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The stiff human foot enables an efficient push-off when walking or running, and was
critical for the evolution of bipedalism'¢. The uniquely arched morphology of the

human midfoot is thought to stiffen it>°, whereas other primates have flat feet that
bend severely in the midfoot™°", However, the relationship between midfoot

geometry and stiffness remains debated in foot biomechanics

1213 podiatry***and

palaeontology* . These debates centre on the medial longitudinal arch>® and have
not considered whether stiffnessis affected by the second, transverse tarsal arch of
the human foot*. Here we show that the transverse tarsal arch, acting through the
inter-metatarsal tissues, is responsible for more than 40% of the longitudinal stiffness
of'the foot. The underlying principle resembles a floppy currency note that stiffens
considerably whenit curls transversally. We derive a dimensionless curvature
parameter that governs the stiffness contribution of the transverse tarsal arch,
demonstrateits predictive power using mechanical models of the foot and find its
skeletal correlate in hominin feet. In the foot, the material properties of the inter-
metatarsal tissues and the mobility of the metatarsals may additionally influence the
longitudinal stiffness of the foot and thus the curvature-stiffness relationship of the
transverse tarsal arch. By analysing fossils, we track the evolution of the curvature
parameter among extinct hominins and show that ahuman-like transverse archwasa
key step inthe evolution of human bipedalism that predates the genus Homo by at
least 1.5 million years. This renewed understanding of the foot may improve the
clinical treatment of flatfoot disorders, the design of robotic feet and the study of foot
functioninlocomotion.

When walking and running, people use the ball of the foot to apply
forces thatexceed bodyweight". Because of these forces, the midfoot
experiences large sagittal-plane torques that bend the foot. A stiff
midfoot reduces the loss of propulsive work due to foot deformation
and helps to efficiently utilize the mechanical power generated by the
ankle during push-off>*,

Theunique arch shape of the human midfoot is thought to underlie
the higher stiffness of human feet compared to other primate feet>%°18
(Extended Data Table1). However, stiffness is not a static quantity and
muscle activity can modulate midfoot stiffness in both humans and
apes2, The static stiffness due to the passive structures of the foot
forms the baseline around which muscles with similar mechanical
action as the passive tissues are likely to modulate stiffness. There-
fore, understanding the morphological features underpinning the
static stiffness is crucial for both static and dynamic conditions (Sup-
plementary Information 1.1-1.3).

The human midfoot has two pronounced arches: the extensively
studied medial longitudinal arch (MLA)***° and the less-studied trans-
verse tarsal arch (TTA) (Fig. 1a). The MLA stiffens the midfoot in part
through a bow-string arrangement with the stiff longitudinal fibres
of the plantar fascia” and a windlass-like mechanism due to toe dor-
siflexion just before push-off®?, In addition to the plantar fascia, the
longitudinally oriented long plantar, short plantar and calcaneonavicu-
lar ligaments are essential for the static midfoot stiffness in humans
and other primates®®. However, in contrast to the plantar fascia, the
contribution of these ligaments does not depend on the height of the
MLA, as shown by their nearly equal relative contributions in both
arched human feet® and flat monkey feet’® (Extended Data Table 1and
Supplementary Information1.4).

The relationship between the height or curvature of the MLA and
midfoot stiffness remains controversial>*°. Some people have no dif-
ficulty walking with a heel-to-toe style despite having little tono MLA™,
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Fig.1| Transverse curvature and stiffness. a, The human foot has two distinct
archesinthe midfoot, the MLA and the TTA. Further anatomical details are
showninExtended DataFig.1. The typicalloading pattern during push-offin
walking and runningis shown here. b, A thin and floppy sheet of paper becomes
considerably stiffer because of transversal curvature. The TTA may have a
similarrolein feet.Scale bars,5cm.

Conflicting evidence also emerges in foot disabilities™* and surgical
reconstruction of the MLA® when correlating MLA height with foot flex-
ibility, and cast further doubt on the relationship between the MLA and
midfoot stiffness. Furthermore, there are also debates over when a stiff
midfootarose in humanevolution®¢, including whatkind of foot made
the 3.66-million-year-old partly human-like footprints at Laetoli***.
These debates regarding the arch morphology and stiffness centre
around the MLA, the plantar fascia and other longitudinally oriented
ligaments and muscles, and do not consider the role of the TTA (Supple-
mentary Information1.4). Even the definition of flatfoot relies mostly
on the height of the MLA'>?%, However, the TTA may affect midfoot
stiffness, similar to how even slightly curling a thin sheet of paper in
the transverse direction stiffens the paper longitudinally (Fig. 1b). To

investigate whether the TTA functions in this manner, we performed
three-point bending tests on arched continuum shells, mechanical
mimics of the midfoot and human cadaveric feet.

