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Abstract 10 

During human walking, the center of pressure under the foot progresses forward smoothly 11 

during each step, creating a wheel-like motion between the leg and the ground. This rolling 12 

motion might appear to aid walking economy, but the mechanisms that may lead to such a 13 

benefit are unclear, since the leg is not literally a wheel. We propose that there is indeed a 14 

benefit, but less from rolling than from smoother transitions between pendulum-like stance legs. 15 

The velocity of the body center of mass (COM) must be redirected in that transition, and a longer 16 

foot reduces the work required for the redirection. Here we develop a dynamic walking model 17 

that predicts different effects from altering foot length as opposed to foot radius, and test it by 18 

attaching rigid, arc-like foot bottoms to humans walking with fixed ankles. The model suggests 19 

that smooth rolling is relatively insensitive to arc radius, whereas work for the step-to-step 20 

transition decreases approximately quadratically with foot length. We measured the separate 21 

effects of arc-foot length and radius on COM velocity fluctuations, work performed by the legs, 22 

and metabolic cost. Experimental data (N = 8) show that foot length indeed has much greater 23 

effect on both the mechanical work of the step-to-step transition (23% variation, P = 0.04) and 24 

the overall energetic cost of walking (6%, P = 0.03) than foot radius (no significant effect, P > 25 

0.05). We found a minimum of metabolic energy cost for an arc foot length about 29% of leg 26 

length, roughly comparable to human foot length. Our results suggest that the foot’s apparently 27 

wheel-like action derives less benefit from rolling per se than from reduced work to redirect the 28 

body COM. 29 
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Introduction 30 

The human ankle and foot act similar to a rolling wheel during each stance phase. This is 31 

evident both from the progression of the center of pressure upon the ground (McGeer, 1990), and 32 

from the arc traced by successive ground contact points when viewed from the shank’s 33 

perspective (Hansen & Childress, 2004a). Both are consistent with a wheel radius of about 30% 34 

of leg length. Although rolling presents clear benefits to the wheel, it is less obvious why this 35 

might benefit a leg, which otherwise behaves much like an inverted pendulum. After all, a 36 

pendulum conserves mechanical energy regardless of whether it rolls upon a curved surface or 37 

about a fixed pivot point. Perhaps the wheel-like motion has other consequences for walking, 38 

separate from rolling itself. Those consequences, if explained, might reveal fundamental 39 

mechanisms of human walking. 40 

The human foot’s wheel-like motion is facilitated by its plantigrade posture. An alternative 41 

configuration would place the foot more vertically, in line with and extending the leg. A longer 42 

leg traverses greater distance for the same angular excursion of the leg, potentially improving 43 

locomotion economy or speed. Indeed, digitigrade and unguligrade foot postures appear more 44 

prevalent in nature (Alexander, 1990). If there is no benefit from its rolling motion, there remains 45 

the question whether the human foot’s plantigrade posture has any advantage, or is even a 46 

disadvantage for walking economy. 47 

 48 
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One potential benefit to wheel-like behavior other than rolling is for the transition between 49 

steps. The body center of mass (COM) follows a curved path atop the stance leg, and its velocity 50 

must be redirected from forward-and-downward at the end of one pendulum-like step, to 51 

forward-and-upward at the beginning of the next step (Kuo et al., 2005). This redirection 52 

requires mechanical work, and exacts a metabolic cost (Donelan et al., 2002). Simple models 53 

show that arc-shaped, rolling feet reduce the directional change in COM velocity, and thus the 54 

work of the step-to-step transition (Adamczyk et al., 2006; McGeer, 1990), which appears to 55 

have a proportional metabolic cost (Donelan et al., 2002a). Moreover, experiments with humans 56 

wearing curved, rigid foot attachments fixed to the leg, show that both work and energetic cost 57 

change systematically with the arc radius (Adamczyk et al., 2006). Very small arcs are costly due 58 

to increased work to redirect the COM velocity, and this cost decreases with greater arc radii. 59 

Closer examination of these models reveals how larger arc feet gain their advantage. The 60 

amount of COM redirection, and hence the step-to-step transition work, both increase with the 61 

relative distance between the ground contact points of the two feet (see Fig. 1A). For a fixed 62 

angular excursion of the legs, this distance may be reduced with longer feet in a plantigrade 63 

posture. As long as the pendulum is allowed to move freely, the details of the foot’s curvature 64 

 

Fig. 1: The effect of varying radius and length of an arc-shaped foot, in a simple walking model. A: The model has radius ρ 
and length l, and performs positive work with a push-off impulse P and negative work with a collision impulse C at the step-
to-step transition, to redirect the COM velocity. The amount of redirection (represented by angle δ) is determined by the 
distance between the points of ground contact for the two arcs. More work is needed to perform greater amounts of 
redirection. B: Varying foot length, keeping radius fixed, greatly affects the amount by which the velocity must be 
redirected. C: In contrast, varying arc radius, keeping arc length fixed, has substantial effect on the COM trajectory, but no 
effect on redirection. The velocity change due to push-off and collision are shown as ∆vPO and ∆vCO, respectively. The  step 
length, kept constant, determines the angle between the legs 2α. The moment arm of GRF about the knee, typically small in 
human walking, is affected strongly by foot length but only slightly by radius; this effect may be partly responsible for the 
increased cost caused by long feet of large radius (Adamczyk 2006). 



