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Human walking appears complicated, with many muscles and joints perform-
ing rapidly varying roles over the stride. However, the function of walking is
simple: to support body weight as it translates economically. Here, a scenario
is proposed for the sequence of joint and muscle actions that achieves this func-
tion, with the timing of muscle loading and unloading driven by simple
changes in geometry over stance. In the scenario, joints of the legs and feet
are sequentially locked, resulting in a vaulting stance phase and three or five
rapid ‘mini-vaults’ over a series of ‘virtual legs’ during the step-to-step tran-
sition. Collision mechanics indicate that the mechanical work demand is
minimized if the changes in the centre-of-mass trajectory over the step-to-step
transition are evenly spaced, predicting an even spacing of the virtual legs.
The scenario provides a simple account for the work-minimizing mechanisms
of joints andmuscles inwalking, and collisiongeometryallows leg and foot pro-
portions to be predicted, accounting for the location of the knee halfway down
the leg, and the relatively stiff, plantigrade, asymmetric, short-toed human foot.
1. Introduction
Human legs and feet are highly derived, presumably adaptively specialized struc-
tures. Since the common ancestor with the great apes, leg length has increased in
absolute and relative terms, the leg in stance has become relatively straight, feet
have become stiffer and toes relatively shorter (e.g. [1]). These changes must
surely relate to specialization toward some aspect of terrestrial locomotion;
while humans can climb, swim and dig, their morphology can hardly be con-
sidered specialized for any of these modes. Further, while the abilities of
humans at endurance running, and the spring-like action of the human foot
arch, has been highlighted [2], the distal limbs of runners ranging from ostrich
to horse to modern Paralympic sprinter display feet that are highly elastic, but
of relatively low inertia, and much more obviously adapted or designed for run-
ning than human feet. The focus here is therefore on interpreting basic aspects of
leg and foot function and geometry in the context of economical bipedal walking.

Consideration of animal locomotor mechanics can be pursued at a number of
levels, from the highly simplifying point-mass models [3–10] right through to
the detailed musculoskeletal analyses (e.g. [11–17]). While the more detailed
approaches clearly have merit in some contexts—in particular some ‘how’ ques-
tions of muscle contributions when they cannot be measured directly, and ‘what
if’ questions demanded when surgical interventions are being modelled—their
reliance on many measured inputs make them less well suited to other ‘how’,
and the basic ‘why’ questions. Why is the human knee approximately halfway
down the leg? Why is the ankle approximately quarter of the way along the
foot? And why do we maintain—albeit very much shortened—toes, again of
approximately quarter foot length? (figure 1, which also shows the key anatom-
ical terms as used here). Further, how can the apparently complex and rapid
sequencing of muscle actions be controlled? Might timing aspects of reflex
contributions to muscle activation be driven by simple changes in geometry?

http://crossmark.crossref.org/dialog/?doi=10.1098/rsif.2022.0800&domain=pdf&date_stamp=2023-03-22
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Figure 1. Leg and foot segment and joint (italics) terminology. Dashed boxes indicate exact ½, ½ proportions of the author’s leg; or exact ¼, ½, ¼ proportions of
the whole of the author’s left foot. The author’s proportions should not be viewed as statistically representative; however, there is no reason to believe they are other
than broadly typical. These exact proportions are predictions of the scenario and are not empirical inputs; they are shown here for reference.
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The aim here is to present a scenario for human walking
based on work-minimizing principles with physiological con-
straints, highlighting the role of geometry in loading and
unloading various muscles, thereby locking and unlocking a
series of joints. It is not intended to be a complete model—in
particular, it does not predict details of powering. It is intended
to emphasize—and somewhat artificially separate out—the
geometric, passive aspects of economical weight support
during walking translation.
2. Background and assumptions
2.1. Principles of mechanical work and power

avoidance—whole limbs and muscles
Mechanical work is the dot product of force and displacement;
mechanical power is the dot product of force and velocity.
When displacement or velocity is directly in line with the force,
the calculation is a simple multiplication. In this case—as applies
to amuscle contracting under tension—zeromechanical work or
power is supplied by the muscle, either if there is no length
change when under load (the muscle is isometric), or when
there is no tension during a length change. While the situation
becomes complicated when converting to a metabolic power
due to the costs of ‘producing’ (equivalently, ‘opposing’) a
force, or when the effects of some in-series elastic structure
(a tendon) is included, the approximation used here is that iso-
metric muscle produces no work or power and is functionally
costless.