We investigated the relationship between curvature and stiffness
by modellingthe TTA as a curved elastic shellin computer simulations
and physical experiments (Fig. 2a). We found that shells with greater
transverse curvature were stiffer in longitudinal bending (Fig. 2b).
However, the stiffness also depended onthe thicknesst, length L, width
w and the Young’s modulus and Poisson’s ratio of the material. To iso-
late the contribution of the transverse arch to midfoot stiffness, we
used scaling analysis to derive dimensionless variables for stiffness
and curvature that are normalized for material property and size dif-
ferences (Supplementary Information 2). The normalized stiffness K
istheratio of the stiffness of the curved shell to that of a flat plate that
isidentical except for the curvature. The normalized curvature encap-
sulates the mechanical coupling between bending out-of-plane and
stretching in-plane that is induced by the transverse curvature ¢, and
isgiven by

()

Collapse of the normalized data onto a master curve shows that ¢is the
chiefexplanatory variable for K (Fig. 2b). There s a transition between
two regimes around ¢, =10. Stiffness K increases nonlinearly with cur-
vature when ¢ > ¢, but is mostly insensitive to curvature when ¢ < ¢,,.
Increasing the longitudinal curvature has no effect on stiffness (Fig. 2b),
because these shells lack any analogue of the plantar fascia. Transverse
curvature stiffens the shell because out-of-plane longitudinal bending
inducesin-plane stretching of the material of the shell close to the load
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Fig.2|Curvature-induced stiffness in mechanical models of homininfeet.
a, Continuum elastic shells with curvature were subjected to a distributed
vertical load atone end and clamped at the other. b, The shell data using
normalized stiffness (K )and normalized curvature é. The shells were
transversally (diamonds) or longitudinally (stars) curved. Inset, stiffness (K)
versus curvature (c) for continuum shells of various thicknesses (¢) (blue
shading) in experiments (diamonds and stars) and simulations (circles).

¢, Thediscrete foot mimics consisted of three metatarsalsarrangedina
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transverse archandloaded at the distal end. Longitudinal springs at the hinged
base mimicthelongitudinal ligamentsin feet. Transversal inter-metatarsal
springs at the distal end mimic transverse elastic tissues. d, The foot-mimic
datausing normalized stiffness (K )and normalized curvature¢. Inset,
stiffness K'versus transverse curvature ¢ for mimics of various lengths (L) and
thicknesses (t). Detailed views of the continuum and discrete experiments are
inExtended DataFigs.3 and 4, respectively.
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Fig.3|Three-pointbendingtestonacadaverichumanfoot. a, Fresh-frozen
cadaveric feet (n=2) were thawed and mounted in amaterial-testing machine
using anattachmentat the transected shank. The distal end of the heel rested
onasliding platform with low-friction roller bearings to enable changesin foot
length. The ball of the foot and the toes rested on alubricated surface. The
transected shank was displaced downward and the reaction force was measured.
Tests were performed onintact feet and those with transversal cuts. b, The
transversal cuts between the toes and metatarsals were no deeper than the
plantar plane of the metatarsal shafts (dashed blue lines). ¢, Displacement versus
force traces for anintact foot (solid black line) and a foot with partially separated
metatarsals (dashed blue line) foot. Some stress relaxation was observed during
theinitial few cycles of testing and the last cycle was used for analyses.

application point (Extended Data Fig. 2 and Supplementary Informa-
tion2). Therefore, the transverse curvature has the effect of amplifying
theintrinsicstiffness of aflat plate, whereas the longitudinal curvature
has no similar effect.

Early hominins

We performed three-point bending tests on discrete mechanical
mimics of the foot with a TTA and found similar results to the continuum
shells (Fig. 2c, d). The mimics, which consisted of three metatarsals
with hinges towards the midfoot, are of length L, thickness t and trans-
verse curvature ¢ (Methods and Supplementary Information 4). The
longitudinal springs at the hinges mimic the longitudinal midfoot
ligaments that contribute to midfoot stiffness whether arched or not
(Supplementary Information 1.4). The distally located transverse
springs mimic inter-metatarsal tissues that influence the predicted
bending-stretching coupling due to the transverse curvature. We find
that the normalized curvature ¢ accurately predicts the normalized
stiffness K for discrete foot-like structures, as for continuum shells
(Fig. 2d; see Methods, Eq. (2)). The transition in stiffness from nearly
curvature-insensitive to a nonlinear increase occurs around ¢, = 3 for
the mimics. Although this value is different from continuum shells,
bending-stretching coupling is the common mechanism for curvature-
induced stiffness and ¢ emerges as the chief explanatory variable.

Therole ofthe TTAin human feet could be found by measuring the
decrease in stiffness upon flattening the TTA; however, altering the
TTAwould also affect other elements such as the MLA. So we designed
amethod thatemulates flattening the TTA without altering the skel-
etal structure. The mainideais that the transverse curvature induces
stiffness by coupling longitudinal bending with stretching of theinter-
metatarsal tissues, as shown by the analyses of the continuum shells
and mechanical mimics, and is also evident in mathematical models
of rayed fish fins with transverse curvature®. Therefore, cutting the
inter-metatarsal tissues should disrupt the stiffening mechanismand
emulate flattening the arch without altering the skeletal structure.
We tested this idea in the foot mimics by comparing the stiffness of
transversally curved mimics that lack the inter-metatarsal springs
with flat mimics that had all springs intact. Both had the same stiff-
ness (R>=0.98, slope =1.05, intercept = 0) (Extended Data Fig. 5),
showing that cutting the transverse springs disengages the mecha-
nism through which transverse curvature increases the longitudinal
stiffness.

Todetermine the contribution of the TTA tostiffnessin human feet,
we performed three-point bending tests on two human cadaveric feet
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(Fig. 3a, Methods and Supplementary Information 5.2) and assessed
the effect of selectively cutting the transverse tissues between the
metatarsals (T condition) (Fig. 3b). To carefully preserve longitudi-
naltissues, we cut only the transverse metatarsal ligaments, the skin
between the toes and the inter-metatarsal tissues below the dorsal
surface of the foot. The mechanical work to deform the foot is a
measure of stiffness (Supplementary Information 5.3) and cutting
these transverse tissues decreased stiffness by 44% and 54% for the
two feet (Fig. 3b and Extended Data Table 1). Each foot serves as its
own control, thereby quantifying the contribution of the TTA as the
normalized stiffness K = Kic/Kr—. We found K =1.77and K = 2.18for
the feet for which ¢ =15.4 and ¢ = 16.0, respectively (Fig. 4b;
see Methods, Eq. (5)).