T
he

 J
ou

rn
al

 o
f 

E
xp

er
im

en
ta

l B
io

lo
gy

 –
 A

C
C

E
PT

E
D

 A
U

T
H

O
R

 M
A

N
U

SC
R

IP
T

are otherwise immaterial (Ruina et al., 2005). Thus, arc feet of greater radius may be economical 65 

primarily because they are longer, and plantigrade feet need not present an energetic 66 

disadvantage relative to digitigrade or unguligrade feet. 67 

Previous studies have not considered foot length independently of radius. We previously 68 

varied the two together parametrically (Adamczyk et al., 2006), and others have varied the radius 69 

while keeping length constant (with ankles not fixed) (Hansen & Wang, 2011). But to discern the 70 

distinct effects of rolling versus COM redirection, foot radius and length should ideally be 71 

treated as separate independent variables. For a given foot length, the foot’s radius may be 72 

increased arbitrarily, which should affect rolling without affecting the step-to-step transition 73 

(Fig. 1B). Similarly, foot length may be varied for a given foot radius (Fig. 1C). We expect that 74 

foot length will have relatively greater effect on step-to-step transition work, total COM work, 75 

and energetic cost than will foot radius. 76 

There are of course other contributors to energetic cost in humans. For example, we have 77 

observed metabolic cost to increase for arc radii ρ greater than about 0.3 (expressed as a fraction 78 

of leg length), for arc feet with fixed ankles (Adamczyk et al., 2006). This is not explained by 79 

work requirements of simple dynamic walking models, or by COM work data, both of which 80 

steadily decrease. Hansen & Wang (2011) also observed an increase in cost for radii above ρ = 81 

0.4, for the free-ankle case. Additionally, our subjective experience with larger arcs revealed 82 

them to cause discomfort in the knee flexors after long bouts of walking (Adamczyk et al., 83 

2006). We speculated that this was due to the need to actively avoid or compensate for a large 84 

external knee moment induced by the ground reaction force acting on a very long foot (Fig. 1 85 

A,B,C). Such a disadvantage would also be expected to depend more on foot length than radius. 86 

These and other factors are not necessarily predicted from first principles, but may nonetheless 87 

cause significant increases in energy cost for larger arcs. 88 

The purpose of the present study was to test for separate effects of varying arc-foot length 89 

and radius. For simplicity, we considered walking with the ankles fixed, because it is difficult to 90 

predict the compensations that humans might perform with the ankles left free (Hansen and 91 

Wang, 2011). We hypothesized that, for a fixed foot length, variations in radius of curvature 92 

would have relatively little effect on mechanical work for the step-to-step transition and 93 

metabolic cost. For a fixed foot radius, we hypothesized that an increasing foot length would 94 
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result in steadily decreasing work. We further hypothesized that metabolic cost would follow the 95 

same trend, but only to a point, beyond which we expected metabolic cost to increase due an 96 

increasing external knee moment. These predictions were then tested with human subjects 97 

walking on curved foot bottom surfaces of varying length and radius. Such an experiment may 98 

thus separate the possible effects of rolling versus redirection of the COM. 99 

Methods 100 

We experimentally tested a range of arc shapes attached to subjects’ feet, and observed the 101 

effect on walking. We used a simple boot apparatus to fix subjects’ ankles in a neutral position, 102 

restricting their dynamic action and allowing the attachment of different static shapes on the foot 103 

bottom. We measured ground reaction forces (GRF), body motion, and metabolic rate while 104 

subjects walked on an instrumented treadmill wearing different foot shapes. We estimated the 105 

work performed on the body center of mass (COM) by each leg, as well as the metabolic cost of 106 

walking, in response to independent changes in foot length and radius. We also investigated 107 

changes in joint mechanics to understand human adaptations to changing rollover shape. Before 108 

describing the experiments in more detail, we use a dynamic walking model to predict the effects 109 

of changes to foot length and radius. 110 

Model 111 

A simple, dynamic walking model explains the influence of foot length and radius on step-112 

to-step transitions (Fig. 1). This model is very similar to a previous model with arc-shaped feet 113 

(Adamczyk et al., 2006), based on the Simplest Model of walking (Kuo, 2001, Fig. 1A). The 114 

model has a point mass at the pelvis and infinitesimally small point masses at the end of each leg 115 

(Fig. 1A). Arc-shaped feet of radius ρ (as a fraction of leg length) are rigidly attached to the leg. 116 

The present model limits the fore-aft foot length, l (also as a fraction of leg length), and hence 117 

the range of center of pressure excursion. At the limit of this range, the foot pivots about its heel 118 

or toe (Fig. 1B, C). Here we treat foot length l and radius ρ independently, revealing that work 119 

requirements decrease with longer feet, and are almost completely independent of changes in 120 

radius.  121 

The model is powered by an instantaneous push-off impulse applied under the stance foot 122 

just before contralateral heelstrike (Fig. 1A) (Kuo, 2001). This push-off impulse performs 123 
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positive work on the COM, of magnitude 𝑊+. Immediately thereafter, the collision of swing leg 124 

with ground performs negative work, of magnitude 𝑊−. The push-off and collision together 125 

constitute the step-to-step transition, and have equal magnitudes of work for a steady gait. Push-126 

off and heelstrike impulses are directed from the ground contact points to the COM. The push-127 

off impulse redirects the COM from its pre-transition velocity 𝑣pre to a mid-transition velocity 128 

𝑣mid; then the heelstrike impulse redirects the COM to a post-transition velocity 𝑣post. A foot of 129 

nonzero length 𝑙 = 2𝜌 sin 𝜆
2 (where λ is the angle subtended by the foot; see Fig. 1A) reduces the 130 

directional change in COM velocity and the work performed to redirect the COM (Fig. 1A,B). 131 