In caseswhere thedisplacement orvelocityarenot in linewith
the force, the calculation is not a simple multiplication: the angle
between the twomatters.An important limit iswhen theyareper-
pendicular, as is the case for ideal sliding, rolling, vaulting or
pendulum swinging. When perpendicular, the dot product, and
work and power demanded, is zero. Mechanisms that allow
this state to be approached in high-speed gaits—where forces
are predominantly vertical and velocities are approximately
horizontal—have been described for mammalian hind- and
fore-limbs [18] and are supported by gross anatomyand reported
muscle activation sequencing measured with electromyography.
The scenario presented here continues with the concept that
aspects of limb form and function can be understood from prin-
ciples of work and power avoidance in terms of both muscle
supply and mechanical demand. Can muscles be isometric
when loaded, or unloaded when not isometric; and can limbs
maintain forces approximately perpendicular to velocities?
Unlike the high-speed gaits, fluctuations in height and horizontal
velocity during walking are not negligible. However, the prin-
ciples still apply, obviously during the ‘vaulting’ or ‘inverted
pendulum’ phase of stance, but also during the step-to-step
transition.

When considering the mechanical power applied to the
centre of mass (rate of change of ‘external work’), the relevant
forces and velocities relate to the centre of mass (net, including
all legs) forces and velocities. When considering the mechan-
ical power of the legs (rate of change of ‘limb work’), each leg
force applied to the hip is considered separately, and the rel-
evant velocity is of the hip. No distinction is made here
between centre-of-mass ‘external work’ and ‘limb work’ as
the hips are co-located and, during periods of double contact,
the impulses from each leg are orientated in the same direction
(aswill be clear from the derived geometries), meaning that the
two supporting legs are not putting/taking mechanical work
into/from each other. Further, other forms of ‘internal work’
due to motions of masses about the centre of mass are
neglected; the legs are assumed to be functionally massless.
2.2. The collisional analysis and the implications of
finite muscle power

In cases where changes in velocity can be considered as
approximating discrete steps, collision mechanics can be con-
venient and revealing. For a thorough introduction to its
application to terrestrial animal locomotion, see [7]. Many
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of the principles relating to the energetics of collisions are
apparent from the principles concerning work of the previous
section: low work is demanded for a series of small changes
in velocity angle (i.e. the forces are maintained perpendicular
to velocity); if velocity is low (as in the hand-hand transition
of an idealized, slowly brachiating gibbon, [19]); or if the
force is low (as along the arm of a ballistic gibbon, or leg of
a running human during the aerial phase). Two key prin-
ciples come from the collisional analysis: for a given total
change in velocity direction, less kinetic energy is lost (and
therefore less mechanical work supply is demanded) if it is
split into more, smaller, changes in velocity direction than
fewer, larger deflections; and for a finite number of heading
changes, least work is lost if they are spread evenly, with con-
sistent angular deflections. The analogy of a rimless wheel—a
‘wheel’ with star-like spread of spokes but no outer connec-
tions—is sometimes helpful: a rimless wheel can maintain
rolling down a shallower (lower power) slope if (i) it has
more spokes; and (ii) the spokes are evenly distributed.

