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Introduction: The human foot has evolved over the past seven million years
from a relatively mobile, grasping appendage to a highly derived structure with
a heel pad and longitudinal arch that can absorb shock at heel strike and weight-
bearing yet also function as a powerful lever at toe-off. It has been proposed that
the modern human foot evolved to allow our species to use “variable gearing”
during walking and running. In this model, the gears of the human foot are
defined relative to the ankle center of rotation as R, the distance from the ground
reaction resultant vector, and r, the distance from the calf muscle vector. The
gear ratio defines the torque generated to propel the body or stretch the triceps
surae muscles. We test the hypothesis that variable gearing is associated with
modern human pedal anatomy and a heel-to-toe rollover that allows a shift
from “low gear” to “high gear” during stance.

Methods: Using force plate and video analysis, we examined variable gearing in
adults and children engaging in adult heel strike (AHS = 35), flat foot contact
(FFC = 39), or initial heel contact (IHC = 26).

Results and Discussion:Our hypothesis was partly supported. Although variable
gearingwas observed in IHC steps andwas greater than in FFC steps, it was not as
developed as in AHS steps. This may be related to anatomical and motor control
differences between juvenile and adult feet, suggesting that adult anatomy,
including a high arch, and neural control are critical for full use of variable gearing
and that this feature would have evolved in later hominins around two million
years ago with the appearance of a fully modern foot.
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Introduction

The functional evolution of the human foot—with its defining characteristic of
making complete contact with the ground from heel to toe—continues to be essential
for answering questions of how and why bipedalism evolved in our fossil ancestors.
Still unresolved is how our feet developed over the last 7 million years from the
relatively mobile climbing feet of hominoids to our modern condition of a stiff lever
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with a powerful forefoot push-off. There is a wide range of ways
to approach these questions of form-function development in the
foot, many of which are covered in this issue by other authors. One
effective way to explore the functional role of changes in foot length
and mobility on foot mechanics is to take an explicitly ontogenetic
approach by examining foot mechanics in young children at the
earliest stages of walking compared to older children and adults.
Changes in foot anatomy, kinematics, and neural control with age
during bipedal development may illuminate scenarios concerning
pedal evolution and inferences about foot mechanics in early
hominins.

Modern humans walk and sometimes run with a plantigrade
foot posture in which the heel strikes the ground first, the entire
plantar surface of the foot is in contactwith the groundbymidstance,
and the step is completed with a powerful push-off at digits I and II.
In this specialized pattern of foot contact, the entire foot is applied
progressively to the ground, allowing weight support and the center
of pressure (COP) to progress along its entire length (Elftman and
Manter, 1935; Grundy et al., 1975).

There are many debated explanations for this pattern of
foot contact, including increased stability, speed, effective limb
length (Webber and Raichlen, 2016), increased hip translation
(Zeininger et al., 2020), and reduction of collision losses at the
step-to-step transition (Holowka and Lieberman, 2018). However,
one of the most intriguing and least explored potential adaptive
benefits is the proposed ability to exploit what has been called
by David Carrier and others (1994) “variable gearing” (change in
the ratio of the ground reaction force moment arm to the plantar
flexor muscle moment arm) at the ankle to optimize triceps surae
muscle force or stretch during different phases of stance. This
pattern has been demonstrated explicitly for plantigrade running
(Carrier et al., 1994; Braunstein et al., 2010) but only to a limited
extent in walking in adults and has never been explored as a function
of behavioral and anatomical changes during development.This area
has further implications beyond that of pedal evolution and can
apply to our understanding of developmental patterns, foot injury,
and pathology.

Here, we test the hypothesis thatmodern adult foot strike pattern
and relative foot stiffness allow for variable gearing mechanics
at the ankle during walking. We use an ontogenetic approach
and compare young adult heel strike walking steps to those of
children who use an immature heel strike (initial heel contact but
with some mechanical differences from adults; Hallemans et al.,
2003; Zeininger et al., 2018) and children who lack a defined heel
strike (flat foot contact).

Background

Torques on both sides of the joint must be balanced to maintain
a stable ankle posture in which there is no angular change. Thus, in
static or quasi-static settings, the product of the triceps surae muscle
force (Fm) and triceps surae moment arm (r) to the ankle joint will
equal the product of the magnitude of the ground reaction force
resultant (GRFr) and the GRFr moment arm (R) from the point
of force application to the ankle. Throughout the stance phase in
running and walking, in which the ankle angle position changes,
the relationships among these variables are constantly changing

to accommodate ankle dorsiflexion during weight acceptance and
plantarflexion during the propulsive phase of stance. While r is
anatomically relatively constrained, allowing little change during
stance, R has the potential to change significantly during a step
(Carrier et al., 1994). Humans can actively change (a) the location
of the COP (the anchor point of the GRFr) under the foot
or (b) the orientation of the GRFr, both of which adjust the
distance of R. Resultant changes in the ratio R/r can affect ankle
angular velocity, triceps surae muscle stretch, and ankle torque.
R is susceptible, however, to constraints induced by foot posture.
For example, many cursorial mammals that run and walk with a
forefoot strike and an elevated heel in a digitigrade foot posture
experience a limited range of ankle R (Carrier et al., 1998) compared
to animals with a plantigrade posture. Digitigrade postures align
the ankle more closely with the COP and GRFr and reduce
R. Digitigrady, therefore, provides relatively high ankle effective
mechanical advantage (EMA, r/R) and minimizes the Fm required
to maintain ankle posture (Smith and Savage, 1956; Biewener,
1989; Biewener, 1990; Biewener et al., 2004; Polk, 2004), but it also
constrains the gear ratios possible for such animals.