Over the step-to-step transition the pre-to-post angular direction change 𝛿 in COM velocity is 132 

less than the angle between the legs, 2𝛼. A periodic gait is produced (Kuo, 2002) if this net 133 

directional change is shared equally between the push-off and collision impulses (Fig. 1C). From 134 

the geometry of these impulses, we formulate the angular redirection of COM velocity and form 135 

a small-angle approximation: 136 

tan 𝛿
2

=
𝜌 sin�𝛼−𝜆2�+(1−𝜌) sin𝛼

𝜌 cos�𝛼−𝜆2�+(1−𝜌)cos𝛼
≈ 𝛼 − 𝑙

2
. (1) 137 

Note that the foot length term subsumes the effect of arc radius 𝜌 in this linear approximation.  138 

The effects on step-to-step transition work are as follows. The magnitude 𝑊− of the 139 

negative work performed each step by the heelstrike collision is equal to the change in kinetic 140 

energy (Fig. 1C):  141 

𝑊− = 1
2
𝑀𝑣mid

2 − 1
2
𝑀𝑣post

2 = 1
2
𝑀𝑣post

2 tan2 𝛿
2
 . (2) 142 

The overall trend is revealed by substituting Eqn. 1 into Eqn. 2:  143 

 𝑊− ≈ 1
2
𝑀𝑣post

2 �𝛼 − 𝑙
2
�
2
 . (3) 144 

The model therefore predicts the trends in COM velocity change and step-to-step transition 145 

work as a function of foot length 𝑙.  146 
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Keeping step length fixed, the step-to-step transition leg angle 𝛼 is nearly constant over the 147 

range of 𝑙 and 𝜌 applied in our experiment. Again assuming small angles, Eqn. 1 reduces to show 148 

that the angular direction change δ in COM velocity decreases approximately linearly with foot 149 

length 𝑙, with a constant offset 𝐶𝛿: 150 

 𝛿 ∝ (𝐶𝛿 − 𝑙). (4) 151 

Keeping walking speed fixed, the post-transition velocity 𝑣post is also approximately constant. 152 

Thus the trend in the magnitude of negative COM work performed simplifies to a similar form, 153 

 𝑊− ∝ (𝐶𝑊 − 𝑙)2 (5) 154 

where 𝐶𝑊 is the foot length at minimum negative COM work. For a steady gait, 𝑊− = 𝑊+, 155 

allowing Eqn. 5 to predict the trend for positive COM work as well. This prediction forms the 156 

basis for comparisons to measured data.  157 

We used computational simulations to test the analytical predictions with a more humanlike 158 

 
Fig. 2: Dynamic walking model predictions for step-to-step transition work as a function of foot radius and length. (A) Step-
to-step transition work per step (vertical axis) depends on both arc radius and length, the latter having much greater effect. 
(B) Work decreases nearly quadratically as a function of foot length, as demonstrated for various foot radii. (C) In contrast, 
work per step varies little with foot radius, as shown for various foot lengths. The approximate range of experimental 
conditions is denoted by the shaded area on the horizontal axes. Filled circles in (A) show the parameters studied 
experimentally (see Fig. 3). In (B) and (C), the boundary of the parameter space for the current model shows results that 
agree closely with a previous model, in which length and radius varied together (Adamczyk et al, 2006).  
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mass distribution. The Anthropomorphic Model has roughly human-like leg mass and inertia 159 

(after McGeer, 1990), as well as a spring about the hip joint in order to produce human-like step 160 

frequencies (Kuo, 2001). We examined the model’s gait across variations in foot length 𝑙 and 161 

radius 𝜌, keeping speed, step length, and all other model parameters except spring stiffness fixed. 162 

We limited our model investigation to foot lengths short enough to lead to pivoting about the 163 

heel or toe, beyond which the model is identical to our previous model (Adamczyk et al., 2006). 164 

The model exhibits a consistent decrease in work (i.e., energy cost) with increasing foot length 𝑙 165 

(Fig. 2). For a constant foot radius 𝜌, the model closely follows the curve of Eqn. 5 (Fig. 2B) as 166 

foot length increases up to the maximum limit imposed by 𝜌, which it cannot exceed. But there is 167 

no substantial change with varying foot radius at constant foot length (Fig. 2C).  168 

We expected that work by humans would show similar trends to the model. Despite the 169 

much greater complexity of the human, we expected COM work to decrease with increasing foot 170 

length, but change little with increasing radius. We also expected that metabolic energy 171 

expenditure would largely follow the same trend as COM work. Of course, there are metabolic 172 

costs beyond the work performed on the COM. Based on our speculation regarding external knee 173 

moment, we expected to observe a minimum in metabolic cost for a foot of intermediate length, 174 

beyond which cost would increase. We expected no trend in metabolic cost versus foot radius of 175 

curvature for the range tested.  176 

 177 

Experiment 178 

We measured ground reaction forces, body motion and respiratory gas exchange while 8 179 

adult human subjects walked in rigid boots with soles of different length and curvature. Walking 180 

speed was fixed at 1.275 m.s-1 using a split-belt force-measuring treadmill. All subjects (4 male, 181 

4 female; body mass 72.8 ± 12.5 kg (mean ± standard deviation); leg length 0.904 ± 0.062 m) 182 

were healthy and had no known gait abnormalities. Subjects gave their informed consent 183 

according to Institutional Review Board procedures.  184 

The experimental apparatus consisted of a pair of rigid walking boots (PneumaticWalker; 185 

Aircast, Inc.; Summit, NJ) modified to accept interchangeable bottom surfaces (Fig. 3; see 186 