An important result from previous collisional analyses of
walking [6,7] should be addressed. The mechanical work
demand of a stance-to-stance transition is highly dependent
on the geometry of the change in velocity from the end of
one vaulting stance to the beginning of the next. And it is
demonstrated that various strategies involving an additional,
powering impulse at the end of stance can advantageously
redirect the centre-of-mass velocity just prior to the sub-
sequent, dissipative collision at the beginning of the next.
This finding is highly revealing: the details of timing and geo-
metry have a large influence on the mechanical work
demands. However, strategies of work-avoiding geometry
improvement based on brief periods of high power gener-
ation are problematic. Finite work over a brief time requires
a high instantaneous power, and muscle power supply is con-
strained by physiology. So, for a finite positive work demand,
brief contraction durations demand very large muscles to be
grown, maintained, carried, oscillated and activated—each
potentially imposing a real cost for the organism. This issue
appears very relevant in biology, accounting for many aspects
of deviation from work-minimizing expectations, from the
crouched posture of small animals [20], to the gaits of small
children [21], to the flapping and bounding of small birds
[22]. While the issue of timing may be circumvented to
some extent with elastic energy storage and recoil (the Achilles
being a prime candidate in humans), it is assumed here that the
dissipative power capacity—of not only muscle but also other
energy-absorbing tissues—is very much greater than the gen-
erating power capacity of muscle, such that a series of plastic
(dissipative) collisions achieving low work demand would
offer a much lower metabolic and biological cost than a strat-
egy requiring high positive instantaneous power. It should
be noted that the proposed scenario of a step-to-step transition
based on a series of plastic collisions does not imply net mech-
anical work dissipation over this period. The scenario does not
inform when the work required to overcome the losses should
be applied, as long they are not required over a very brief
(and therefore high-power) period, or excessively alter
centre-of-mass trajectories.
2.3. Tension struts, joint limits and sequential vaulting
Examples of tension struts in engineering include bicycle
spokes and the cables supporting suspension bridges. These
shift the distribution of load-sharing with small changes in
geometry, and (being loaded under tension) automatically
align the supporting material with the loads—what might
be termed ‘anti-buckling’. Motions through stance can
cause muscles to act as tension struts, with purely geometric
changes suddenly applying load to an isometric muscle, or
suddenly unloading the muscle (where, realistically, the
muscle is likely to ‘take up the slack’, shortening under low
load). In the cases of mammalian fore- and hind-limbs [18],
serial loading of two-joint isometric muscles and tendons
acting as tension struts form a range of four- and six-bar
linkages that result in approximately straight (horizontal)
line motion and low mechanical power demand and
supply. In the scenario presented here for human walking,
the mechanism is a series of vaults, not only over the
course of single-legged stance but also the step-to-step
transition, created by a series of joint limits. In this idealiz-
ation, single-joint isometric muscles result in joints
becoming suddenly locked when they reach some geometric
limit, and freed when the muscle would be loaded in com-
pression. In each vault, the path of the centre-of-mass
velocity is perpendicular to a series of ‘virtual legs’ which
result from the series of joint limits in one or both legs simul-
taneously. Following the collisional principles outlined
above, the work demand is minimized for the step-to-step
transition if the change in direction of each centre-of-mass
velocity is even; that is, the ray of virtual legs over this
period is evenly spaced.

2.4. Two extreme model assumptions: point mass and
infinite pitch moment of inertia

The scenario—the sequence of muscle loading and joint locks
resulting in low-work step-to-step transition—is presented
for two bracketing model assumptions for the pitch
moment of inertia of the body. The first presentation assumes
a low (zero) pitch moment of inertia. It continuously results
in zero net moments about the hip(s), meaning that it
would apply to a point mass approximation. The second
presentation assumes a very large (infinite) pitch moment
of inertia, meaning that moments about the hip have no
effect on the pitching motions and energetics of the body.
Clearly, neither model is life–like; however, it appears reason-
able to assume that predictions consistent for both extremes
would offer general insight.

2.5. The joints and muscle assumptions
The scenario and models proposed here are planar, with
co-located hips. Each leg (figure 1) has pin joints for hip,
knee, ankle and metatarsal phalangeal joint (MTP, treated
as co-located with the ‘balls of feet’ between mid-foot
and toes) and the thigh, shank, heel-to-MTP (heel and mid-
foot) and toes are considered rigid elements. The heel-
ground and toe-ground contacts are also functional pin
joints of the foot. The joints of the foot fall along a line parallel
with the sole of the foot. No assumptions are made concern-
ing the relative proportions of each element. For display
purposes (only) the leg length used in the figures is approxi-
mately realistic, at three times the foot length. Joints may be
locked at a limiting angle by tension in isometric single-
joint muscles (candidate muscles are named but not asserted,
table 1), and these muscles are never longer than their loaded



Table 1. The scenario of sequential joint locks resulting in economical walking with a smoothed step-to-step transition. The numbers for the point-mass and
infinite pitch moment of inertia models relate to snapshots in figures 2 and 3. Joints are locked either due to muscles coming under isometric tension at their
longest length, or by the sole of the foot contacting the ground. Candidate locking tissues are indicated. KCL: knee cruciate ligaments; Sol: soleus; IP: iliopsoas;
TF: toe flexor; Gl: gluteus; TA: tibialis anterior; Va: vastus. Briefly rotating joints (R) result in a series of vaults that determine the instantaneous centre-of-mass
path. Unlocked joints that are not rotating (the remainder) need not require muscle tension (though some degree of stabilization might be expected).

