppos-
ing weight) and the limb compression as it deviates from an
arc over a foot contact about an angle ϕ. Up to midstance,

W�
knee ¼ mg(L0 � L0 cos (sin�1(f=2))), ð2:2Þ

where mg here is the weight being supported by the (hind or
fore) pair of legs and L0 the initial leg length. The summed
joint work for the horizontal, zero limb work strategy, over
the entire stance, is therefore (using small angle assumptions)
approximately:

X
Wþ

joint ¼ 2W�
knee ¼ 2mgL0 1� 1� f2

4

� �� �
¼ mgL0f2

2
:

ð2:3Þ

http://www.timetree.org


Table 1. Contrasting force requirements for limb-work and joint-work
minimization while avoiding high pitching moments in quadrupeds. Vertical
force profiles of walking mammals are generally consistent with a
compromise between the two, with some degree of ‘M’ indicating vaulting
and collision-reduction consistent with joint-work minimization, and some
degree of skew (early hind, late fore) consistent with pitch-avoidance
despite more-vertical-than-axial limb forces, a feature of limb work
minimization.
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orientation of
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vertical; zero

horizontal
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vertical force
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The alternative extreme strategy is to vault with a curva-
ture resulting in an arc of radius L0. This would require zero
knee flexion, purely axial limb forces, and be achievable pas-
sively over the majority of stance, but would result in work
during the step transition. Adopting the collisional analysis
approach [3,4], the work demanded from such a transition
can be approximated for small angles by

Wtransition ¼ JmV2f2

2
, ð2:4Þ

where the term J is a ‘collision reduction factor’ [4] and is
dependent on the details of step transition geometry. A low
value (J = 0.25) would be achieved with a very brief, high-
force impulse perpendicular to the path of the supported
mass at the end of the vault, timed immediately before tran-
sition. Something approximating this strategy—effectively
the push-off at the end of stance familiar to walking adult
humans—accounts for the second hump in M-shaped vertical
ground reaction forces; the first hump is associated with the
rapid deceleration following heelstrike. With the idealized
‘inverted pendulum’ strategy of walking (whatever the value
of J ), no work is performed during the vault, during which
axial forces are continuously perpendicular to the hip joint vel-
ocity. The summed positive joint work is thus the same as the
limb work—that associated with the step transition.

It is convenient to express velocity in a non-dimensional
form V̂ ¼ V=

ffiffiffiffiffiffiffi
gL0

p
to allow comparison across sizes (see [40],

though note that this form is the square root of their version of
Froude number). With this normalization, the human walk-
run transition typical occurs at close to V̂ ¼ 0:7. Substituting
non-dimensional velocity for velocity gives the condition for
which the extreme vaulting strategy results in lower joint
work than the horizontal-path, zero limb-work strategy:

JmV̂
2
gL0f2

2
,

mgL0f2

2
ð2:5Þ

and

V̂ ,

ffiffiffiffiffi
1
2J

s
: ð2:6Þ

With no collision reduction, the vaulting strategy requires
lower joint work than the constant horizontal strategy up to
V̂ � 0:7; the transition occurs at higher (relative) velocities
with more effective (lower J ) collision reduction mechanisms.
This comparison demonstrates that vaulting reduces joint
work—at the cost of above-zero limb work—at low speeds
and/or with effective collision reduction. (Note that only
vaulting and zero work extremes are considered; an inter-
mediate strategy presumably minimizes joint work at close
to the V̂ limit.) Vaulting with some degree of collision
reduction can be inferred from ‘M-shaped’ vertical ground
reaction forces, though we should note that models treating
the leg as an obligate spring can also achieve ‘M’ profiles
[23]. Within the vaulting paradigm, forces close to midstance
become relatively low due to the centripetal acceleration of
the arcing mass [41], while the ‘shove’ at the end of stance
and ‘crash’ at the beginning is consistent with the collision
minimizing strategy described for walking bipeds [3,4].