Adamczyk et al., 2006). Seven pairs of these foot arcs were constructed from pine wood (0.086 187 

m wide) and covered on the bottom surface with SoleFlex shoe sole material (0.0015 m thick; 188 
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SoleTech, Salem, MA). Five pairs had foot radius 0.40 m, with different foot lengths (0.203, 189 

0.229, 0.254, 0.279, and 0.305 m, measured heel to toe). Two additional pairs had foot length 190 

0.254 m, with different foot radius (0.30 and 0.60 m). Arcs were matched in weight (0.45 kg) 191 

and standing height (0.037 m), although moment of inertia could not be precisely matched. 192 

Although fewer than length conditions, the three radius conditions nevertheless span a two-fold 193 

range of radii, sufficient to test the hypothesized sensitivity. All arcs were attached to the same 194 

pair of boots with the same alignment for a given subject (each 0.85 kg for medium size, 1.05 kg 195 

for large). Arcs were positioned relative to the leg so that the arc center was 0.058 m anterior to 196 

the tibial axis (Fig. 3). This dimension is slightly less than in our previous study (Adamczyk et 197 

al., 2006) because of the different geometry of the arcs.  198 

Subjects walked at 1.275 m.s-1 on a custom-built split-belt instrumented treadmill (Collins, 199 

2009) wearing each pair of arcs, and also in normal street shoes (termed normal walking), with 200 

the order of arc conditions randomized for each subject. We did not control step frequency, 201 

which was observed to range from 94% to 100% of normal as a function of arc shape here. We 202 

assumed this variation not to substantially affect metabolic cost for forced motion of the legs 203 

(Doke, 2005).  204 

We measured ground reaction forces (GRF, Fig. 4) and lower body motion for each 205 

condition. We recorded multiple 30 second trials of GRF and motion capture data to ensure 206 

recording of several clean ground contact periods of each foot on a single side of the treadmill at 207 

steady-state. We analyzed the first seven clean strides in MATLAB (The MathWorks, Inc., 208 

Natick, MA, USA). The GRF data were used to estimate the COM velocity changes and the 209 

 

Fig. 3: Apparatus used to impose an arc-like shape to the foot bottom, while keeping the ankles fixed (see also Adamczyk, 
2006). Arcs were constructed in five lengths and three radii of curvature.  
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average rate of negative mechanical work performed on the COM over the step cycle. We 210 

calculated COM kinematics (linear acceleration, velocity, and position) from three-dimensional 211 

GRF data, assuming periodic gait (Whittle, 1997; Donelan, 2002b). The velocity data were then 212 

used to derive the maximum angular change 𝛿COM in the direction of COM velocity in the sagittal 213 

plane (Figs 1, 6A,B; Adamczyk et al, 2006). The forward and vertical COM velocities were also 214 

plotted against each other as the COM hodograph (Adamczyk and Kuo, 2009) for each condition 215 

(Fig. 5A,B). The instantaneous rate of mechanical work performed by each leg on the COM (Fig. 216 

5C,D) was calculated, as the dot product of each leg’s GRF with the COM velocity (Donelan 217 

2002b). We integrated the negative portion of this COM work rate to find the total COM work 218 

𝑊mech
−  (J) performed during one step. Finally, we multiplied this work by step frequency to yield 219 

the average COM work rate �̇�mech
−  (in W) performed on the COM through each limb (Fig. 220 

6C,D).  221 

We estimated metabolic energy expenditure rate from respiratory gas exchange data 222 

collected during the treadmill trials (Fig. 6E,F). We used an open-circuit respirometry system 223 

(Max-II, Physio-Dyne Instrument Corp., Quogue, NY) to measure the volume rates of oxygen 224 

consumption and carbon dioxide production (�̇�O2 and �̇�CO2, mL⋅sec-1). Following a 3-minute 225 

transient period to allow subjects to reach steady state, we collected and averaged volume rates 226 

over at least 3 minutes of each trial. Metabolic energy expenditure rate �̇�met was estimated using 227 

standard formulas (Adamczyk et al (2006), after Brockway (1987) and Weir (1949)). Finally, we 228 

calculated net metabolic rate by subtracting the metabolic rate of quiet standing. The quiet 229 

standing data collection procedure was similar to that of the walking tests, but was performed 230 

before any other trials.  231 

Data Analysis 232 

We used angular change in COM velocity, average COM work rate, and metabolic rate to 233 

test the simple model’s predictions for changes in foot length and arc radius. First, we performed 234 

a least-squares fit to the model of Eqn. 4, regressing COM velocity direction change 𝛿COM 235 

against foot length 𝑙 according to 236 

 𝛿COM = 𝑐COM ∙ 𝑙 + 𝑑COM . (6) 237 

Coefficients 𝑐COM and 𝑑COM accommodate differences between humans and the model, such as 238 
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knee flexion and duration of step-to-step transition, that can affect measured 𝛿COM (Adamczyk 239 

and Kuo, 2009).  240 

We regressed subjects’ mechanical and metabolic costs against foot length (for conditions 241 

with constant arc radius 0.40 m) using a general second order curve fit inspired by the model 242 

(Eqn. 5): 243 

 Curve Fit: 𝑎𝑙𝑙2 + 𝑏𝑙𝑙 + 𝑐𝑙 . (7) 244 

We also regressed mechanical and metabolic costs against arc radius (for conditions with 245 

constant foot length 0.254 m) in the same manner, using coefficients 𝑎𝜌, 𝑏𝜌, and 𝑐𝜌. We applied 246 

the same form of fit to both mechanical and metabolic costs, �̇�mech
− and �̇�met, adding subscripts 247 