High values of EMA may not always be advantageous when
working to move heavy loads at low ankle velocity (Bojsen-
Møller, 1978; Bojsen-Møller, 1979). In these situations, animals
with posturally flexible feet and toes may choose to increase
R throughout the stance phase by using a plantigrade foot
posture and allowing the COP to translate away from the
ankle and toward the distal toes. Adjusting R throughout stance
varies the ratio of R to r from touchdown to toe-off (Smith
and Savage, 1956; Bojsen-Møller, 1978; Bojsen-Møller, 1979;
Carrier et al., 1994).

Carrier et al. (1994) were among the first to express this ratio
in terms of a “gear ratio” and use that idea to suggest that the
human foot, unlike the feet of other animals, could engage in
variable gearing during stance.They used this concept to explain the
length of the human foot and toes as an evolutionary mechanism to
allow changing gears (Carrier et al., 1994). To date, no data on foot
gearing in nonhuman primates, especially the large apes with their
plantigrade feet, are available.

In this model, the length of the moment arms around the ankle
is considered in terms of two gears working together (Smith and
Savage, 1956). A low gear ratio in which the GRFr gear (R, gear 2)
is small relative to the muscle gear (r, gear 1) provides low torque,
low load movement (e.g., the fast spin of the pedal crank on a bike
in low gear) and very little rotation of gear 2 (Figure 1). In this
case, it is possible to move the joint quickly, as might be useful in
rapid acceleration (Bojsen-Møller, 1978; 1979; Shorten et al., 1990;
Carrier et al., 1994; Erdemer and Piazza, 2002). A high gear ratio in
which gear 2 is large relative to gear 1 provides high torque, high
load movement, and a lot of gear 2 rotation (e.g., a bike in high
gear in which each rotation of the pedal crank provides a large
rotation of the gears that move the chain and wheels) (Figure 1).
Gear 2 can also operate on gear 1 and move the joint such that
the opposing muscle is stretched, muscle fiber cross-bridges are
placed in a relatively efficient position, and/or energy is stored in
tendons, which is especially useful during the early stance phase
(Carrier et al., 1994).

Accelerating runners who landwith a forefoot strike cannot take
advantage of variable gearing at the ankle because of the limited
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FIGURE 1
Gear ratios. Changes in the center of pressure (COP, black dot), ground reaction force resultant (GRFr) magnitude and orientation, and GRFr moment
arm (R. red line), all relative to ankle position (white circle with black outline), as well as triceps surae muscle force (Fm) line of action and triceps surae
moment arm (r, black line) throughout the stance phase in steady-state running (image modified from Carrier et al. [1994]). As the center of pressure
moves distally beneath the foot, the triceps surae gear (gear 1) around the ankle stays relatively constant, but the GRFr gear (gear 2) increases. During
early stance in human running, the gear ratio (R/r) is low, with high ankle velocity, low torque, and triceps surae muscle stretch, as gear 1 is driven by
gear 2 (represented in the direction of black and red arrows). During the propulsive phase of stance, the gear ratio shifts to a high gear with lower
velocity but higher torque as the small gear 1 drives the larger gear 2 (represented in the direction of black and red arrows).

possible range of change in R, while steady-state human runners
who land with a plantigrade foot translate the COP along a larger
proportion of their foot length and make use of variable gearing
(Carrier et al., 1994). Steady-state runners have a relatively small R
and low gear ratio during early stance, at which time the triceps
surae muscles are stretched, and energy is stored in their calcaneal
tendon (i.e., there is a negative muscle–tendon shortening velocity
[MTV]) (Carrier et al., 1994). The gear ratio remains relatively low
(i.e., EMA is relatively high) at midstance when the COP is under
the midfoot. Translation of the COP to the toes allows for a large R,
high gear ratio, increased Fm, positive MTV, and a toe-off at the end
of the stance phase (Carrier et al., 1994). In modeling the absence
of variable gearing (i.e., when the relatively low R/r at midstance
was held constant throughout stance), Carrier et al. (1994) found
that runners would have less triceps surae stretch and less calcaneal
tendon energy storage during early stance and would require a
higher MTV to power toe-off. Thus, plantigrady and translation of
theCOP from the heel to toe and the use of variable gearing appear to
optimize triceps suraemusclemechanics during steady-state human
running.