Among energetic (as opposed to spring-dominated)
accounts, minimization of joint work rather than limb work
is therefore required in order to account for the M-shape of
vertical force profiles for quadrupeds, a feature observed
quite widely across walking mammals (figure 2), to a greater
or lesser extent depending on speed. Table 1 summarizes the
contrasting features of limb force profiles relating to limb
work versus joint work minimization.
(c) Low limb work combined with low joint work is
facilitated by elbows-back, knees-forward posture

If we accept that parasagittal quadrupeds (predominantly
mammals, but consider also chameleons and some dino-
saurs) experience costs associated with both limb and joint
works, how might these costs be minimized? And what prin-
ciples might be discerned concerning the limb structure?
Given both the vast potential parameter space of joint
kinematics and limb kinetics, the limited understanding of
the relative weighting of limb- and joint-associated costs,
and the diversity of animal form to be considered, we limit
ourselves to a highly reductionist simplification of animal
legs. Here, we consider the forelimb and hindlimb, each con-
sisting of two segments connected by an ‘elbow’ or ‘knee’,
respectively. In reality, depending on level of biological rea-
lism demanded, there may be one [12,42] or multiple
additional segments, but here we take advantage of the geo-
metric constraints of only two segments per limb in order to
consider the implications of forward- or backward-pointing
elbows and knees: any position of proximal joint (hip/
shoulder) with respect to the foot and located closer than
one leg length from the foot can be achieved with only
two feasible positions of the elbow/knee—‘forward’ or
‘backward’ (figure 4).

In order to determine the consequences of elbow/knee
orientation in terms of joint power for limb kinetics achieving
low limb power, and also simplifying the analysis, we calcu-
late the joint powers required to support force profiles that
result in zero limb power (simulation details in the electronic
supplementary material). Conveniently, this means that only
the moment (from the vertical force and horizontal distance
of the foot from the proximal joint) and the angular velocity
of the proximal segment need to be calculated: the product of
these gives the hip or shoulder joint power, and the knee or
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elbow power is simply the negative of this value as the limb
power is the sum of proximal and mid-leg joint powers and
continuously adds to zero. This allows the joint power
profiles to be determined (figure 4) given modelled
two-segment limb kinematics and theoretical force profiles
preventing limb power (the special case of DF = 0.75, phase =
25% profile makes this continuously determinate [5]). The
full extent of the potential stance, from straight-leg to
straight-leg is modelled, though we acknowledge that this
is biologically unrealistic.
3. Results and explanation
Unlike the case for symmetrical force profiles (figure 1),
skewed force profiles result not only in different power pro-
files but also different joint work contributions (shaded
areas, figure 4). With skewed forces, elbow or knee
orientation does have a bearing on the cumulative joint
work. Further, given the low-to-high skew of forelimb and
high-to-low skew of hindlimb vertical force profiles attribu-
table to limb work minimization and pitch avoidance [6]
and generally observed among walking quadrupedal tetra-
pods (figures 2 and 3), the orientation minimizing joint
work for parasagittal legs is as usually observed in mammals
in nature: elbows-pointing backwards and knees-pointing
forwards. The physics underlying this phenomenon can be
explained with simple geometrical principles, indicating
this to be a general mechanism relevant to support with
skewed vertical forces, and not limited solely to the special
case of perfect zero-limb-work skew. For the normally orien-
tated backwards-pointing elbow or forward-pointed knee,
the higher forces are supported when the distal segment is
close to vertical, resulting in small moment arms and so
low elbow or knee power. Over this period, the large
moment arms about the shoulder or hip coincide with high
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vertical forces, but fail to result in high shoulder or hip joint
powers because the proximal segment rotates at low angular
velocity; translation is achieved predominantly due to
rotations of the near-vertical distal segment. By contrast,
counter-factual elbow and knee orientations (figure 4b)
impose the greatest loads at instances of high angular velocity
and high moment arm of shoulder and hip, resulting in
higher summed positive joint work demand.
 .org/journal/rspb
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4. General conclusion
Evidence that gait kinetics of many parasagittal quadrupeds
appears to be influenced by both limb and joint power
reduction, and the geometric development considering strat-
egies to reduce both, point to a novel, energetic account for
the elbows-back, knees-forward geometry of parasagittal
quadrupeds. A reverse accounting—that the elbow and knee
orientations drive the contrasting skews in vertical force—may
be plausible, but would not easily account for the distribution
of skews among non-parasagittal, sprawled tetrapods (figure 3).