“mech” and “met” respectively to distinguish the various coefficients. 248 

To account for differences in subjects’ body size, we performed all analyses with non-249 

dimensionalized variables. We used base units of total mass 𝑀 (body plus apparatus), 250 

gravitational acceleration g, and barefoot standing leg length 𝐿. Work rate and energy rate were 251 

therefore made dimensionless by the divisor 𝑀𝑔1.5𝐿0.5; work, energy and moment by 𝑀𝑔𝐿; and 252 

force by 𝑀𝑔. Foot length and arc radius were non-dimensionalized by 𝐿. Work rate and energy 253 

rate graphs are presented in both dimensionless units and in the common units of W⋅kg-1. 254 

Conversion between these units was performed with the mean factor 𝑔1.5𝐿0.5 ≈ 29.2 W∙kg-1. We 255 

also accounted for inter-subject kinematic and energetic variations by computing curve fit offsets 256 

𝑑COM , 𝑐𝑙 and 𝑐𝜌 separately for each subject and then averaging them. Accompanying 𝑟2  values 257 

were computed without these offsets, to quantify only the trends explained by the independent 258 

variable rather than the offsets.   259 

 260 

Results 261 

The mechanics and energetics of walking changed significantly as a function of foot length, 262 

and to a much smaller degree with arc radius. The average rate of negative mechanical work 263 

performed on the COM decreased significantly with increasing foot length, but not with 264 

increasing radius. Net metabolic rate was minimum at intermediate foot length (curve fit 265 

minimum at l = 0.285), but was relatively unaffected by radius. Ground reaction forces were 266 

affected systematically by both foot length and arc radius, but in different ways. Finally, the 267 
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angular direction change in COM velocity over the step-to-step transition decreased with 268 

increases in both foot length and foot radius, although the effect was much smaller for arc radius. 269 

Results for ground reaction forces, COM velocity direction change, COM work rate, and 270 

metabolic rate during normal walking and walking with arcs are detailed below. 271 

Baseline measures of mechanical work rate and metabolic rate of normal walking were as 272 

follows. In normal walking at 1.275 m/s with preferred step frequency 1.86 ± 0.09 Hz, the 273 

angular direction change 𝛿COM in COM velocity was 17.3 ± 2.6 deg (mean ± 95% Confidence 274 

Interval, CI). Subjects performed negative COM work �̇�mech
−  at an average rate of 0.543 W⋅kg-1 275 

(dimensionless 0.019). This is equivalent to 0.291 J⋅kg-1 per step, which is slightly lower than 276 

previous estimates of 0.31 to 0.36 J⋅kg-1 per step from previous studies (Donelan, 2002a; 2002b), 277 

possibly because of differences between over-ground and treadmill walking during mechanics 278 

trials. Average net metabolic rate �̇�met for normal walking was 2.96 W⋅kg-1 (dimensionless 279 

0.101).  280 

Measured vertical ground reaction forces changed in qualitatively different ways with 281 

alterations in foot length and radius (Fig. 4A,B). Foot length had important effects on peak 282 

values and timing, whereas radius appeared to alter the shape of the GRF curve more subtly. 283 

With increasing foot length at constant radius (𝜌 = 0.40 m), a linear regression shows that 284 

double-support period increased with greater length, expanding from about 16% to 20% of the 285 

step, over dimensionless foot lengths from 0.20 to 0.37 (P = 2e-11; curve fit -0.24∙l + 0.11, 𝑟2 = 286 

Fig. 4: Average Ground Reaction Force (GRF) data over a step cycle, for varying (A) foot length keeping radius fixed, and (B) 
foot radius keeping length fixed. Curves are averaged across all (N = 8) subjects. A step was defined as starting at one 
heelstrike and ending at opposite heelstrike.  
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0.77). Vertical GRF peaks also declined with longer feet, from 1.21 to 1.02 (dimensionless; P = 287 

7e-10; curve fit -1.19∙l + 1.46, 𝑟2 = 0.71) for the first peak, and from 1.18 to 1.09 (P = 3e-5; 288 

curve fit -0.56∙l + 1.30, 𝑟2 = 0.44) for the second peak. In addition, the mid-stance force 289 

minimum became shallower with increasing foot length, rising from 0.70 to 0.79 (P = 4e-7; 290 

curve fit -0.56∙l + 0.59, 𝑟2 = 0.57). With increasing radius (at constant foot length l = 0.254 m), 291 

the only change was a negligible increase in double-support period, from 18% to 19% of the step 292 

(P = 2e-3). The initial rise of the force curve appeared qualitatively to have steeper slope than 293 

normal, perhaps due to the relative rigidity of the boot-arc apparatus compared to a normal foot 294 

and ankle. The first peak in vertical GRF occurred with roughly normal timing. The vertical GRF 295 

most similar to normal walking occurred with arc feet of length 0.254 m and radius 0.40 m.  296 

The fluctuations in COM velocity also changed in different ways with foot length and 297 

radius, described here qualitatively through COM hodograph (Fig. 5A,B). With increasing foot 298 

length, the hodograph showed overall smaller changes in forward COM velocity over each step 299 

(Fig. 5A). The shape of the hodograph also changed, with smoother COM velocity (i.e. less 300 

sharp inflections) near toe-off for longer feet. Increasing foot radius (Fig. 5B) also led to reduced 301 

forward COM velocity fluctuations, but changed the shape differently.  302 

The relative distribution of COM work throughout the step also changed with foot length 303 

(Fig. 5C,D), also examined here qualitatively. We define the collision as the first region of 304 

negative COM work in a step, and push-off as the first region of positive work starting near the 305 

end of the preceding step and extending through double support (Kuo, 2005). Qualitatively, 306 

collision negative work by the leading leg tended to decrease with increasing foot length 𝑙, with 307 

late collision work decreasing such that the collision period ended earlier with longer feet (Fig. 308 