Similar to steady-state running, during walking, adult humans
land with a dorsiflexed ankle and a plantigrade foot, initiating
contact at the heel (heel-strike plantigrady). The COP translates
along a large proportion of the adult human foot length, from heel
to toes (Elftman and Manter, 1935; Grundy et al., 1975), as the foot

transforms into a relatively rigid lever for a propulsive hallucial toe-
off. As in plantigrade running, adult human walking makes use of
variable gearing; R increases throughout the stance phase, and gear
ratios vary from low during weight acceptance and midstance to
high during the propulsive phase (Karamanidis and Arampatzis,
2007). Added stiffness (via stiff shoes and insoles) increases the
gear ratio but reduces the plantarflexor shortening length, reduces
the EMA, and therefore increases metabolic cost (Takahashi et al.,
2016).

Older adults (60–69 years of age) with age-related degeneration
in triceps surae muscle strength (Karamanidis and Arampatzis,
2007)may adjust their foot posture at contact to reduce triceps surae
Fm required to maintain ankle posture. Compared to young adults
(21–32 years of age), older adults have a less dorsiflexed ankle at foot
contact (Boyer et al., 2017) and a more flat foot landing approach
(Winter et al., 1990) that may position the COP near the ankle at
foot contact, thereby reducing R and lowering R/r (i.e., increasing
EMA) during weight acceptance and midstance (Karamanidis and
Arampatzis, 2007).

The stepping characteristics of older adults (see Boyer et al., 2017
for a review) share similaritieswith young children, including amore
flat-foot landing approach. Co-activation of the triceps surae and
tibialis anterior during walking prohibits ankle dorsiflexion at foot
contact (Myklebust, 1990), and as such, young children with around
4 months of walking experience (16 months of age on average) use
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a flat foot contact (FFC). In FFC steps, the COP is anterior to the
heel or under the anterior portion of the heel during contact and
weight acceptance (Zeininger et al., 2018). As reciprocal recruitment
of the triceps surae and tibialis anterior develops with age, children
transition from using a FFC to an initial heel contact (IHC; an
average of around 22 months walking experience, 34 months of age
on average) in which the COP is under the heel during contact and
weight acceptance (Zeininger et al., 2018). FFC steps lack a heel-to-
toe rollover of theCOP (Hallemans et al., 2003). Although IHC steps
have a heel-to-toe rollover, the COP does not translate under the
entire foot length in these young children (Hallemans et al., 2006).
Ankle plantarflexion is limited in young children (Hallemans et al.,
2005) and passive until approximately 7 years of age (Sutherland
et al., 1980), as the whole body center of mass moves anteriorly
over the foot. Ankle power is also limited (Hallemans et al., 2005),
a feature that may be associated with the lack of a longitudinal
arch and, thus, a more mobile and less rigid midfoot than in
adults (Bertsch et al., 2004). Rather than a powerful toe-off, forward
progression into the swing phase is initiated by high degrees of
flexion and power generation at the hip (Hallemans et al., 2005).

Ontogenetic differences in the location of the COP at foot
contact andmidfoot mobility offer the opportunity to test the effects
of foot strike pattern and relative foot stiffness on translation of the
COP and ankle gearingmechanics duringwalking in young children
and adults. We predict that in FFC steps of young children, the
anterior location of the COP at contact positions the GRFr close to
the ankle joint and results (as in older adults) in a relatively short and
positive (anterior to the ankle) R, low gear ratio (i.e., high EMA),
and a negative MTV to store energy in the calcaneal tendon during
weight acceptance (Figure 2). During contact andweight acceptance
in both IHC and young adult heel-strike (AHS) steps, we predict that
a more posterior COP (presumably posterior to the ankle joint) and
a more posteriorly directed GRFr (Zeininger et al., 2018) will result
in a negative (posterior to the ankle) R, potentially higher gear ratio,
and higher (but still negative) MTV than in FFC steps (Figure 2). In
other words, if the foot strike pattern influences ankle gearing, then
during the weight acceptance phase, we expect to find differences
in ankle gearing mechanics between FFC steps and IHC/AHS steps,
but not between AHS and IHC steps. If a relatively stiff foot allows
the COP to translate away from the ankle to the distal toes, then
we predict that the COP will translate farther in AHS steps than in
either FFC or IHC steps because younger children have a relatively
mobile midfoot, but we predict no differences between FFC and
IHC steps. Compared to FFC and IHC steps, we predict a longer
R, higher gear ratio, larger Fm, and larger positive MTV during the
propulsive phase in AHS steps, allowing for a propulsive hallucial
toe-off (Figure 2). These hypotheses address the larger questions of
the mechanics of human walking and the developmental timing and
mechanical associations of features of human walking.

Materials and methods

Subject participation was approved by the Institutional Review
Board of the University of Texas at Austin. Informed consent
was obtained by participants or their legal guardian. Data were
collected on seven adults and eighteen children (Table 1) at the
Developmental Motor Control Laboratory in the Department of

FIGURE 2
Predicted center of pressure (COP), triceps surae muscle force (Fm),
and ground reaction force resultant (GRFr) moment arm (R)
throughout stance. (A) Flat foot contact in the youngest children. At
touchdown, R is predicted to be anterior to the ankle. The COP is
predicted to translate anteriorly but not all the way to the distal hallux
at push-off. (B) Initial heel contact in older children. At touchdown, R
is predicted to be posterior to the ankle. The COP is predicted to
translate anteriorly but not all the way to the distal hallux at push-off.
(C) Adult heel strike. At touchdown, R is predicted to be posterior to
the ankle. The COP is predicted to translate anteriorly all the way to
the distal hallux at push-off. Image modified from Cunningham et al.
(2010).