The caveats concerning deviation from reality (especially
neglecting the action of the shoulder in the forelimb or
ankle–toe segment of the hindlimb) should be remembered.
The modelling and interpretation presented here relies on a
two-segment reduction of quadruped legs; it remains to be
determined whether the same principles apply to multi-
segment limbs (bear in mind that horse legs might be
considered as consisting of at least seven segments, with
seven or more joints!). Also, the current model is parasagittal
and planar; no real animal limb operates in precisely such a
manner. Further, alternative hypotheses relating to the impli-
cations of elbow/knee orientation concerning directional
stability [43] or passive release of elastic energy facilitating
protraction [44] should not be dismissed, especially for
highly cursorial quadrupeds. And multi-segment limbs
may well offer multiple advantages, from facilitating elastic
storage and recoil (see [13]) with implications in terms of pas-
sive joint stabilization (Seyfarth et al., 2001 [45]). However, the
benefit proposed here of reduction in joint work given a gen-
erally low limb-work force profile appears potentially very
general, and applicable to parasagittal quadrupeds of diverse
scales, evolutionary backgrounds (consider chameleon), and
even orientations (remember sloth). Whether the phenom-
enon should be considered causal—‘why’ mammals and
similar quadrupeds have backward elbows—may have to
remain the realm of conjecture. As ever, a single trait may
be associated with several potential advantages, these may
often not be mutually exclusive, and the fossil record does
not always provide evidence concerning the selective press-
ures being mostly keenly applied at transitional stages. But
low limb and joint work costs for supporting body weight
during locomotion would appear a likely selection pressure,
and this is improved with the elbows-back, knees-forward
limb geometry.

Ethics. See source publications where appropriate for ethics statements
concerning animal studies.

Data accessibility. Data sourced from published works, provided in elec-
tronic supplementary material. Data and code available from the
Dryad Digital Repository: https://doi.org/10.5061/dryad.76hdr7sv4
[46].

Authors’ contributions. Conception: J.R.U.; model development: J.R.U.;
acquisition and processing of data: M.C.G. and J.R.U.; initial drafting:
J.R.U.; critical revision and redrafting: M.C.G. and J.R.U.
Competing interests. We declare no competing interests.

Funding. This work was supported by the Wellcome Trust (J.R.U.:
[202854/Z/16/Z]).

Acknowledgements. We are grateful for the interest and support from
the RVC Structure and Motion Lab., and for the various published
and previously unpublished force data used in figure 2. This
collaboration was initiated at a meeting of the Society for Integrative
and Comparative Biology.
References
1. Alexander RMcN. 1980 Optimum walking techniques
for quadrupeds and bipeds. J. Zool. (London)
192, 97–117. (doi:10.1111/j.1469-7998.1980.
tb04222.x)

2. Srinivasan M, Ruina A. 2005 Computer optimization
of a minimal biped model discovers walking and
running. Nature 439, 72–75. (doi:10.1038/
nature04113)

3. Kuo AD. 2001 Energetics of actively powered locomotion
using the simplest walking model. J. Biomech. Eng. 124,
113–120. (doi:10.1115/1.1427703)

4. Ruina A, Bertram JEA, Srinivasan M. 2005 A
collisional model of the energetic cost of support
work qualitatively explains leg sequencing in
walking and galloping, pseudo-elastic leg
behavior in running and the walk-to-run transition.
J. Theor. Biol. 237, 170–192. (doi:10.1016/j.jtbi.
2005.04.004)

5. Jayes AS, Alexander RM. 1980 The gaits of
chelonians: walking techniques for very low speeds.
J. Zool. 191, 353–378. (doi:10.1111/j.1469-7998.
1980.tb01464.x)
6. Usherwood JR. 2020 The possibility of zero-work
gaits in sprawled and parasagittal quadrupeds:
insights from linkages of the industrial revolution.
Integr. Org. Biol. 2, obaa017. (doi:10.1093/iob/
obaa017)

7. Elftman H. 1939 The function of muscles in
locomotion. Am. J. Physiol. 125, 339–356. (doi:10.
1152/ajplegacy.1939.125.2.339)

8. Roberts TJ, Marsh RL, Weyland PG, Taylor CR. 1997
Muscular force in running turkeys: the economy of
minimizing work. Science 275, 1113–1115. (doi:10.
1126/science.275.5303.1113)

9. Alexander RM, Jayes AS. 1980 Fourier analysis of
forces exerted in walking and running. J. Biomech.
13, 383–390. (doi:10.1016/0021-9290(80)90019-6)

10. Robilliard JJ, Wilson AM. 2005 Prediction of kinetics
and kinematics of running animals using an
analytical approximation to the planar spring-mass
system. J. Exp. Biol. 208, 4377–4389. (doi:10.1242/
jeb.01902)

11. Alexander RMcN, Vernon A. 1975 The mechanics of
hopping by kangaroos (Macropodidae). J. Zool.
(London) 177, 265–303. (doi:10.1111/j.1469-7998.
1975.tb05983.x)