The cadaveric experiments show that the inter-metatarsal tissues
contribute substantially to foot stiffness and more than the previously
described contribution of the MLA and plantar fascia of 23% (Extended
Data Table 1, Supplementary Information 1.4). In addition to curva-
ture of the TTA, the stiffness and slack of the inter-metatarsal tissues
as well as the mobility of the metatarsals may ultimately combine to
tune the longitudinal stiffness of the foot and thusinfluence the curva-
ture-stiffness relationship of the TTA. Therefore, additional data are
needed to find the precise curvature-stiffness relationship in human
feet. Nevertheless, the mechanistic understanding of transversally
curved structures suggests that the inter-metatarsal tissues affect
thelongitudinal bending stiffness of the foot because the human TTA,
with ¢ =15, is sufficiently arched to couple longitudinal bending and
transverse stretching.

We use ¢ to compare and track the evolution of the TTA among
hominins (Fig. 4 and Supplementary Information 5). At one extreme
arethe feet of the vervet monkey, macaque, chimpanzee and gorilla,
which have ¢ <3 and are substantially flatter than humans, which have
¢>10. At the other extreme are species in the genus Homo, includ-
ing Homo naledi*®, Homo habilis” and Homo erectus® that possess a
pronounced TTA with ahuman-like ¢ = 15. Surprisingly, the estimated
¢ of the approximately 3.4-million-year-old Burtele foot (from an
unidentified species) falls within the normal variation of humans
despite having an abducted hallux®. By contrast, the estimated ¢ of
the approximately 3.2-million-year-old Australopithecus afarensis
(AL-333) falls below the human range, despite a human-like torsion
of the fourth metatarsal®.

Additional data are needed, especially from earlier hominins such
as Ardipithecus; however, the available evidence suggests that there
were several stages in the evolution of the arch of the human foot>®.
First, apes such as chimpanzees and presumably the last common
ancestor of apesand homininslackbothaMLA and aTTA, and thus are
able to stiffen the midfoot only partially using muscles®. By 3.4 million
years ago, and possibly earlier, a human-like TTA had evolved that
may have increased midfoot stiffness during propulsioninthe Burtele
hominin (Supplementary Information 5.4). Compared with humans,
the TTAwas apparently less developed in A. afarensis, which also lacked
afully developed MLA**—consistent with analyses of the 3.66-million-
year-old Laetoli G footprints that are thought to have been made by
A. afarensis***. Finally, in the genus Homo we see a full MLA and TTA,
enabling both effective walking and running. These inferences need
to be tested with additional fossils incorporating not only analyses of
the MLA but also the TTA.

Our findings show a previously undescribed and substantial role
for the TTA in midfoot stiffness. Traditional thinking in biomechan-
ics, human evolution and clinical practice, with an emphasis on the
sagittal plane and the MLA should thus be expanded to incorporate
the TTA and the transverse axis that is orthogonal to the sagittal
plane.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Ethical compliance
The authors have complied with all relevant ethical regulationsin con-
ducting the research for this paper.

Numerical simulations

We simulated the elastic response of arched shells using the Shell inter-
faceinthe 3D Structural Mechanics module of COMSOL Multiphysics
v.5.1(COMSOL AB). The TTA is represented by the map for the central
plane ofthe shellgiven by S;(x, y) = (x, R;sinf,, R,cos6,) where 6,= y/R;,
xel[-L/2,L/2] andy € [-w/2, w/2] (Extended Data Fig. 2). For all the
simulations, weset . =0.1mand w=0.05m. The material was modelled
as linearly elastic with Young’s modulus £ =3.5 MPa, Poisson’s ratio
v=0.49 and mass density p =965 kg m™.

Theboundaryatx=-L/2is clamped, thatis, zero displacements and
rotations. The conditions at the other boundary x=L/2 are a uniform
shearload 7, zerobending moment along zand zero in-plane traction
so that the displacements are free (see Extended Data Fig. 2 for orien-
tations of the axes).

We solve this model for arange of thicknesses ¢, from3 mmto 9 mm
insteps of 1mm, and transverse curvature radii R;=0.03m, 0.05m,
0.07m,0.1m,0.3m,0.5m, 0.7 m,1mand 3 m. For each combination
of tand Ry, shear 7 ranging fromONm™to1Nm™is appliedinincre-
ments of 0.1 N m™. The resulting out-of-plane displacement 5z is
measured (Extended Data Fig. 2b) and plotted against 7. The slope
of these curves extrapolated to 7= 0 yield the stiffness defined as
k=w7/8z.