Kinesiology and Health Education at the University of Texas at
Austin. For adults, kinematic data were collected at 60 Hz with a
five-camera Vicon 250 motion analysis system (1272x1024 pixel
resolution). Kinematic data on children were collected at 120 Hz via
a 10-camera Vicon MX (Vicon, Centennial, CO) motion analysis
system. Both Vicon systems were synchronized with two Bertec
force plates (Bertec, Columbus, OH). Reflectivemarkers were placed
on the greater trochanter, lateral tibial condyle, lateral malleolus,
fifth metatarsal head, and hallucial distal phalanx. For the lab,
the coordinate system was: x = mediolateral, y = fore-aft, and z
= vertical. For adults, foot length was measured on the subjects
as the distance from the distal hallux to the posterior aspect of
the heel. Using the coordinates of the hallucial distal phalanx
marker, a virtual calcaneal marker was created where calcaneus x
= hallucial distal phalanx x, calcaneus y = hallucial distal phalanx
y − foot length, and calcaneus z = hallucial distal phalanx z.
In children, an expanded foot marker set included a proximal
calcaneus marker and a marker at the calcaneal tendon insertion
(modified from Stebbins et al., 2006; see Zeininger et al., 2018). At
the end of each session, body weight was measured with a standing
spring balance.
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TABLE 1 Means and ranges of subject information.

Foot strike
pattern

# of subjects # of steps Age Body mass
(kg)

Leg length
(cm)

Foot length
(cm)

Adult heel strike 7 35 25.5 years (21–51) 52.7 (45.5–92.2) 83.62 (75.1–90.5) 24.4 (23.0–26.5)

Initial heel contact 7 26 34.2 months
(16.8–43.1)

12.8 (7.3–14.1) 40.8 (32.8–42.6) 13.2 (10.5–14.5)

Flat foot contact 11 39 16.2 months
(11.5–26.4)

10.7 (10.2–11.4) 33.2 (29.7–39.6) 12.1 (11.0–13.6)

Barefoot subjectswalked, unassisted, at a self-selected speed over
two adjacent force plates that recorded GRFs at 600 Hz in adults
and 1,200 Hz in children. Only trials in which one foot was on the
plate at a time were used for this analysis. Data were reconstructed
in Vicon Workstation for adults and Vicon Nexus 1.8.2 (Vicon,
Centennial, CO) for children. Raw kinematic and kinetic data were
filtered using a fourth-order zero-lag phase Butterworth low-pass
filter with a cut-off frequency of 12 Hz (kinematic) or 100 Hz
(kinetic), as determined following methods of Winter (2005).
Vertical, horizontal, and mediolateral ground reaction forces were
used to calculate the GRFr magnitude.

The foot strike pattern was determined visually following
methods by Zeininger et al. (2018). The relative position of the COP
beneath the foot was determined as the distance from the heel
to the COP as a proportion of the total foot length. Total foot
length was measured from the posterior calcaneus (0% foot length)
to the hallucial distal phalanx (100% foot length). To account for
differences in hind limb length, speed was assessed as the Froude
number (√[v2/gh]), where v is the velocity (hip displacement over
stance duration), g is the acceleration of gravity (9.8 m/s2), and h
is hind limb length (thigh length + leg length + foot length) (Hof,
1996; Raichlen, 2005).

The GRFr moment arm (R) was measured as the perpendicular
distance from the lateral malleolus to the line of action of the GRFr.
In children, the calcaneal tendon moment arm (r) was measured
as the perpendicular distance from the lateral malleolus to the line
of action of the calcaneal tendon, represented by the two calcaneal
markers. Adults did not have calcaneal tendon markers; thus, we
used data published for r (Sheehan, 2012; compiled from Leardini
and O'Connor, 2002; Maganaris, 2003; Magnusson and Kjaer, 2003;
Rugg et al., 1990) to create a regression equation for r and ankle
angle. In our subjects, ankle angle wasmeasured as the internal angle
formed between the leg (lateral tibial condyle to lateral malleolus)
and foot (lateral malleolus to 5th metatarsal head), and the value of
r throughout the stance phase was calculated from the regression
equation. The gear ratio was then calculated as R/r. Using R, r, and
GRFr, we calculated the triceps surae muscle force (Fm) required
to maintain ankle posture. To normalize Fm, we divided it by
body weight for each subject. Triceps surae MTV was calculated
as the product of r and the instantaneous ankle angular velocity
(change in ankle angle [foot relative to shank] in radians divided
by change in time). Following Carrier et al. (1994), we also modeled
the MTV required in the absence of variable gearing by dividing
the instantaneous ankle-to-toe velocity (instantaneous R times the
instantaneous ankle angular velocity) by a low gear ratio, fixed
at 50% of stance phase. In addition, we modeled MTV with a

high gear ratio, fixed at 75% of the stance phase, to explore the
possible advantages and disadvantages of maintaining a high gear
ratio throughout the stance.