vault

Joint model

hip knee ankle heel-ground MTP toe-ground point mass (A)
infinite moment
of inertia (B)

trailing leg hip-ankle R R 1 1

hip-MTP R KCL Sol R 2 2

knee-MTP IP R Sol R 3a 3

knee-toe IP R Sol TF R 4a 4

leading leg knee-heel Gl R TA R 3b 5

knee-ankle Gl R R ground 4b 6

hip-ankle R Va R 5 7
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lengths. The heel-ground joint also locks when the sole of the
foot contacts the ground. No consideration is made of
swinging (protracting) the leg forward.
3. Two models of the scenario
3.1. Point mass model (A)
The scenario modelled for a point mass body (figures 2a and
3a; table 1), precluding any instances of net hip moments,
follows through five snapshots over a brief time course of
step-to-step transition from one vaulting stance to the next.
The geometric collisional development assumes that this
sequence happens instantaneously, meaning that the leg seg-
ment geometries change minimally, but at the same time are
sufficiently spaced such that different muscles are loaded and
joints locked. It makes small angle approximations, such that
sinf ¼ f and cosf ¼ 1. This development supposes that
the changes in centre-of-mass velocity follow collisional
work-minimizing principles, with four, equal, changes in
centre-of-mass (CoM) velocity direction. For a stance angle
f (figure 3), leg and foot segment proportions are derived
that result in five virtual legs, and four changes in velocity
direction from downward (at �f=2) to upward (at +f=2
above horizontal).
3.1.1. Snapshot A1
End of main, straight-legged vaulting stance, with hip rotat-
ing about ankle. Centre-of-mass velocity angled downward
at �f=2. Moments about the knee are negligible.
3.1.2. Snapshot A2
Ankle locks as muscle (potentially soleus; table 1) suddenly
reaches length limit, resulting in straight-legged vault of hip
about the MTP, forming a new virtual leg. Moments imposed
about the knee are opposed by tissues preventing hyper-
extension (potentially the knee cruciate ligaments). The
centre of mass then momentarily travels perpendicular to
this virtual leg during the first ‘mini-vault’. For this change
in velocity direction to be þf=4, for a step length S, the
MTP is located S/4 ahead of the ankle (figure 3).

3.1.3. Snapshot A3
This involves a horizontal hip and CoM path due to momen-
tary vaulting about a vertical virtual leg due to the action of
both trailing (3a) and leading (3b) legs. The trailing leg locks
at the hip as muscle (potentially iliopsoas) suddenly reaches
length limit, preventing the thigh from further rotating about
the hip, and the ankle continues to be locked, resulting in
rotation of the knee about the MTP. For this to be horizontal,
contributing to the next þf=4 change in CoM velocity, the
knee is directly above the MTP; given the hip is S/2 ahead
of the ankle, and the MTP S/4, this puts the knee halfway
down the leg. This generates large moments about the hip;
however, these are cancelled by the action of the leading
leg (3b), which locks the opposite thigh about the hip with
a muscle (presumably a gluteus) at length limit, preventing
the thigh from rotating the other way. In the point-mass
model, there can be no net moments about the centre of
mass, so this is equivalent to locking the two thighs to each
other (grey segment, figure 2a, snapshots 3 and 4). This
results in vaulting of the knee about the heel as the foot
sole is initially angled slightly above the ground and the
ankle is locked by a muscle at length limit (presumably the
tibialis anterior). For this to result in a horizontal second
mini-vault, and also meaning that the moments at the hip
cancel, the heel-ground ‘joint’ is vertically below the knee.