Continuum shell experiments

We fabricated and measured the stiffness of shellswithanarchin the
transverse or longitudinal directions, and compared them against a
flat plate. These were all fabricated using polymer moulding tech-
niques with polydimethylsiloxane (PDMS). The mould was fabricated
using additive manufacturing (3D printed using ProJet 460Plus, 3D
Systems). The printed mould was a few millimetres in thickness, with
onesideleft open. APDMSsilicone elastomer (Sylgard 184, Dow Corn-
ing) was used to cast the arch in the mould. Because the volume ratio
of the base polymer to the curing agent controls the material bulk
modulus for PDMS, the same ratio of five parts base polymer to one
part of curing agent by weight was consistently maintained across all
fabricated arches (Supplementary Information 3). During an experi-
ment, the fabricated arch was mounted on the experimental rig with
help of clamps that were custom fabricated to exactly match the arch
curvature. The clamps were additively manufactured (Stratasys
Dimension 1200es) with acrylonitrile butadiene styrene (ABSPIus)
thermoplastic material (glass transition temperature, 108 °C). One
end of the clamped arch was fixed to a rigid frame and the other end
of the clamped arch was pushed upon by a thin edge (knife edge)
that was mounted on a force sensor attached to a vertical transla-
tion stage (Extended Data Fig. 3a). The forces were measured using
a data-acquisition system (LabView, National Instruments) at 2 kHz
for aduration of 1s. The load test was performed under quasi-static
loading of the arch sample by providing small displacements (quasi-
static steps) of 5x 1075 m (50 pm) per step for a total of 10 quasi-static
steps (5x10™*mor 500 pm). Forces were measured after each quasi-
static displacement. The slope of the force-displacement curve is
the stiffness K for the arch sample. Three experimental runs were
conducted for each arch and their force-displacement curves were
reproducible to within measurement error.

Foot mimics

We designed, fabricated and performed load-displacement tests on
mechanical mimics of the foot that were transversally curved (Fig. 2,
Extended Data Fig. 4 and Supplementary Information 4). The mimic
consisted of three rigid metatarsals hinged at their bases. Instead of
everybonein the foot, the mimics were simplifications that captured
the longitudinal bending of the metatarsals and lumped all midfoot
mobility into hinges at the proximal base of the metatarsals.

The metatarsals were of length L and the hinges were arranged in a
transverse arch of curvature c so that the axis of each hinge was at an
angle withitsneighbour (Fig.2cand Extended Data Fig. 4a). Each hinge
had an extension spring held at a fixed moment arm equal to half the
thickness t and provided torsional stiffness (Extended Data Fig. 4b).
Aninter-metatarsal transversally oriented spring connected adjacent
metatarsals at the distal end and would resist any splaying induced by
the transverse arch.

In hominin feet, the distal end of the metatarsals are level on the
ground whenloaded. Therefore, the presence of a TTA suggestincreas-
ing torsion for the lateral metatarsals (Extended Data Fig. 6b, c). The
distal end of the metatarsals in the mimics were made to rest on hori-
zontal, low-friction metallic platforms (Extended Data Fig. 4a). The
vertically staggered arrangement of the platforms mimics the effect
ofthe distal end of the metatarsals being on the same horizontal level.
The platforms were attached to a micrometre-precision translation
stage for applying vertical displacements. The base of the hinges were
rigidly clamped to a six-axis force sensor (JR3) to measure the reaction
forces duetothe displacement. Stiffness was estimated as the slope of
the force-displacement curve in each trial.

Multiple geometries were tested and the dimensions chosen to
approximate the metatarsal lengths and midfoot widths of hominin
feet, including chimpanzees and humans. The length L was varied from
75 to 125 mm (3 values), thickness ¢ from 18.5 t0 26.8 mm (3 values)
and curvature from 0 to 0.025 mm™ (6 values). The spring constants,
measured inan Instron materials testing machine, were 1.76 Nmm™and
0.70 Nmm™for thelongitudinal and transverse springs, respectively.
Threetrials were performed for each foot and the force-displacement
data were reproducible to within measurement error.

The normalized stiffness is K = K /Kp,, . For a flat mimic with three
metatarsals, each of length L, thickness ¢, and having a longitudinally
oriented spring at its base of stiffness k,,, the longitudinal stiffness is
givenby Kp,. =3k, (t/2)%/L* (Supplementary Information 4.3).Inageneral
setting, the longitudinal spring stiffness would be proportional to the
width w of the midfoot by virtue of accommodating a greater amount
of parallel elastic tissues. Therefore, the longitudinal stiffness is equiv-
alently parameterized by the stiffness per unit width k, = 3k,,,/w.

Supplementary equation (4.4) for the stiffness of a flat mimic was
independently verified using load-displacement tests of eight differ-
ent flatmimics (Extended DataFig. 4c and Supplementary Information
4.4). We use this relationship to normalize the measured stiffness of
all of the mimics by a single chimpanzee-like flat mimic of length
L,=75mm, thickness ¢, =18.5 mm, width w, =60 mm and for which
the measured stiffnessis K. By definition, the normalized stiffness of
the chimpanzee-like flat mimicis K, = 1. Therefore, the measured stiff-
ness Kof amimic withlength L, thickness ¢, and width wis normalized

accordingto
2 2
Kl o
Ko\Lo )\t ) \w

Cadavericfeet

We conducted three-point bending tests using a materials testing sys-
tem (Instron model 8874) on two fresh-frozen cadaveric feet obtained
from posthumous female donors (age, 55 and 64 years, body weight,
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1,023 N and 596 N). The loading protocol and boundary conditions
under the foot were as described previously®. The tibia and fibula
were transected midshaft and implanted in Bondo Fibreglass Resin
(3M) and secured to the displacement-controlled force sensor on
theInstronactuator. The ankle was at aneutral angle of 90°. The heel
rested on arigid platform that was mounted on low-frictionsliders to
permit foot-length changes. The forefoot rested on a highly lubricated
surface to permit the foot to naturally deform in all directions when
loaded. The contact point on the heel was maintained at the posterior
end by placing the heel at the anterior edge of the sliding heel plate so
that the heel force mimics the action of the Achilles tendon. The tests
were quasi-static with a displacement rate of 0.5mms™to 0.6 mms™.