To normalize for different stance durations across trials, data
for the COP position, R/r, Fm, and MTVs were analyzed in 5%
intervals throughout stance phase. The COP position, R/r, and Fm
at 5% (contact), 50% (midstance), and 95% (push-off) of stance and
magnitude and timing of peak R/r, peak Fm, and minimum and
maximumMTVwere compared between AHS, IHC, and FFC using

ANCOVA with Froude number as a covariate in JMP®, Version
Pro (SAS Institute Inc., Cary, NC, 1989–2019). Although some
heel compression and triceps surae tendon stretch may occur in
the first 5% of stance (Schmitt and Larson, 2005; Addison and
Lieberman, 2015), we chose to not analyze force data before 5%
of stance because of low GRF and the potential for error in the
R calculation (Karamanidis and Arampatzis, 2007). Within each
foot strike pattern, observed MTV was compared to models of
MTV fixed at 50% of stance and MTV fixed at 75% of stance using
an ANCOVA with Froude number as a covariate in JMP. When
results were significant at p <0.05, Tukey HSD tests were run. The
effect size for the comparisons was calculated using Cohen’s d for a
three-sample comparison (Lakens, 2013).

Results

A total of 100 steps (AHS = 35; IHC = 26; FFC = 39) were
analyzed (Table 1). At 5% of stance (contact), COP position differed
significantly across foot strike patterns (p < 0.0001), with the COP
significantly more distal in FFC steps than in IHC (p < 0.0001) or
AHS steps (p = 0.0325), and more distal in AHS steps than in IHC
steps (p = 0.0259) (Table 2; Figure 3). At 50% of stance (midstance),
during weight acceptance, the COP also differed significantly across
foot strike patterns (p < 0.0001), with a more distal COP in AHS
steps than in IHC (p = 0.0122) and FFC steps (p < 0.0001). However,
there were no significant differences between the IHC and FFC
steps (p = 0.1433) at 50% of stance. That pattern of distal progress
continued throughout stance with significant differences at 95%
of stance (push-off) (p < 0.0001). The COPs for AHS steps were
significantly more distal than those of IHC (p = 0.0023) and FFC
(p < 0.0001) steps, with no significant differences between IHC and
FFC steps (p = 0.3389) at 95% of stance. From 5% to 95% of stance,
the COP translated an average of 70% of full foot length inAHS, 66%
of foot length in IHC steps, and only 49% of foot length in FFC steps
(Figure 3). For the COP position, all effect sizes were greater than
0.9 for all comparisons at 5% of stance. For COP position at 50%
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and 95% of stance, all effect sizes for AHS to IHC and AHS to FFC
were greater than 0.9. However, at those same points, comparisons
of COP position in IHC to FFC were nonsignificant and had small
effect sizes (less than 0.2).

The gear ratio (R/r) at 5% of stance differed significantly across
foot strike patterns (p = 0.0021), with a significantly lower R/r in
IHC steps than in AHS steps (p = 0.0064) or FFC steps (p = 0.0032)
steps but no significant differences between AHS steps and FFC
steps (p = 0.9993) (Table 2; Figure 3). This pattern reflects the fact
that at the early, low gear ratio stage (all less than 0.5), the R/r for
IHC steps was negative while the others were positive (Table 2). At
50% of stance, R/r differed significantly across foot strike patterns
(p <0.0001). R/r was significantly higher in AHS steps than in IHC
(p < 0.0001) and FFC (p < 0.0001) steps at 50%, but there were no
significant differences between IHC and FFC steps (p = 0.1180).This
same pattern of significant differences across foot strike patterns was
also true for 95% of stance (p < 0.0001), with R/r significantly higher
in AHS steps than in IHC (p < 0.0001) or FFC (p < 0.0001) steps but
no significant differences between IHC and FFC steps (p = 0.2820).
Average peak R/r occurred at 90%of stance in all foot strike patterns;
however, peak R/r magnitude differed significantly across foot strike
patterns (p < 0.0001). Peak R/r magnitude was significantly higher
in AHS steps than in IHC (p < 0.001) and FFC (p < 0.0001) steps,
but there were no significant differences between IHC and FFC steps
(p = 0.0671). For R/r, effect sizes were small (less than 0.3) for all
comparisons at 5% of stance. However, later in stance, comparisons
of AHS to IHC andAHS to FFCwere strong (greater than 0.6 at both
50% of stance and at peak and greater than 0.5 at 95% of stance), but
the effect sizes for IHC to FFC were small (less than 0.3) at all those
same points.