3.1.4. Snapshot A4
This final mini-vault results in a slight upward CoM trajec-
tory, again through the contributions of both trailing (4a)
and leading (4b) legs. Both legs continue to be locked at the
hips, and the moments about the hip continue to cancel. In
the trailing limb, as the foot lifts, the MTP locks as some
muscle (toe flexor) suddenly reaches its length limit. With
the ankle continuing to be locked, this results in momentary
vaulting of the knee about the toe-ground joint. This results
in a change in velocity direction of f=4 if the toe-ground
joint is S/8 ahead of the knee (and so the MTP): the required
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Figure 2. ‘Snapshots’ of the step-to-step transition, with a point-mass body (model A) (a) and infinite pitch moment of inertia body (model B) (b) model extremes.
In both cases, the scenario results in a series of ‘mini-vaults’ occurring over a very brief period due to different joint locks (red joint circles), unlocks but not rotating
(grey joint circles) and unlocks, rotating (green joint circles) sequenced through geometric changes loading (red arcs) and unloading (dashed, pale red arcs) a series
of isometric single-joint muscles. Each muscle is under isometric tension only at its longest length: muscles are engaged and disengaged entirely geometrically. The
grey segments (a) show the thighs are effectively locked against each other. Each vault and mini-vault is shown with the radius (straight grey dotted lines) and
expanded vaulting paths (grey dotted arcs), resulting in a momentary velocity (black straight arrows) perpendicular to the radius. Impulses along each leg are
aligned with the radii. Relative motions of the segments (black curved arrows) are considered to be sufficient for the geometric changes in muscle loading,
but also very brief, making changes in leg posture over the duration of step-to-step transition otherwise negligible. See the text for description of the stages.
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φ
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Figure 3. The geometry of economical walking without (a, the point mass model (model A)) and with (b, the infinite pitch moment of inertia model (model B))
net hip moments. Vaulting stances are separated by a brief step-to-step transition. The velocity and ‘virtual leg’ (blue dashed lines) numbering correspond to
snapshots (figure 2, table 1, text). The virtual legs for A3 and A4 (bold) touch the ground between the feet; this is achieved with double stance and the 4-
bar linkages in 3a, 3b; 4a, 4b (figure 2). The virtual legs for B3–B6 also fall between the feet but do not exploit double stance; they require net hip moments.
The kinetic energy dissipation, or negative mechanical work, of a series of collisions over the transition is minimized with even changes in the direction of the
velocity vector, and so (with small angle approximations) an even spread of virtual legs. The series of locked joints of the scenario splits a change in angle ϕ evenly
into four ϕ/4 (a) or six ϕ/6 (b) deflections if: one step length S is equal to two (a) or three (b) foot lengths; the knee is halfway down the leg; the heel and toe
lengths are equal to S/8 (a) or S/12 (b); and the mid-foot segment is S/4 (a) or S/6 (b). No account is taken of how energy is put into the cycle, nor the mechanism
by which the flexed leg straightens over the vaulting stance. The figure is constructed with the approximate empirical proportions that one leg length equals three
feet; but otherwise, the proportions come only from collisional work minimization.
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velocity vector is +f=4 above the horizontal, so the radius for
the vault is f=4 off vertical; with the height of the knee
approximately half leg length (recall small angle approxi-
mations), and (from above) the knee located above the MTP
at a position S/4, the MTP to toe-ground joint (toe length)
is S/8. At exactly the same time, the foot of leading leg (4b)
becomes flat with the ground, thereby unlocking the ankle
by suddenly unloading the locking muscle (tibialis anterior).
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This results in a momentary vault of the lead-leg knee about
the ankle. If the shank between knee and ankle is inclined
f=4 off vertical, the trajectory is f=4 above horizontal, match-
ing that of the knee of the trailing leg, and—given both hips
are locked—resulting in a centre-of-mass velocity change
again of f=4 and again without net hip moments. This
shank angle, the placement of the knee halfway along the
leg (snapshot 3) and the placement of the heel-ground
‘joint’ directly under the knee (result from 3b) requires that
the heel-ground joint is placed S/8 behind the lead-leg ankle.

Note that, while snapshots 3 and 4 involve simultaneous
loading of trailing and leading limbs, in each case a single
impulse is applied to the centre of mass because the sub-
sequent direction is determined by the four-bar linkage
consisting of joints at trailing knee, leading knee and (snap-
shot 3) MTP and heel, or (snapshot 4) toe-ground and ankle
(green joints in figure 2). This means that the situation is
not indeterminate, and the formal unpredictability of simul-
taneous collisions (classically exemplified by the break in
snooker or pool) is not an issue.

3.1.5. Snapshot A5
The beginning of the leading-leg vaulting stance phase, with
knee locked by a muscle (presumably a vastus) suddenly
reaching a length limit, and the hip lock released as the
thigh rotates under the hip, unloading the gluteus. Rotation
continues about the ankle which remains unlocked as the
foot is flat on the ground and the soleus limit has yet to be
reached. This results in a final change in centre-of-mass vel-
ocity direction of þf=4, beginning the upward arc at þf=2
if the ankle is S/2 ahead of the hip. A geometric—and
energetic—inconsistency caused by the small angle approxi-
mations should be highlighted: the ankle of the trailing leg
is placed S/2 behind the hip, and that of the leading leg S/
2 ahead of the hip, (and the hips are co-located, so are of
the same height) but the leading leg is somewhat flexed.
Something additional is required to restore the flexed stance
leg to straight before the end of stance. Similarly, no account
has been taken of the mechanism of powering (though, for
the point-mass case, powering during single stance can
only be achieved through leg extension). The scenario is not
concerned with the mechanisms of energy input (other
than it should not require very high instantaneous powers);
it is entirely focused on mechanisms for economical weight
support during translation.