The displacement z,.,, required to achieve a load of 3x the body
weight was measured and then cyclically applied 10-15 times. The last
cycle was used for analyses because there was some stress relaxation
during the first 6-7 cycles. The area under the curve of the displace-
ment z versus the force Fis the work Wneeded to deform the foot.
Following Supplementary equation (5.4), Wyields an effective stiffness
of the foot K. given by

Zpeak
Keff = 2 FdZ (3)
peak 0

The same measurements were repeated after bisecting the distal
transverse metatarsal ligaments, the skin between the toes, and the
muscles and fascia connecting the metatarsals. The inter-metatarsal
tissues were transected from the dorsal surface of the foot and the
the cuts extended no deeper than the plantar plane of the metatarsal
shafts. So, none of the branches of the plantar fascia or other midfoot
ligaments were affected.

Because the applied displacement was the same for the intact feet and
those withbisected inter-metatarsal tissues, the ratio of work is equal
to the ratio of the effective stiffness (Supplementary equation (5.5)).

Monte Carlo simulations

Anatomical variability in the size of feet (Extended Data Table 2) is
incorporated using Monte Carlo simulations to generate statistics
for normalized curvature (Fig. 4). The histograms generated from
the Monte Carlo simulations are mostly non-Gaussian. Therefore, the
median and quartiles arereportedinaddition to the meanand s.d. We
used1millionrandom combinations of the anatomical dimensions, in
which eachdimensionwas drawn from anindependent Gaussian distri-
butionwithmeanands.d. values according to Extended Data Table 2, 3.
Increasing the size of the Monte Carlo beyond a million samples had
no effect on the statistics of the estimated quantities for the number
of significant digits reported. The Monte Carlo simulations probably
overestimated the variance of relevant ratios such as w/L and t/L in
comparison to hominin feet, because we use independent variation
of all dimensions and do not incorporate covariation that may exist.
Suchinflation of variance because of an assumption of independence of
variablesis evident when comparing primary measurements to Monte
Carlo estimation of ¢ for humans (Extended Data Table 2).

Morphometrics of feet of extant species
Humans. Human morphometrics were obtained from 12 individuals
(6 cadaveric, 6 human volunteers) using radiographic computed to-
mography (CT X-ray imaging) and software-based segmentation and
three-dimensional model reconstruction. These feet were all evaluated
by aclinical radiologist and identified as non-pathological. The collec-
tion, analyses and reporting of data from live human subjects were ap-
proved by the Yale IRB. Details on the subjects and CT data-processing
methods are provided in Supplementary Information 5.1.

We measured the lever length L following the standard definition
asthe distance fromthe posterior end of the calcaneus to the anterior

end of the distal head of the third metatarsal. The width w is meas-
ured at the tarsometatarsal joint, as the mediolateral separation of
the most medial aspect of the distal articular surface of the medial
cuneiformto the most lateral aspect of the distal articular surface of
the cuboid. The thickness tis defined as the dorso-plantar thickness
of the proximal head of the third metatarsal, or the average of the
second and fourth, when the third metatarsal data are unavailable.
The curvature cisbased on the torsion 8, of the fourth metatarsal,
which was measured using the shape of the articular surface using
established protocols®.

Non-human primates

Published data were used for morphometrics analysis of non-human
primates: P. troglodytes (n =106)?%73%323* G, gorilla (n =59)%303*34
Chlorocebus aethiops (n=56)* and M. nemestrina (n = 44)3¢%,

Published data are sparse and not all required measurements were
available for asingle samplein the published literature for C. aethiops
and M. nemestrina. Therefore, we added data from specimens that
were most similar in their lever length L to the mean value reported
inthe literature. We carried out these measurements using software-
based photogrammetry® of high-resolution images and cross-verified
with measurements using a digital caliper (0.01 mm resolution). The
C. aethiops foot is from the Yale Biological Anthropology Laboratory
(YBL.3032a) and the M. nemestrina specimen from the Yale Peabody
Museum (YPM MAM 9621).

The mean and s.d. of the lever length L were estimated from pub-
lished data for chimpanzee®**, gorilla®**, C. aethiops®**S and M. nemes-
trina®****, Mean w is estimated from reported w/L or dorsal skeletal
views for chimpanzees and gorillas***, and primary measurements
for C. aethiops and M. nemestrina. To estimate the s.d. of w, we used
reported variability in the medio-lateral width of the proximal metatar-
sal heads for all species®® *° to estimate the coefficient of variation (s.d./
mean), and applied that to w. The mean and s.d. of t were all obtained
from published values?**° and confirmed with primary measurements
for available specimens. Torsion of the fourth metatarsal 6y, is used
to estimate the transverse curvature and published values were used
forall non-human species included in this study®**-°, For species for
whichthe feet areregarded as flat, we used the same metatarsal torsion
values as P. troglodytes.

Fossil feet

We used photogrammetry®® on published images of fossil feet (Fig. 4d),
aswell as datatables that accompanied the publication of these fossil
data to estimate the necessary dimensions and ratios? .