12. Kuznetsov AN. 1995 Energetical profit of the third
segment in parasagittal legs. J. Theor. Biol. 172,
95–105. (doi:10.1006/jtbi.1995.0007)

13. Rode C, Sutedja Y, Kilbourne BM, Blickhan R, Andrada
E. 2016 Minimizing the cost of locomotion with
inclined trunk predicts crouched leg kinematics of
small birds at realistic levels of elastic recoil. J. Exp.
Biol. 219, 485–490. (doi:10.1242/jeb.127910)

14. Polet DT, Bertram JEA. 2019 An inelastic
quadrupedal model discovers four-beat walking,
two-beat running, and pseudo-elastic actuation as
energetically optimal. PLoS Comp. Biol. 15,
e1007444. (doi:10.1371/journal.pcbi.1007444)

15. Nyakatura JA et al. 2019 Reverse-engineering the
locomotion of a stem amniote. Nature 565,
351–355. (doi:10.1038/s41586-018-0851-2)

16. Maus HM, Lipfert SW, Gross M, Rummel J, Seyfarth
A. 2010 Upright human gait did not provide a
major mechanical challenge for our ancestors. Nat.
Commun. 1, 1–6. (doi:10.1038/ncomms1073)

https://doi.org/10.5061/dryad.76hdr7sv4
https://doi.org/10.5061/dryad.76hdr7sv4
http://dx.doi.org/10.1111/j.1469-7998.1980.tb04222.x
http://dx.doi.org/10.1111/j.1469-7998.1980.tb04222.x
http://dx.doi.org/10.1038/nature04113
http://dx.doi.org/10.1038/nature04113
http://dx.doi.org/10.1115/1.1427703
http://dx.doi.org/10.1016/j.jtbi.2005.04.004
http://dx.doi.org/10.1016/j.jtbi.2005.04.004
http://dx.doi.org/10.1111/j.1469-7998.1980.tb01464.x
http://dx.doi.org/10.1111/j.1469-7998.1980.tb01464.x
http://dx.doi.org/10.1093/iob/obaa017
http://dx.doi.org/10.1093/iob/obaa017
http://dx.doi.org/10.1152/ajplegacy.1939.125.2.339
http://dx.doi.org/10.1152/ajplegacy.1939.125.2.339
http://dx.doi.org/10.1126/science.275.5303.1113
http://dx.doi.org/10.1126/science.275.5303.1113
http://dx.doi.org/10.1016/0021-9290(80)90019-6
http://dx.doi.org/10.1242/jeb.01902
http://dx.doi.org/10.1242/jeb.01902
http://dx.doi.org/10.1111/j.1469-7998.1975.tb05983.x
http://dx.doi.org/10.1111/j.1469-7998.1975.tb05983.x
http://dx.doi.org/10.1006/jtbi.1995.0007
http://dx.doi.org/10.1242/jeb.127910
http://dx.doi.org/10.1371/journal.pcbi.1007444
http://dx.doi.org/10.1038/s41586-018-0851-2
http://dx.doi.org/10.1038/ncomms1073


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20201517

9
17. Andrada E, Rode C, Sutedja Y, Nyakatura JA,
Blickhan R. 2014 Trunk orientation causes
asymmetries in leg function in small bird terrestrial
locomotion. Proc. R. Soc. B 281, 20141405. (doi:10.
1098/rspb.2014.1405)

18. McGowan CP, Baudinette RV, Biewener AA. 2005
Joint work and power associated with acceleration
and deceleration in tammar wallabies (Macropus
eugenii). J. Exp. Biol. 208, 41–43. (doi:10.1242/jeb.
01305)

19. Jayes AS, Alexander RMcN. 1978 Mechanics of
locomotion of dogs (Canis familiaris) and sheep
(Ovis aries). J. Zool. (London) 185, 289–308.
(doi:10.1111/j.1469-7998.1978.tb03334.x)

20. Murphy KN. 1984 Trotting and bounding in a simple
planar model. Pittsburgh, PA: Carnegie-Mellon
University.

21. Usherwood JR, Hubel TY, Smith BJH, Self Davies ZT,
Sobota G. 2018 The scaling or ontogeny of human gait
kinetics and walk–run transition: the implications of
work vs. peak power minimization. J. Biomech. 81,
12–21. (doi:10.1016/j.jbiomech.2018.09.004)

22. Birn-Jeffery AV, Hubicki CM, Blum Y, Renjewski D,
Hurst JW, Daley MA. 2014 Don’t break a leg:
running birds from quail to ostrich prioritise leg
safety and economy on uneven terrains. J. Exp. Biol.
217, 3786–3796. (doi:10.1242/jeb.102640)