5C). Push-off positive work rate by the trailing leg also tended to decrease and shift later with 309 

increasing foot length 𝑙, overlapping more with the late collision COM work in the leading leg. 310 

Subjects performed about the same amount of work during push-off and during collision, with 311 

little apparent variation in single-support positive and negative work in the stance leg. Collision 312 

negative work also tended to decrease with increasing foot radius (Fig. 5D). In this case, 313 

however, the work was merely shifted to the later “preload” phase of negative work. Positive 314 

push-off work increased with increasing foot radius, the opposite effect from increasing foot 315 

length.  316 
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The observed angular direction change in COM velocity 𝛿COM decreased with increasing 317 

foot length and radius (Fig. 6A,B). For varying foot length l and constant arc radius 𝜌 = 0.40 m, 318 

data exhibited roughly linear trends (Fig. 6A, P = 0.03, 𝑟2 = 0.14), with coefficients 𝑐l-COM = -319 

11.5 ± 10.3 deg (mean ± 95% CI), and 𝑑l-COM = 22.0 ± 3.1 deg (Eqn. 6). The COM direction 320 

change for normal walking intersected with the observed trend at a foot length of about l = 0.38. 321 

The trend with increasing arc radius 𝜌 at constant foot length 𝑙 = 0.254 m was much shallower, 322 

with no significant trend (Fig. 6B, P = 0.08, 𝑟2 = 0.19). The best fit line had coefficients 𝑐ρ-COM = 323 

-4.7 ± 5.3 deg (mean ± CI) and 𝑑ρ-COM = 20.7 ± 3.3 deg (Fig. 6B). Angular direction change was 324 

comparable to normal walking at an arc radius of about ρ = 0.65. 325 

 

Fig. 5: (A-B) Vertical vs. forward components of COM velocity data, termed COM hodographs, for arc feet of varying (A) 
length and (B) radius. (C-D) COM work rate vs. step cycle for varying (C) foot length and (D) foot radius. Curves are shown for 
both legs (labeled as leading and trailing leg during step-to-step transition). All curves are averaged across subjects (N = 8). 
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 326 

 
Fig. 6: Experimental results for varying foot length (left column) and foot radius (right column). (A-B) Average redirection 
angle of COM velocity (δCOM) decreased significantly (P < 0.05 denoted by *) as function of (A) foot length (P = 0.03), but not 
(B) foot radius (P = 0.08). Angular redirection of COM velocity is a strong predictor of COM work (Adamczyk et al., 2006; 
2009). (C-D) Average COM work rate changed as predicted by the model, decreasing significantly across (C) foot length (P = 
0.04 for linear term) but not (D) foot radius (P = 0.33). Average COM work was considerably lower than Normal in all cases. 
(E-F) Net metabolic rate also changed significantly with (E) foot length but not (F) foot radius. Quadratic curve fits (solid lines) 
yield minima at l=0.285 for foot length (P = 0.03) and ρ = 0.553 for foot radius (P = 0.31). All trials from all subects (N = 8, 
filled symbols) are shown along with curve fits (solid dark lines) to Equations predicted by the model. 
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The total amount of negative COM work performed (�̇�mech
− ) agreed well with the decreasing 327 

trend across foot length predicted by the dynamic walking model (Fig. 6C, Eqn. 5), and did not 328 

change significantly across arc radius. The curve fit (Eqn. 7, P = 0.04 for linear term, 𝑟2 = 0.57) 329 

showed a significant decline in overall negative COM work rate as foot length 𝑙 increased from 330 

0.20 to 0.37 (Fig. 6C). The coefficients of the curve fit are 𝑎𝑙-mech = 0.140 ± 0.169 (mean ± CI, 331 

dimensionless), 𝑏𝑙-mech= -0.104 ± 0.097, and 𝑐𝑙-mech = 0.032 ± 0.014. This curve fit has a 332 

minimum at l = 0.373, though this value is tentative because the quadratic term was not different 333 

from zero (P = 0.1). The slight decrease in negative work rate with increasing arc radius of 334 

curvature 𝜌 (Fig. 6D) was not statistically significant (P = 0.33).  335 

Metabolic energy expenditure rate �̇�met also exhibited a minimum at intermediate foot 336 

length, as expected (Fig. 6E,F, Eqn. 5). The empirical quadratic curve fit (Eqn. 7, P = 0.03, 𝑟2 = 337 

0.15) showed a significant decline, with coefficients 𝑎𝑙-met = 1.009 ± 0.894 (mean ± CI, 338 

dimensionless), 𝑏𝑙-met= -0.574 ± 0.511, and 𝑐𝑙-met = 0.213 ± 0.072. The minimum suggested by 339 

this curve is 0.132 (3.84 W⋅kg-1) at l = 0.285 (Fig. 6E). Metabolic rate did not change 340 

significantly with increasing arc radius of curvature 𝜌 (P = 0.31, 𝑟2 = 0.12), yielding a curve fit 341 

with coefficients 𝑎𝜌-met = 0.102 ± 0.206 (mean ± CI, dimensionless), 𝑏𝜌-met= -0.113 ± 0.212, and 342 

𝑐𝜌-met = 0.162 ± 0.051. This curve fit suggests a minimum cost of 0.130 (3.81 W⋅kg-1) at 𝜌 = 343 