3.2. Infinite pitch moment of inertia model (B)
Geometric principles including small angle approximations
are as for the point mass model A development. The infinite
pitch moment of inertia model B development allows—and
in no way penalizes—instances of net hip moments. This
allows the same scenario of sequenced joint locks induced
by geometric loading of isometric muscle to be achieved
with seven instead of five snapshots, dividing the change in
CoM velocity directions over the step-to-step transition into
six even changes of f=6 (figures 2b, 3b).

3.2.1. Snapshot B1
End of straight-legged vaulting stance, with hip rotating
about ankle. Centre-of-mass velocity angled downward at
�f=2 (¼ �3f=6).
3.2.2. Snapshot B2
Ankle locks and the hip begins to vault about the MTP. This
time, as there are to be six even changes in velocity direction,
the CoM velocity becomes �2f=6, and the MTP is located at
S/6; given the same ratio of foot length to leg length, this
strategy results in longer steps. Knee hyperextension is
resisted (presumably by the knee cruciate ligaments).

3.2.3. Snapshot B3
The hip locks, and the knee vaults about the MTP; with an
infinite pitch moment of inertia, the hip and centre of mass
also take the same velocity direction without requiring
double stance. The angle between the velocity direction at
B2 (�2f=6) and B4 (horizontal) is split evenly with a knee
halfway down the leg, resulting in knee and CoM velocity
direction of �f=6.

3.2.4. Snapshot B4
The hip continues to be locked, and the MTP locks, resulting
in vaulting of the knee about the toe-ground joint. This
results in horizontal motion of the knee and (given infinite
pitch moment of inertia) CoM if the knee is directly above
the toe-ground joint. This is achieved with toe length=S/12
(figure 3b).

3.2.5. Snapshot B5
Transition to the leading leg, with hip locked by gluteus, ankle
locked by tibialis anterior (as in A3b). The knee arcs briefly
about the heel-ground joint, resulting in knee and centre-of-
mass velocity becoming inclined at þf=6. This determines
the positioning of the heel given also the position of the knee
demanded by the geometry of snapshots B6 and B7.

3.2.6. Snapshot B6
The sole of the foot of the leading leg contacts the ground,
locking the heel-ground joint and unloading the tibialis
anterior, thereby unlocking the ankle. The hip continues to
be locked by the gluteus, and the knee (and so CoM) velocity
direction is inclined at þ2f=6 above horizontal if the shank is
inclined back from vertical by the same.

3.2.7. Snapshot B7
The knee becomes locked by vastus tension, resulting in the hip
vaulting about the ankle and unloading the gluteus. This
begins the vaulting stance at a velocity direction þ3f=6
(þf=2), albeit with a slightly flexed leg as discussed for snap-
shot A5.With ankle of leading leg S/2 ahead of the hip, and the
leading knee S/6 behind the leading ankle to result in the
shank inclination of B6, the heel-ground joint placement result-
ing in B5 is S/12 behind the leading ankle (figures 2b, 3b).
Again, the vaulting phase begins with a slightly flexed leg;
however, in contrast to the point-massmodel, positivemechan-
ical work can be supplied during the vaulting phase through
both leg extension and moments about the hip.