23. Geyer H, Seyfarth A, Blickhan R. 2006 Compliant leg
behaviour explains basic dynamics of walking and
running. Proc. R. Soc. B 273, 2861–2867. (doi:10.
1098/rspb.2006.3637)

24. Clark KP, Ryan LJ, Weyand PG. 2014 Foot speed,
foot-strike and footwear: linking gait mechanics and
running ground reaction forces. J. Exp. Biol. 217,
2037–2040. (doi:10.1242/jeb.099523)

25. Bishop PJ et al. 2018 The influence of speed and
size on avian terrestrial locomotor biomechanics:
predicting locomotion in extinct theropod dinosaurs.
PLoS ONE 13, e0192172. (doi:10.1371/journal.pone.
0192172)

26. Aminiaghdam S, Rode C, Müller R, Blickhan R. 2017
Increasing trunk flexion transforms human leg
function into that of birds despite different leg
morphology. J. Exp. Biol. 220, 478–486. (doi:10.
1242/jeb.148312)

27. Blickhan R, Andrada E, Müller R, Rode C, Ogihara N.
2015 Positioning the hip with respect to the COM:
consequences for leg operation. J. Theor. Biol. 382,
187–197. (doi:10.1016/j.jtbi.2015.06.036)

28. Shine CL, Penberthy S, Robbins CT, Nelson OL,
McGowan CP. 2015 Grizzly bear (Ursus arctos
horribilis) locomotion: gaits and ground reaction
forces. J. Exp. Biol. 218, 3102–3109. (doi:10.1242/
jeb.121806)

29. Manter JT. 1938 The dynamics of quadrupedal
walking. J. Exp. Biol. 15, 522–540.

30. Pontzer H, Raichlen DA, Rodman PS. 2014 Bipedal
and quadrupedal locomotion in chimpanzees.
J. Hum. Evol. 66, 64–82. (doi:10.1016/j.jhevol.2013.
10.002)

31. Ren L, Miller CE, Lair R, Hutchinson JR. 2010
Integration of biomechanical compliance, leverage,
and power in elephant limbs. Proc. Natl. Acad. Sci.
USA 107, 7078–7082. (doi:10.1073/pnas.
0911396107)

32. Basu C, Wilson AM, Hutchinson JR. 2019 The
locomotor kinematics and ground reaction forces of
walking giraffes. J. Exp. Biol. 222, jeb159277.
(doi:10.1242/jeb.159277)

33. Merkens HW, Schamhardt HC, Hartman W, Kersjes
AW. 1986 Ground reaction force patterns of Dutch
warmblood horses at normal walk. Equine Vet. J.
18, 207–214. (doi:10.1111/j.2042-3306.1986.
tb03600.x)

34. Bobbert MF, Alvarez CBG, van Weeren PR,
Roepstorff L, Weishaupt MA. 2007 Validation of
vertical ground reaction forces on individual limbs
calculated from kinematics of horse locomotion.
J. Exp. Biol. 210, 1885–1896. (doi:10.1242/jeb.
02774)

35. Zumwalt AC, Hamrick M, Schmitt D. 2006 Force
plate for measuring the ground reaction forces in
small animal locomotion. J. Biomech. 39,
2877–2881. (doi:10.1016/j.jbiomech.2005.10.006)

36. Granatosky MC, Fitzsimmons A, Zeininger A, Schmitt
D. 2018 Mechanisms for the functional
differentiation of the propulsive and braking roles of
the forelimbs and hindlimbs during quadrupedal
walking in primates and felines. J. Exp. Biol. 221,
jeb162917. (doi:10.1242/jeb.162917)

37. Lindenfors P, Revell LJ, Nunn CL. 2010 Sexual
dimorphism in primate aerobic capacity: a
phylogenetic test. J. Evol. Biol. 23, 1183–1194.
(doi:10.1111/j.1420-9101.2010.01983.x)

38. Granatosky MC et al. 2020 Variation in limb loading
magnitude and timing in tetrapods. J. Exp. Biol.
223, jeb201525. (doi:10.1242/jeb.201525)

39. Kumar S, Stecher G, Suleski M, Hedges SB. 2017
Timetree: a resource for timelines, timetrees and
divergence times. Mol. Biol. Evol. 34, 1812–1819.
(doi:10.1093/molbev/msx116)