Among the fossil feet, all except the foot of H. naledi*® were incom-
pleteinsomeregard. For thoseincomplete feet, an extant species was
selected as atemplate by takinginto consideration published analyses
of other postcranial and cranial elements. On the basis of this informa-
tion, H. sapiens was chosen as the template for H. erectus (Dmanisi)*®
and H. habilis (Olduvai hominin)? and G. gorillawas chosen as the tem-
plate for A. afarensis (AL 333)*° and the unknown hominin foot foundin
Burtele”. For example, the sole fourth metatarsal of A. afarensis does
not permit the direct estimation of w. However, only the ratio w/L is
necessary for the analyses, and the ratio of gorillais used for the Monte
Carlo analysis of the fossil. The metatarsal, however, provides adirect
measurement of t, but not of L. Therefore, to estimate the ratio t/L, we
incorporate the measured thickness ¢t and the gorilla’s ratio t,/L, by
using the formula

oL )

where (t,) is the mean ¢ of gorilla. This template-based estimation
therefore incorporates direct measurements where available, with-
out assuming that the fossil exactly resembles the extant template.



Curvature of hominin feet from metatarsal torsion

Following standard practice in the literature®*°, we use the torsion
of the fourth metatarsal (6y,) to estimate TTA curvature. This meas-
ure also facilitates the estimation of TTA curvature using partial or
disarticulated fossils. When the proximal metatarsal heads forma
transverse arch and the distal metatarsal heads rest on the ground, the
lateral metatarsals increasingly acquire torsion about their long axis
(Fig.4b and Extended DataFig. 6b, ¢). We compared the torsion-based
estimate of curvature versus using the external geometry of the dorsal
surface of the skeleton and found good correspondence (Extended
Data Fig. 6d and Supplementary Information 5.1). The torsion 6y,
arises from the curvature c over the width w of the tarso-metatarsal
articulation and therefore the curvature isapproximated by ¢ = 0y,/w.
Using Eq. (1), the torsion-based estimate of the normalized curvature
parameter for the TTA is

Omta
W/L)(e/D) ®)

é=

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The data supporting the findings of this study are available within the
paper and its Supplementary Information.
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Extended DataFig.1|Illustrated anatomy of the foot. a, Identification of the
bonesofthefootthatarereferred tointhe maintext. The cuneiforms, cuboid

and the navicularare collectively referred to as the tarsal bones. b, The plantar
fascia, atough elasticband, extends from the calcaneus to the distal end of the
phalanges. The fascia split and rejoin at multiple locations. ¢, The long plantar,

(deep) transverse
metatarsal
ligaments

calcaneonavicular
ligament

short plantar
ligament

Ion% plantar
igament

plantar fascia

short plantar and calcaneonavicular ligaments are located in the midfoot and
are primarily longitudinally oriented. The deep and superficial transverse
metatarsal ligaments are examples of stiff, transversally oriented elastic
tissues between the metatarsals. Anatomical images are from Primal Pictures.
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Extended Data Fig.2| Mathematical and computational analysis of
continuum elastic shells. a, The shellisclamped atone end and loaded with a
knife edge at the other.Itisof length L, widthw, thickness t and has radius of
curvature R (curvaturec=1/R).b, The freeend displaces by a height 8zon
loading and reaction forces at the clamped end resist deformation. ¢, A cross-
sectional view of the shell shows the location of the neutral plane, if the shell
weretoactasanelasticbeam. d, Out-of-plane (z-axis) displacement profile for
one numerical simulationofashell (L =0.1m,w=0.05m, t=0.003m,

neutral plane
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R=0.03m).Mostofthe displacement happens close to the loaded edge, unlike
anelasticbeam.e, The stress component o,,isshown as a colour map of the
undeformedshell.Inanelasticbeam, theintersection of the neutral plane with
the shell (c) would exactly match the locations of zero stress. Because of
curvature-induced in-plane stretching, the zero stress curve differs from the
neutral plane predictionsin thevicinity of the loaded edge and—to alesser
extent—near the clamped boundary.
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Extended DataFig.3 | Experimental characterizationofarchedshells.a, The  thatshowthelinearity of the force-displacement data. The best fit quadraticis
experimental set-up used in stiffness measurements. b, Amagnification of the indistinguishable from the linear fit to within sensor resolution.d, e, The

shell fromunderneath shows how a curvature-matched edge-loading Young’s modulus (d) and Poisson’s ratio (e) of the PDMS material used to
attachmentwas used to mimic atheoretical knife edge. A curvature-matched fabricate the shells were estimated from simultaneous stress and strain

clamp was fixed and glued to the other end of the shell. ¢, Representative data measurements during an extension test of arectangular PDMS block.
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Extended DataFig. 4 |Designand characterization of discrete mechanical
foot mimics. a, Experimental arrangement for load-displacement
measurements. The distal loading platforms for the three metatarsals are
staggeredin heightso thatall three metatarsals are loaded vertically despite
thetransverse curvature. In hominin feet, thisisaccomplished by the
metatarsal torsion. b, Side view of asingle metatarsal showinglength L and
thickness t of the foot mimics. The effect of thickness is to provide amoment
arm for the longitudinal spring and thus affect the rotational stiffness of the

hinge. ¢, Mimics with three different thicknesses were fabricated and the
thickness was estimated using load-displacement measurements on
curvature-free flat mimics. The accuracy of the estimated thickness values are
evaluated by plotting the predicted stiffness based on the thickness estimates
against the measured stiffness. Details of the thickness estimation technique
and statistics of the stiffness-stiffness correlation are provided
inSupplementary Information 4.4.
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curvature was also estimated using the angle of the normal to the dorsal
surface of the fourth metatarsal 8, as measured in the midfoot
(Supplementary equation (5.3)).d, Linear regression of the two different
methods toestimate TTA curvature. Details of the curvature estimation
procedure and statistical results of the regression are provided
inSupplementary Information5.1.
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Extended Data Table 1| The estimated work during foot deformation