3.3. Summary of geometric results
The point mass model, with no instants of net hip moments,
results in fewer step changes in CoM velocity (four) and
shorter step lengths (2S) than the infinite pitch moment of
inertia model (six changes, 3S respectively). However, the
anatomical proportions predicted to minimize collisional
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work demands by resulting in even deflections in CoM vel-
ocity direction are the same, with the knee halfway down
the leg and heel : mid-foot : toe ratio (figure 1) of 1 : 2 : 1.
 lsocietypublishing.org/journal/rsif
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4. Discussion
A distinction needs to be attempted between (i) a mechani-
cally and physiologically sensible interpretation of, and (ii)
a mechanistic and predictive understanding of human walk-
ing. This is somewhat challenging as there is a long history of
measurement of, and great familiarity with, the walking gait,
leg and foot; this study is certainly not beginning at absol-
utely first principles. Very rapid leg protraction would
allow very short stances and very small ϕ, resulting in very
low collisional work demands; presumably these are pre-
cluded by some aspect of swing-leg mechanics that is not
considered here. Even for steps of finite stance length, there
is a range of potentially superior strategies that are not con-
sidered here: very many joints, and/or very large, rigid,
convexly curved feet could, theoretically, result in walking
with lower mechanical work losses (see [7,23]; I also grate-
fully acknowledge A Ruina & AD Kuo 2022, personal
communication at Dynamic Walking, Madison, WI, USA).
A full exploration of why many of the theoretically superior
possibilities are not observed in nature falls beyond the
scope of this paper (though strategies relying on very high
instantaneous powers have already been addressed). Candi-
date issues include the availability of very stiff substrates,
evolutionary and developmental constraints, and the advan-
tages of generalism and adaptability. The leg and foot is
therefore simply taken as consisting of a limited number of
joints: hip, knee, ankle, MTP, heel-ground and toe-ground.
With these, the scenario presents a principled framework
with clear predictions. But it would be awkward to present
these predictions as testable hypotheses, as many of them
were familiar before the development of the scenario.

4.1. Kinematics
Aspects of easily observed kinematics are clearly consistent
with the scenario: all kinematic aspects of the snapshots
(figure 2) are immediately familiar in healthy adult human
walking, and loss of any joint action often attributable to
pathology. The scenario views the snapshots as instantaneous
but sequenced. When observing or measuring kinematics, the
sequencing may not be apparent; the transitions are not dis-
crete, and there is some overlap between phases. It should be
noted that the motions described here have some correspon-
dence with the ‘three rockers of gait’ (e.g. [24]), but are
different in detail, mechanism and significance. Similarly,
while having some similarities with the ‘six determinants of
gait’ [25], the scenario here expressly does not suggest advan-
tage to minimizing vertical motions (see [26] for fuller
discussion on this topic).

Some explicit qualitative kinematic predictions—for either
model presentation of the scenario—that do match human
walking include, for the trailing leg: heel lift beginning before
heel strike; dorsiflexion about the MTP; and flexion at the
knee before toe-off. For the leading leg: a heel strike, with
heel behind ankle and with dorsiflexed foot, at the same time
as a flexed knee; rapid plantar flexion limited by sole-ground
contact; followed by flexion at the knee. Many of these features
have alternative or complementary accounts, ranging from, in
the trailing leg, initiation of swing (protraction) [27,28], or
ankle powering and Achilles tendon elastic energy release
[29,30], or both (depending on muscle detail; [27]), to shock
or centre-of-mass energy absorption in the leading leg [31].
However, even if each of these aspects are necessary, the scen-
ario provides an account for why they should be achieved in
the manners observed—there are many alternative kinematic
sequences within which protraction, powering and energy
absorption could have been achieved.

The two models of the scenario provide bounding
predictions for step length, at 2 or 3 foot-lengths. While
step length is variable, certainly as a function of speed,
these quantitative predictions do appear sensible: there are
2½ Roman feet to a step, and walking with steps much
shorter than 2 feet or longer than 3 does appear awkward
and is not commonly observed.

4.2. Electromyography
Reported muscle activation timings in walking as measured
with electromyography (EMG) are broadly consistent with
the proposed scenario, inasmuch as iliopsoas and soleus
show a peak in late stance (the trailing leg) and gluteus, tibialis
anterior and vastus in early stance (the lead leg) [32]. However,
the more detailed sequencing of muscle tensions with late
(trailing) or early (lead) stance—in the scenario happening at
very nearly the same time but in a specific order—is not
immediately apparent in the EMG records.