40. Alexander RM, Jayes AS. 1983 A dynamic similarity
hypothesis for the gaits of quadrupedal mammals.
J. Zool. 201, 135–152. (doi:10.1111/j.1469-7998.
1983.tb04266.x)

41. Alexander RMcN. 1989 Optimization and gaits in
the locomotion of vertebrates. Physiol. Rev. 69,
1199–1227. (doi:10.1152/physrev.1989.69.4.1199)

42. Fischer MS, Blickhan R. 2006 The tri-segmented
limbs of therian mammals: kinematics, dynamics,
and self-stabilization—a review. J. Exp. Zool. Part
A: Comp. Exp. Biol. 305A, 935–952. (doi:10.1002/
jez.a.333)

43. Lee DV, Meek SG. 2005 Directionally compliant legs
influence the intrinsic pitch behaviour of a trotting
quadruped. Proc. R. Soc. B 272, 567–572. (doi:10.
1098/rspb.2004.3014)

44. Wilson AM, Watson JC, Lichtwark GA. 2003 A
catapult action for rapid limb protraction. Nature
421, 35–36. (doi:10.1038/421035a)

45. Seyfarth A, Günther M, Blickhan R. 2001 Stable
operation of an elastic three-segment leg. Biol.
Cybern. 84, 365–382.

46. Usherwood JR, Granatosky MC. 2020 Data from:
Limb work and joint work minimization reveal an
energetic benefit to the elbows-back, knees-forward
limb design in parasagittal quadrupeds. Dryad
Digital Repository. (https://doi.org/10.5061/dryad.
76hdr7sv4)

http://dx.doi.org/10.1098/rspb.2014.1405
http://dx.doi.org/10.1098/rspb.2014.1405
http://dx.doi.org/10.1242/jeb.01305
http://dx.doi.org/10.1242/jeb.01305
http://dx.doi.org/10.1111/j.1469-7998.1978.tb03334.x
http://dx.doi.org/10.1016/j.jbiomech.2018.09.004
http://dx.doi.org/10.1242/jeb.102640
http://dx.doi.org/10.1098/rspb.2006.3637
http://dx.doi.org/10.1098/rspb.2006.3637
http://dx.doi.org/10.1242/jeb.099523
http://dx.doi.org/10.1371/journal.pone.0192172
http://dx.doi.org/10.1371/journal.pone.0192172
http://dx.doi.org/10.1242/jeb.148312
http://dx.doi.org/10.1242/jeb.148312
http://dx.doi.org/10.1016/j.jtbi.2015.06.036
http://dx.doi.org/10.1242/jeb.121806
http://dx.doi.org/10.1242/jeb.121806
http://dx.doi.org/10.1016/j.jhevol.2013.10.002
http://dx.doi.org/10.1016/j.jhevol.2013.10.002
http://dx.doi.org/10.1073/pnas.0911396107
http://dx.doi.org/10.1073/pnas.0911396107
http://dx.doi.org/10.1242/jeb.159277
http://dx.doi.org/10.1111/j.2042-3306.1986.tb03600.x
http://dx.doi.org/10.1111/j.2042-3306.1986.tb03600.x
http://dx.doi.org/10.1242/jeb.02774
http://dx.doi.org/10.1242/jeb.02774
http://dx.doi.org/10.1016/j.jbiomech.2005.10.006
http://dx.doi.org/10.1242/jeb.162917
http://dx.doi.org/10.1111/j.1420-9101.2010.01983.x
http://dx.doi.org/10.1242/jeb.201525
http://dx.doi.org/10.1093/molbev/msx116
http://dx.doi.org/10.1111/j.1469-7998.1983.tb04266.x
http://dx.doi.org/10.1111/j.1469-7998.1983.tb04266.x
http://dx.doi.org/10.1152/physrev.1989.69.4.1199
http://dx.doi.org/10.1002/jez.a.333
http://dx.doi.org/10.1002/jez.a.333
http://dx.doi.org/10.1098/rspb.2004.3014
http://dx.doi.org/10.1098/rspb.2004.3014
http://dx.doi.org/10.1038/421035a
https://doi.org/10.5061/dryad.76hdr7sv4
https://doi.org/10.5061/dryad.76hdr7sv4

	Limb work and joint work minimization reveal an energetic benefit to the elbows-back, knees-forward limb design in parasagittal quadrupeds
	Introduction
	Paper scope
	Axial forces reduce joint work not limb work
	Vaulting reduces joint work not limb work
	Low limb work combined with low joint work is facilitated by elbows-back, knees-forward posture

	Results and explanation
	General conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