Species Foot condition Variable Value

Cadaveric data collected for this study

Homo sapiens, sample 1  intact Wh 55J
—transverse tissue Wr_ 3.1J
(Wh = Wr_)/ Wy, 44%
Homo sapiens, sample 2 intact Wh 747
—transverse tissue W 34J
Wy — W)/ W 54%
Previously published®!® cadaveric data
Homo sapiens intact Wh 10.1J
—plantar fascia Wh pt— 7.8J
(Wh — Whpe—)/Wh 23%
—long plantar ligament Whip— 4.6 J
(Whpt— — Whip-)/Wh 32%
—short plantar ligament Wh sp— 2117J
(Whip— — Whsp—)/Wh 25%
—calcaneonavicular ligament W}, cn— 1.2J
(Wh,sp— - Wh,cn—)/Wh 9%
Macaca nemestrina intact W 5117J
plantar fascia removed W, pt— 5.0J
(Wi, — Wi pt—)/Win 2%
—long plantar ligament W 1p— 3.1J
(Whpi— — Wiip=)/Wm 3%
—calcaneonavicular ligament W, cn— 2.4 7]
(Wm,lp— - Wm,cn—)/Wm 14%
Chlorocebus aethiops intact W, 3.91J

Data are obtained from cadaveric tests and from published load versus displacement data for humans®, C. aethiops and M. nemestrina'. In addition to the foot deformation work of the intact
human foot (W,), the cadaveric experiments performed in this study included the transection of the transverse inter-metatarsal elastic tissues, shown as W;_. The peak displacements in the tests
were 12 mm and 13 mm for samples 1and 2, respectively. The published data for the three species include intact feet (W, W,, and W;) and feet with transection of the plantar fascia (W, pf_), the
long plantar ligament (Wurlp,), the short plantar ligament (Wu,sp,) and the calcaneonavicular ligament (Wuycn,). These estimates were obtained by digitizing the published plots®* of load
versus displacement and measuring the area under the curve as the foot was loaded®*“°. The contribution of each of the transected tissues are represented as the ratio of the decrease in work
after transection to the intact stiffness of the same foot. The previously published transections®® were performed in the same sequence as listed in this table. Raw data are available for the two
cadaveric specimens as Supplementary Information.



Extended Data Table 2 | Foot morphometrics for extant species

Species L (mm) w (mm) t (mm) Onrs (deg)

o

mean SD mean SD mean SD mean SD mean SD

Homo sapiens® 177 16.9 50.7 4.0 16.1 1.6 25.0 46 169 2.7
Homo sapiens® 200 14.0 60.0 54 18.0 1.6 236 71 156 5.6
Chlorocebus aethiops 85.0 4.3 240 1.2 9.0 0.45 0 2.5 0.0 1.5
Macaca nemestrina 100 6.0 35.0 2.1 10.0 0.6 0 2.5 0.0 1.3
Pan troglodytes 130 13.0 52.0 5.2 13.0 1.3 0 25 0.0 1.2
Gorilla gorilla 176 176 725 7.3 16.0 1.6 2.2 1.5 1.1 0.8

%Primary data collected by us from 12 samples.

bBootstrapped Monte Carlo analysis using published data.

Metrics were obtained from primary data for humans and Monte Carlo estimates for all species. For the Monte Carlo estimation, the dimensions are modelled as Gaussian random variables.
Mean + s.d. values were obtained from values reported in the literature (see ‘Morphometrics of feet of extant species’ in the Methods for details). Although the primary data were smaller feet
than the published data, the ratios w/L and t/L were almost equal. The morphometric variables are the lever length of the foot L, width of the tarso-metatarsal articular region w, dorso-plantar
thickness of the third metatarsal t and torsion of the fourth metatarsal 6,;,. From these, the normalized curvature parameter ¢ was estimated.
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Extended Data Table 3 | Fossil morphometric data

Species Specimen Orrs (deg) L (mm) w (mm) ¢ (mm) w/L t/L
H. naledi UW 101-1456 38.0 137.0 38.0 16.0 0.277  0.117
H. erectus D2669, D4165  28.0, 29.0 - - 17.0 T -
3 <thL> Ly

H. habilis OH 8 25.0 112 44.0 - 0.393 ™
Burtele BRT VP2/73 26.5 - - 13.3 Yo oot ol
Lyg {tg) Lo
A. afarensis AL 333-160 17.0 - - 17.1 X e
Lg <t9> Lg

Values of L, w, t and By, used in estimating the normalized curvature ¢ of fossil samples. Variable names with a subscript h refer to human values (for example, t,), subscript p to chimpanzee (for
example, w,) and subscript g to gorilla (for example, L ). These values are represented by normal distributions as shown in Extended Data Table 2. Variables in angled brackets, such as (t,), refer
to the mean value shown in Extended Data Table 2. See Methods for details of source materials.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX X OKXKX X OOS
o0 0 X OO oXK

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Continuum shell experiments: Labview (National Instruments)
Cadaveric experiments: FastTrack 8800 (Instron, MA, USA)
Foot mimics: Vicon Nexus 1.8 (Oxford, UK)