The triceps surae muscle force (Fm) at 5% of stance differed
significantly across foot strike patterns (p = 0.0036), with a
significantly lower Fm in IHC steps than in FFC steps (p =
0.0024). However, there were no significant differences between
AHS and IHC (p = 0.1527) or AHS and FFC (p = 0.2749) steps
(Table 2; Figure 2). At 50% of stance, Fm differed significantly across
foot strike patterns (p < 0.0001). Fm was significantly higher in AHS
steps than in IHC (p < 0.0001) and FFC (p < 0.0001) steps at 50%,
but there were no significant differences between IHC and FFC (p =
0.8220) steps. Average peak Fm occurred at 75% of stance in all foot
strike patterns; however, peak Fm magnitude differed significantly
across foot strike patterns (p < 0.0001). Peak Fm magnitude was
significantly higher in AHS steps than in IHC (p < 0.0001) or FFC (p
< 0.0001) steps (p < 0.0001), and Fm was significantly higher in IHC
steps than in FFC steps (p<0.0100). By 95%of stance, Fmconverged,
and there were no significant differences across foot strike patterns
(p = 0.0815). All effect sizes for comparisons of Fm were weak
(less than 0.2) at 5%, including for IHC vs. FFC, despite statistical
significance (p = 0.0024). However, all effect sizes for comparisons
of Fm at 50% of stance and peak were small ormedium (greater than
0.4 and 0.5, respectively) for comparisons of AHS to IHC and AHS
to FFC, but small (less than 0.2) for IHC vs. FFC despite a p-value of
0.01 for that comparison at peak.

MTV was negative (i.e., the calcaneal tendon was stretched)
during early stance in all foot strike patterns (Figure 4). Average
minimum MTV (maximum stretch) differed in timing and
magnitude (p = 0.0015) across foot strike patterns (Table 2).
Minimum MTV occurred at 15% of stance in AHS steps, 10% of

stance in IHC steps, and 5% of stance in FFC steps (Figure 4). At
minimum MTV, FFC steps had significantly more muscle stretch
than AHS steps (p = 0.0010), but there was no significant difference
between FFC and IHC (p = 0.410) or between IHC and AHS (p =
0.1000) steps (Table 2). Maximum MTV occurred at 95% of stance
in all groups, and there were no significant differences in magnitude
across foot strike patterns (p = 0.9774) (Table 2). For MTV, effect
sizes for comparisons of AHS to IHC and AHS to FFC were strong
(greater than 0.9), while effect sizes for comparisons of IHC to FFC
were small (0.4).

Within each foot strike pattern, the observed minimum MTV
differed significantly from that of theminimummodeledMTVfixed
at 50% or 75% (AHS p < 0.0001; IHC p < 0.0001; FFC p = 0.0002)
(Table 2). For each foot strike pattern, the observed minimum MTV
was significantly lower (i.e., the triceps surae was stretched more)
than the minimum modeled MTV fixed at 50% (AHS p < 0.0010;
IHC p < 0.0010; FFC p =0.0630) or 75% (AHS p 0.0062; IHC p <
0.0001; FFC p = 0.0020) (Figure 4; Table 2). However, within each
foot strike pattern, the minimum modeled MTV fixed at 50% and
fixed at 75% did not differ significantly (AHS p = 0.4128; IHC p
= 0.1636; FFC p = 0.5832). In AHS and IHC steps, the maximum
observed MTV differed significantly from that of the minimum
modeled MTV fixed at 50% or 75% (AHS p < 0.0001; IHC p
= 0.0004). In AHS steps, the maximum modeled MTV fixed at
50% was significantly higher than the observed maximum MTV
(p = 0.0403) but was not significantly different from that modeled
at 75% (p = 0.7077), and there were no significant differences
between the maximum modeled MTVs fixed at 50% and 75% (p
= 0.2204). In IHC steps, the maximum modeled MTV fixed at
50% was significantly higher than the observed maximum MTV
(p = 0.0007) and the maximum modeled MTV fixed at 75% (p
= 0.0040), but there were no significant differences between the
observed maximum MTV and the maximum modeled MTV fixed
at 75% (p = 0.8500). However, no significant differences were found
between the maximum observed and modeled MTV at 50% or 75%
in FFC steps (p = 0.1000).

In AHS, comparisons of minimum observed MTV against
modeled MTV fixed at 50% and 75% effect sizes were medium
or large (1.12 and 0.7, respectively). In AHS, when the maximum
observed MTV was compared to the modeled MTV, the effect sizes
were large (0.9) for 50% and small (0.2) for 75%. In IHC, for the
minimum observed MTV against the modeled MTV fixed at 50%
and 75%, effect sizes were large (1.0 and 1.3, respectively). In IHC,
when the maximum observed MTV was compared to the modeled
MTV, effect sizes were large (1.15) for 50% and small (0.23) for 75%.
In FFC, for comparisons of theminimumobservedMTV against the
modeled MTV fixed at 50% and 75%, the effect sizes were medium
or large (0.7 and 0.9, respectively). In FFC, when the maximum
observed MTV was compared to the modeled MTV, the effect sizes
were large (0.96) for 50% and medium (0.8) for 75%.

Discussion

This study addresses questions about locomotor development
and pedal evolution by exploring the association of anatomical
changes in the foot with the onset of adult-like foot mechanics,
specifically, the specialized modern human trait of utilizing variable
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TABLE 2 Means and standard deviations for each variable.