4.3. Leg and foot proportions: a model ‘prediction’
While kinematics and EMG timing are, to some extent,
consistent with the scenario presented here, they are also con-
sistent with other interpretations and models ranging from
the simplifying collisional [6,7] to the detailed musculoskele-
tal simulations. But both of these modelling approaches have
shortcomings when attempting to interpret structure and
function. The extreme reductions have neither much in the
way of anthropometric inputs, nor capacity for insights
regarding anthropometry (see [33] for criticism of this): they
have very few joints, usually treating the leg as a prismatic
actuator, or perhaps extending to an ankle and stiff
foot; and they take little regard for how muscles are
actually arranged. At the other end of the scale, the detailed
musculoskeletal simulations take too much regard of anthro-
pometry, biasing their findings towards ‘how’ questions
over ‘why’. It is true that, with a good cost function of
muscle, the timing of activity and contributions to powering
of various muscles can (e.g. [34]) be simulated… given
observed anthropometry. Why do humans walk the way they
do? Because it minimizes some aggregated muscle cost func-
tion for a given set of bone and muscle geometries. But why
those geometries in the first place?

The scenario here effectively falls between the two
extremes (though it does fall much closer to the simplifying
end of the scale). It does take as given the anthropometric
observations that there are two legs, and hip, knee, ankle
and MTP joints; but from then on, the kinematics and
timing of muscle action come from the principles of mechan-
ical work minimization exploiting the collisional approach.
The anatomical geometric results (whether from the short-
step point mass, or the long-step infinite pitch moment of
inertia models) may therefore be viewed as ‘predictions’
from the scenario: the knee should be halfway down the
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leg; the heel ¼ foot length; the mid-foot ½ foot length; and the
toe ¼ foot length. While no human—nor average of any
human population—will meet these predictions exactly, the
predictions do appear intriguingly close. The scenario
might therefore be viewed as presenting at least an approxi-
mate answer to some very fundamental ‘why’ questions
concerning not only kinematics (above) but also anatomy.
Even if the quantitative results above are viewed as—in
detail—inaccurate, the scenario provides a principled, parsi-
monious account for a range of features of the human leg
and foot. The knee should be approximately halfway down
the leg; the heel should be shorter than the foot ahead of
the ankle (in contrast to some current collisional models,
which predict these to be symmetrical; [7,35]), and the toes
should be relatively short and capable of some degree of dor-
siflexion. While the functional implications of evolutionary
reduction, and yet maintenance, of toe length has been con-
sidered [36], the scenario appears effective in accounting for
a large range of qualitative features of human anatomy
through simple energetic and geometric principles; and the
quantitative predictions are also encouraging.

4.4. A note on motor control
How are the rapidly changing actions of muscles during the
step-to-step transition ‘controlled’? At some level there has to
be an aspect of ‘top-down’ command: the central control
(brain and/or spinal cord) ‘tells’ the legs to keep walking
and act appropriately for a given step length [37]. The scenario
here, however, emphasizes the other aspect of control: ‘bottom-
up’ activation of muscles reacting to loads or length changes
[38,39]. Separating the two control strategies may be somewhat
arbitrary: there is presumably an interplay between the
two. However, the scenario does point towards a means by
which the—presumably costly—demands for accurate sen-
sing, interpretation, prediction and top-down signalling,
might be ameliorated by discontinuities in kinematics driven
by simple geometric changes.

4.5. Limitations and opportunities
The reductions necessary for the approach taken here are
clearly extreme and mean that many important factors are
simply neglected. The mechanical implications of intermedi-
ate pitch moment of inertia torso, finite-mass leg segments,
visco-elastic material properties and many physiologically
important details of neural delays, muscle activation, contrac-
tion and cost are completely omitted, and can only be
approached with detailed computer simulation. Some—
indeed, many—of these features may well account for the
deviation between the physics of the scenario described
here and anything observed in biology: in reality, there are
no discontinuities in any aspects of kinematics or kinetics;
joints do not suddenly and completely ‘lock-out’; and the
impulses are never observed as infinite forces. However,
reductionist linkage and collision mechanics may allow not
only insight into several ‘why’ questions—of both kinematic
sequencing and anatomical proportions—but also enable
‘what if’ questions to be explored. If the principles and scen-
ario do offer mechanistic insights, then the implications of
changes through evolution, pathology and injury might be
approached. For instance: what might be expected with a
flexible mid-foot? How, then, might the centre-of-mass trajec-
tory be achieved with many, evenly spaced changes in
velocity vector?
5. Conclusion
The scenario presented here considers reasonable cost func-
tions in walking, explains how this is minimized using
collision mechanics, and shows how this is achieved kinema-
tically, through muscles and joints and human-like anatomy
and limb proportions. Most notably it may go some way to
explaining features of the evolved human leg and foot, with
knee located halfway down the leg, and the plantigrade
foot with short heel behind the ankle, longer mid-foot and
stiff, short toes.
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