Data analysis CT reconstruction and morphometrics:
* ITK-SNAP 3.6.0, Yushkevich, P. A. et al., Neuroimage 31, 1116-1128 (2006).
* 3DSlicer 4.8.1, Fedorov, A. et al., Magn Reson Imaging 30, 1323-41 (2012) www.slicer.org.
* FIJI 1.52i: Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nature Methods 9, 676—82 (2012)
Elasticity simulation using COMSOL Multiphysics v5.1 (COMSOL AB, Stockholm, Sweden).
Data analyses for foot mimics: MATLAB R2019a (Mathworks, USA)
Data analyses of morphometric data: Python v3.7.5, Numpy v1.17.4

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability
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The authors declare that the data supporting the findings of this study are available within the paper and its supplementary information files.




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size This study analyses previously published (and fully cited) data on foot stiffness and geometry, the details of which are part of the original
publication. Other data were generated from images of unique fossil specimens or computer simulations, where sample size is not a
consideration. The mechanical foot-mimics were chosen to span the relevant parameter range, which determined the sample size. Cadaveric
feet were limited by availability of healthy feet and used a small sample size (n=2) similar to prevalent practice in the field. In this case, the
small cadaveric sample size is justified because we directly tested a mechanism through dissections and not used the data for performing
statistical estimations. Finally, we used 12 human feet for morphometrics and the sample size was determined by sample sizes that are
standard practice in the field.
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Data exclusions  No data were excluded.

Replication To aid reproducibility, this study uses Monte Carlo simulations as part of a bootstrap approach to incorporate anatomical variability in the
estimated quantities. Mean and standard deviations for random variables that enter the Monte Carlo are based on published (and cited)
values. Furthermore, for the morphometric measurements, multiple authors independently carried out the data analyses. These efforts at
replication were successful because the Monte Carlo converged, i.e. increasing number of simulations did not change the reported statistics,
and the repetition of morphometric measurements by different authors yielded the consistent results.

Randomization  This study uses previously published data or unique specimen such as fossils, and therefore randomized allocation to groups is not a
consideration. For the cadaveric experiments, the intact foot tests had to necessarily precede the intervention of cutting the inter-metatarsal

tissues. Therefore, randomization is not possible. The measurements were automated and did not involve subjective processing and therefore
blinding is not relevant.

Blinding Blinding does not apply to this study for same reasons as randomization.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines & |:| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging

Animals and other organisms

Human research participants

XOXOXX &
OXOXOO

Clinical data

Palaeontology

Specimen provenance All paleontological data in this study are from past publications that report on the specimen. Therefore, provenance
determination is part of the past studies, which are cited in the manuscript as needed.

Specimen deposition The data on the specimens were all from publicly available publications, and their complete citation information is provided in
the manuscript.

Dating methods No new dates are provided.
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|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.




Human research participants

Policy information about studies involving human research participants

Population characteristics The human participants were comprised of 5 females and 1 male of age 35years to 68years, body height 150cm to 183cm and
body mass 45kg to 97kg. The medical records and scans of these subjects were examined by a clinical radiologist and certified to
be free of known diseases or deformities. The cadaveric samples were from 2 female and 4 male donors of age 55 years to 74
years, body height 160 cm to 185 cm and body mass 61 kg to 110 kg, which were amputated at the mid-tibia. The samples are
obtained from consenting donors with no known foot diseases or deformities.

Recruitment The live human data are from pre-existing CT scans of feet from patients that visited the Yale New Haven Hospital for foot
diagnostics unrelated to this study. Because these subjects are from patients who had their feet scanned for clinical reasons,
there is the potential for bias that they belong to a subset of the population that manifests pathologies or other changes to their
feet. However, we consulted a clinical radiologist who examined a large cohort of patients and aided in the selection of only
those who did not manifest any diseases or deformities. Furthermore, the clinician augmented the inspection of the radiological
data with the notations on the patient's record to ensure that no cause for exclusion existed.
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The cadaveric samples were from Medcure, a body donation program that is accredited by the American Association of Tissue
Banks (AATB). Medcure supports medical science by providing access to body donors for researchers. In seeking foot specimens
from body donors via Medcure, we used the following criteria: no foot or leg injuries or surgeries, aged between 20 and 75, no
history of diabetes, and paired feet. Importantly, the specimens were not from amputees, rather from deceased individuals who
died of causes unrelated to their feet. Therefore, the specimen are likely representative of healthy feet.

Ethics oversight The Yale University IRB approved the use of CT scans collected from patients. Because the data were de-identified of all patient
information, the research was granted an exemption from IRB review under federal regulation 45 CFR 46.101(b)(4). This part of
the federal regulations covers research involving the collection or study of existing data, documents, records, pathological
specimens, or diagnostic specimens, if these sources are publicly available or if the information is recorded by the investigator in
such a manner that subjects cannot be identified, directly or through identifiers linked to the subjects.

For the cadaveric specimens, there was no IRB approval needed since a) the subjects were not living and b) the samples were
deidentified and obtained from consenting donors.

Record of consent comes from the MedCure contract (Form F-152B):

“Legal consent is obtained from all donors in accordance with the Uniform Anatomical Gift Act (UAGA) and all state and federal
laws and regulations. This consent is obtained prior to specimen procurement and distribution. MEDCURE abides by Title 45, Part
46 of the U.S. Code of Federal Regulations protecting the identity of the donor."

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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