Event Adult heel strike Initial heel
contact

Flat foot contact Tukey p-value

COP 5% stance 25.24 (4.25) 17.86 (10.79) 32.13 (10.75) AHS > IHC, p = 0.0259
AHS < FFC, p = 0.0325
IHC < FFC, p < 0.0001

50% stance 74.40 (9.60) 51.04 (16.95) 49.37 (16.42) AHS > IHC, p = 0.0122
AHS > FFC, p < 0.0001
IHC = FFC, p = 0.1433

95% stance 95.98 (4.99) 83.73 (6.89) 81.04 (11.17) AHS > IHC, p = 0.0023
AHS > FFC, p < 0.0010
IHC = FFC, p = 0.3389

R/r 5% stance 0.40 (0.99) −0.23 (0.73) 0.45 (0.66) AHS > IHC, p = 0.0064
AHS = FFC, p = 0.9993
IHC < FFC, p = 0.0032

50% stance 2.74 (0.38) 1.47 (0.59) 1.30 (0.56) AHS > IHC, p < 0.0001
AHS > FFC, p < 0.0001
IHC = FFC, p = 0.1180

Peak 3.39 (0.42) 2.32 (0.48) 1.99 (0.56) AHS > IHC, p < 0.0001
AHS > FFC, p < 0.0001
IHC = FFC, p = 0.0671

95% stance 3.27 (0.55) 2.21 (0.55) 1.91 (0.63) AHS > IHC, p < 0.0001
AHS > FFC, p < 0.0001
IHC = FFC, p = 0.2820

Fm/BW 5% stance 0.14 (0.39) −0.05 (0.48) 0.36 (0.47) AHS = IHC, p < 0.1527
AHS = FFC, p = 0.2749
IHC < FFC, p = 0.0024

50% stance 2.25 (0.44) 1.48 (0.42) 1.22 (0.55) AHS > IHC, p < 0.0001
AHS > FFC, p < 0.0001
IHC = FFC, p = 0.8220

Peak 3.42 (0.40) 1.94 (0.51) 1.52 (0.50) AHS > IHC, p < 0.0001
AHS > FFC, p < 0.0001
IHC > FFC, p < 0.0100

95% stance 0.45 (0.28) 0.72 (0.26) 0.59 (0.26) -

MTV observed Minimum −6.57 (4.99) −8.76 (4.45) −10.80 (8.59) AHS = IHC, p= 0.1000
AHS < FFC, p= 0.0010
IHC = FFC, p= 0.4100

Maximum 16.54 (4.11) 14.74 (5.92) 15.62 (8.40) -

MTV modeled, fixed at
50%

Minimum −2.43 (1.61) −4.99 (2.80) −5.9 (5.50)

Maximum 20.95 (8.8) 23.29 (8.8) 21.11 (18.6)

MTV modeled, fixed at
75%

Minimum −3.34 (4.15) −3.12 (1.64) −4.17 (3.65)

Maximum 17.7 (6.48) 15.8 (5.33) 15.2 (11.79)

COP, center of pressure; R/r, gear ratio; Fm, normalized triceps surae muscle force; MTV, muscle–tendon shortening velocity.
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FIGURE 3
Position of the center of pressure (COP), gear ratios, and triceps surae muscle force throughout stance. For each graph, means and standard errors are
plotted in 5% intervals throughout stance phase. For all variables, the pattern of change throughout stance phase in adult heel-strike steps differs from
that of initial heel contact and flat foot contact steps.

FIGURE 4
Muscle–tendon shortening velocity. For each foot strike pattern, means and standard errors are plotted in 5% intervals throughout the stance phase.
Observed muscle–tendon velocity is compared to muscle-tendon velocity fixed at a low gear ratio (at 50% of stance) and fixed at a high gear ratio (at
75% of stance). Negative velocities indicate that the triceps surae muscle fibers or tendon are being stretched, and there is the potential for energy to
be stored in the calcaneal tendon. Positive velocities indicate that the triceps surae muscle is actively shortening.

gearing (the ratio of ground reaction force moments [R] to calf
muscle moments [r]). We found that there is a predictable change
in foot gearing with changes in anatomy and behavior and that
these differences may predict foot mechanics of living apes, early
hominins, and modern humans.

In AHS walking steps, we found that, on average, the COP
translated beneath 70% of the full foot length from heel strike
to toe-off. The ankle gear ratio changed from relatively low (<1)
during early stance to relatively high (>3) during late stance in AHS
steps. These ankle gear ratios are consistent with those previously
reported for young adult walking (Karamanidis and Arampatzis,
2007) and are within the range of gear ratios used during running
(Carrier et al., 1994; Braunstein et al., 2010).

Our hypothesis that variable gearing at the ankle is enhanced
by the use of a heel strike during walking regardless of age (AHS
or IHC) was not fully supported. Instead, it appears that variable
gearing is enhanced by heel strike in adults and is less well-
demonstrated in earlywalkers using a heel contact pattern. Although
gear ratio changed throughout stance in IHC steps, the degree of
change in gear ratio, from <1 at 5% to just over 2 at its peak, was
reduced in IHC steps compared to AHS steps but was similar to the
degree of change we observed in FFC steps (Figure 3; Table 2). The
distinction between AHS and IHC/FFC in gear ratio may be related
to anatomical differences between juvenile and adult feet, including
a less stiff midfoot in children. The relatively small number of steps
with a negative gear ratio in adults may suggest that analyzing 5% of
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the stance phase underestimated the degree of change in gear ratio
throughout stance in adults.