0.553 (Fig. 6F).  344 

Discussion 345 

We have investigated the differing effects of foot length 𝑙 and foot radius 𝜌 on the 346 

mechanical and metabolic costs of walking. Our model and experimental human data 347 

demonstrate that foot length has greater effect on walking, as quantified by ground reaction force 348 

peaks, COM velocity fluctuations, and COM work rate. Varying foot radius over a two-fold 349 

range produces some changes in rolling mechanics of the stance phase, but has far less effect on 350 

work and energetic cost. Prior studies have focused more on the radius, either as a covariate of 351 

length in arc feet (Adamczyk et al., 2006), or in terms of an effective rollover shape for the foot-352 

ankle complex (Hansen, 2004a, 2005, 2004b, 2010). The present results show that arc foot length 353 

has greater effect on gait mechanics than foot radius.  354 

Arc foot length is important because it facilitates the step-to-step transition. The work 355 
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dissipated at collision is determined by the change in COM velocity from the end of one step to 356 

the beginning of the next one (Fig. 1B). A longer foot reduces the directional change in velocity 357 

(Fig. 6A), which is accompanied by a reduction in work (Fig. 6C). This is consistent with the 358 

simple model introduced here and, in a different form, by Ruina et al. (2005). We had previously 359 

found that energy expenditure is greatly affected when length and radius vary together 360 

(Adamczyk et al., 2006). A comparison with the present results (Fig. 7) indicates that similar 361 

effects are observed when varying arc length alone, but not radius. Indeed, the curve fit of 362 

metabolic rate vs. foot length reached a minimum metabolic for l = 0.285, similar to that 363 

observed previously (0.300 in Adamczyk et al., 2006), and to the ratio of human foot length to 364 

leg length (Dumas et al., 2007).  365 

Arc foot radius has a comparatively subtler effect on walking. Smaller radius feet do appear 366 

to trend toward an increasing cost, and there is a minimum radius required to achieve a convex 367 

foot bottom while maintaining a given arc foot length. At the other extreme, very high radius of 368 

curvature–essentially a flat foot bottom–may be quite unfavorable. If rigid, such a shape might 369 

cause the center of pressure to advance very rapidly, requiring compensatory forces by the 370 

muscles to be produced at a high rate and magnitude. It appears most advantageous for the foot 371 

bottom to have a curved, convex shape, with less sensitivity to the particular curvature. 372 

It is curious that the minimum metabolic cost found here was about 30% higher than the cost 373 

 
 Fig. 7: Comparison of best-fit quadratic curves for (A) COM work rate and (B) metabolic rate versus foot length (solid black) 
and foot radius (dotted cyan) from the current study and from a previous experiment varying length and radius together 
(dashed red; Adamczyk 2006). The close match between the current “varying length” curve and the previous result 
emphasizes that mechanical and metabolic cost changes attributable to arc foot shape are primarily due to changes in foot 
length. The “varying radius” curve from the current study departs substantially from the previous result, suggesting that foot 
radius per se was not responsible for the changes observed in that study (Adamczyk et al, 2006). Note that length and radius 
share a common axis in the previous study (dashed red) because geometric design constraints made the two parameters 
numerically equal within a reasonable small-angle approximation.  
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of normal walking (Fig. 7B), despite the fact that all arc conditions required less COM work than 374 

normal. Much of this increase might be explained by the 1.5 kg added mass of each arc foot. An 375 

estimate of the energetic penalty due to adding mass below the feet also yields about a 30% 376 

increase (e.g., Inman et al., 1981; Martin et al., 1997; Royer et al., 2005; see Adamczyk et al, 377 

2006). Indeed, when normal shoes are weight-matched to rigid arc foot boots, there is no 378 

difference in energy expenditure (Vanderpool et al., 2008). Another possible explanation for the 379 

energetic penalty is work performed by the knee and hip to substitute for the ankle. If that work 380 

were performed less economically, it may explain the added cost. Other possible costs include 381 

relatively poor coordination with walking on arc-shaped feet, as subjects may not have fully 382 

adapted to their added mass, restricted ankle motion, smaller ground contact patch, and rigid 383 

arcs. Although the added cost is not fully explained, we believe it not to affect the relative effects 384 

we observed with changing foot length and radius. 385 

More difficult to explain is the energetic penalty of longer arc feet. Based on previous 386 

experience, we had expected that metabolic cost would increase at high foot length, due to 387 

factors not attributable to COM work. We had proposed that the energetic increase may stem 388 

from compensations to counter or avoid the high external knee moment induced by longer feet 389 

late in stance (Adamczyk et al., 2006). After all, longer feet can cause the center of pressure to 390 

fall well in front of the knee late in stance. But qualitative inverse dynamics analysis (Appendix, 391 

Figs A1, A2) does not indicate increasing knee moment or work late in stance (Fig. A1). It is 392 

possible that subjects managed to avoid a higher knee moment by making subtle gait adjustments 393 

that reduced the moment arm of ground reaction force (GRF) about the knee. If not for kinematic 394 

adjustments, the GRF would then induce a large external extension moment. The details of this 395 

adjustment remain unexplained by COM work, joint work, or joint moments, but it is 396 

nonetheless clear that longer feet are energetically costly. 397 

Inverse dynamics analysis offers qualitative support for the hypothesis that mechanical 398 

energy lost from push-off is restored elsewhere. The COM work measure does not capture work 399 

at the joints, but examination of inverse dynamics results demonstrates the consequence of 400 

reduced push-off work. With reduced ankle motion, the hip appeared to compensate with more 401 

work late in push-off. This was accompanied by a concurrent, increased burst of positive work 402 

by the contralateral hip, observed in all arc conditions (Figs A1, A2), suggesting that it also 403 

compensates for the reduced push-off work. In some circumstances, adaptations shifting load or 404 
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work to other joints may be less economical than normal gait (Sawicki et al., 2009), so this shift 405 