Our hypothesis that a heel strike and a stiff midfoot (AHS) with
a powerful, hallucial toe-off would be linked with the use of variable
gearingwas strongly supported. As predicted, at 5%of stance inAHS
steps, the COP was beneath the proximal foot, the ankle gear ratio
was relatively low (although not as low as in IHC steps), and Fm was
relatively low (i.e., EMA was high) (Figure 3). The COP translated
distally relatively quickly, such that it was generally beneath the
forefoot by 50% of stance and beneath the hallucial distal phalanx at
95% of stance in AHS steps (Figure 3). This rapid translation of the
COP resulted in an equally rapid increase in R/r and Fm (Figure 3).
A relatively high peak R/r, Fm, and a positive MTV allowed for a
propulsive hallucial toe-off in AHS steps. Although the COP did
not translate as far distally in IHC steps as it did in AHS steps, a
significantly higher peak Fm in AHS and IHC than in FFC steps
indicates that the ankle contributes more to a powerful toe-off when
a heel strike is used. These results also suggest that a heel strike and
powerful toe-off may be linked developmentally. Future studies that
take into account the mediolateral position of the COP under the
forefoot at toe-off are needed to confirm whether toe-off is, indeed,
hallucial in IHC and FFC steps.

For all foot strike patterns, observed muscle–tendon shortening
velocity followed the samepattern, and thiswalking patternmatched
that of steady-state running (Carrier et al., 1994). During early
stance, MTV was negative as the triceps surae muscle was stretched,
and during late stance, MTV was positive, indicating that the
muscle was contracting and helping to power toe-off. Contrary
to predictions, AHS steps had the least triceps surae stretch, and
FFC had the most stretch (largest negative MTV magnitude) in
early stance. The overall increased stretching of triceps surae and
presumed energy storage within the calcaneal tendon in FFC
steps may be particularly energetically efficient for young children
who generate relatively little triceps surae muscle force at toe-off
(Figure 2). Similarities in the MTV curves across foot strike types in
children and adults suggest that sarcomere performance is similar
in children and adults and that the rapidly growing feet of young
children may limit the useful work that can be done at the ankle
joint. In that light, the similarity of the shortening velocity curves
might further support the argument that the structure of the feet
of young children, as well as possibly nonhuman apes and early
hominins, limits performance compared to modern adult human
foot structure.

In modeling a fixed low and a fixed high gear ratio throughout
stance, the results for walking steps were similar to those for steady-
state running steps (Carrier et al., 1994). In all foot strike patterns,
we found that a fixed low or high gear ratio would allow for
less muscle-tendon stretch and energy storage during early stance
and that, in AHS and IHC steps, a fixed low gear ratio would
require a higher MTV to power toe-off. Thus, for all foot strike
patterns, the observed MTV provided the most triceps surae muscle
stretch and calcaneal tendon energy storage during early stance
and the sufficient (but not excessive) MTV to power toe-off. Our
results confirm Carrier et al.’s (1994) conclusion that the use of
variable gearing appears to optimize triceps suraemuscle mechanics
(during steady-state running and now during walking); this is an
advantage that is not exploited by digitigrade animals such as dogs
(Carrier et al., 1998). Our results also suggest that humans who

use a midfoot or forefoot strike (toe-walkers) would also lose the
advantages of variable gearing at the ankle.

Carrier et al. (1994) postulated that the existence of feet and toes
in tetrapods, especially humans, is essential for enabling variable
gearing at the ankle and maintaining plantarflexion moments at the
appropriate, efficient working range. Early hominins, however, also
had long feet and toes (Stern and Susman, 1983) but most likely
walked rather than ran when on the ground. Thus, the question
remains: what selective advantages are provided by long feet and
long toes? While these features may have been retained from an
arboreal ancestor (Stern and Susman, 1983), the question remains
whether long feet and toes were advantageous or a mechanical
challenge. Long toes are thought to prevent great apes from using
pedal digitigrady because bending moments on the long digits are
predicted to be too high (similar to why great apes are thought
to use knuckle-walking instead of manual digitigrady). Holowka
and Lieberman (2018) and Zeininger et al. (2020) have argued that
a heel strike with a complete heel-to-toe progression increases
effective hind limb length (by placing the fulcrum beneath the
ground) and effective hip translation and may moderate collisional
losses (McGeer, 1990; Ruina et al., 2005; Adamczyk et al., 2006) in
plantigrade apes compared to digitigrademonkeys. Here, we explore
another potential advantage: variable gearing. The current study
has shown that the same advantage provided by long feet and
toes in plantigrade postures during running (Carrier et al., 1994)
is accrued in walking and, in addition, that the use of variable
gearing is enhanced by a heel-to-toe progression of the COP with
a mature heel strike and a relatively stiff midfoot. This provides a
deeper understanding of foot function and pathology and adds to a
list of advantages of heel-strike plantigrady (Adamczyk et al., 2006;
Cunningham et al., 2010; Webber and Raichlen, 2016), illuminating
the evolution of hominin walking and running over the last seven
million years.
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