toward hip work may also contribute to the overall higher metabolic cost of all the arc foot 406 

conditions.  407 

These results suggest a functional feature of the human plantigrade foot posture. Digitigrade 408 

or unguligrade feet might seem advantageous for locomotion economy, because such feet 409 

contribute to greater leg length. This allows for a greater step length and a lower cost of transport 410 

for a given angle between the legs at double support. A plantigrade foot would seem to sacrifice 411 

leg length and gain little in return. (There might be some advantage in stability for bipedal 412 

standing, but there is little evidence that humans are more adept at balance than, say, birds.) Our 413 

findings suggest that a plantigrade foot is not at disadvantage, because it can decrease the angular 414 

redirection required of COM velocity. It allows the foot to apply a more vertical impulse at push-415 

off, decreasing the energy dissipated in the leading leg collision (Adamczyk et al, 2009). A 416 

plantigrade foot posture could be quite uneconomical, but the timing and amount of ankle push-417 

off appear to make humans quite competitive with other animals of similar size (cf. Tucker, 418 

1975).  419 

It is interesting to consider how humans might benefit from the normal, articulated ankle. 420 

The active ankle tends to produce an effective foot rollover shape that agrees with the optimum 421 

rigid shape observed here, regardless of factors such as walking speed, incline, and shoe 422 

geometry (Hansen, 2004a-b, 2005, 2010). That tendency makes it difficult to vary the shape 423 

experimentally, except by enforcing it with a rigid arc shape. Our results indicate that, however 424 

humans might produce the effective rollover shape, its nominal length and shape appear to 425 

minimize energy expenditure for the rest of the body. This is especially the case at slower speeds 426 

where the ankle produces little work (Hansen et al., 2004c), making it most similar to the rigid 427 

case examined here. Another implication is the potential disadvantage of perturbations to the 428 

nominal effective rollover shape. As an example, prosthetic feet with shorter structural keels 429 

result in higher GRF peaks (Hansen et al., 2006), consistent with our model and potentially 430 

implying poorer walking economy. These findings may also be relevant to cases of partial foot 431 

amputation (Hansen, 2007). Returning to the normal case, it appears that the human foot uses its 432 

length and rollover shape to reduce the energetic penalty of redirecting the body COM between 433 

steps, making up for an apparent disadvantage in leg length relative to digitigrade or unguligrade 434 

feet. 435 
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Appendix – Inverse Dynamics 441 

We performed inverse dynamics analysis to estimate lower body mechanics during each 442 

condition. We attached reflective markers to the segments of the lower body: three (3) markers to 443 

each thigh and shank, plus one superficial to each greater trochanter, lateral epicondyle, lateral 444 

malleolus, calcaneus, and fifth metatarsal head, and one over the sacrum. We tracked these 445 

markers using an 8-camera system (Falcon) and software (EVaRT) from Motion Analysis Corp. 446 

(Santa Rosa, CA, USA). For trials using the fixed-ankle apparatus, all shank and foot markers 447 

were attached to the plastic boot, over the approximate locations of the underlying landmarks. 448 

We performed a standard inverse dynamics analysis using Visual3D software (C-Motion, Inc., 449 

Germantown, MD, USA) to estimate joint angle, moment, and power output curves across the 450 

stride cycle, including additional mass and inertia for the boot and arc apparatus. Because 451 

separate models were required for the normal and arc-foot conditions, absolute joint angles may 452 

appear different artificially, though changes in angle over time should be accurate. Also, note 453 

 

Fig. A1: Sagittal joint mechanics (angle, moment, power output) across variations in Foot Length. Curves are averaged across 
all 8 subjects. Values are nondimensionalized on the left side axes; right side axes’ units are normalized to body mass.  
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that ankle mechanics in fixed-ankle conditions represent the combined effects of the 454 

physiological ankle and the apparatus.  455 

Results for sagittal plane joint mechanics showed qualitative changes at the knee and hip 456 

with changes in both foot length (Fig. A1) and foot radius (Fig. A2). The most apparent trend 457 

was the emergence of a greater and more sustained knee internal flexion moment in late stance as 458 

foot radius increased (Fig. A2). With larger-radius arcs, this knee flexion moment was sustained 459 

into the period of pre-swing knee flexion displacement, with the result that the knee exhibited a 460 

considerable positive power peak during pre-swing as arc radius increased. In contrast, this same 461 

period of knee moment actually decreased with increasing foot length, though in that case there 462 

was no change in timing or knee power output because the concurrent knee displacement was 463 

very small. Finally, flexion moment and negative power output of the knee appeared to increase 464 

in magnitude during swing termination in all experimental conditions in comparison to normal. 465 

We interpret this increase as a simple effect of the added mass of the apparatus on the lower leg.  466 

 

Fig. A2: Sagittal plane joint mechanics (angle, moment, power output) across variations in Foot Radius. Curves are averaged 
across all 8 subjects. Note the trend toward increasing knee-moment in late stance, which may reflect the altered timing of 
COP advancement due to changing foot radius. Values are nondimensionalized on the left side axes; right side axes’ units are 
normalized to body mass 
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At the hip joint, sagittal moment and power peaks appeared amplified in all experimental 467 

conditions in comparison to normal, but with no clear trends across conditions. We broadly 468 

interpret this increase as an attempt to use the hip to replace some of the mechanical work lost to 469 

ankle fixation in the boots. Such a strategy is most strongly suggested by the extended period of 470 

positive hip power in early stance. The other peaks in late stance may also indicate the increased 471 

use of hip flexors required to accelerate the stance leg into swing.  472 

 473 
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