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Abstract

Endurance running may have a long evolutionary history in the hominin clade but it was not until very recently that humans
ran wearing shoes. Research on modern habitually unshod runners has suggested that they utilize a different biomechanical
strategy than runners who wear shoes, namely that barefoot runners typically use a forefoot strike in order to avoid
generating the high impact forces that would be experienced if they were to strike the ground with their heels first. This
finding suggests that our habitually unshod ancestors may have run in a similar way. However, this research was conducted
on a single population and we know little about variation in running form among habitually barefoot people, including the
effects of running speed, which has been shown to affect strike patterns in shod runners. Here, we present the results of our
investigation into the selection of running foot strike patterns among another modern habitually unshod group, the
Daasanach of northern Kenya. Data were collected from 38 consenting adults as they ran along a trackway with a plantar
pressure pad placed midway along its length. Subjects ran at self-selected endurance running and sprinting speeds. Our
data support the hypothesis that a forefoot strike reduces the magnitude of impact loading, but the majority of subjects
instead used a rearfoot strike at endurance running speeds. Their percentages of midfoot and forefoot strikes increased
significantly with speed. These results indicate that not all habitually barefoot people prefer running with a forefoot strike,
and suggest that other factors such as running speed, training level, substrate mechanical properties, running distance, and
running frequency, influence the selection of foot strike patterns.
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Introduction

Among mammals, humans are particularly adept at running for
long distances. Certain human ancestors may have used their
cursorial abilities for hunting (e.g., persistence hunting) in order to
gain access to high-quality foods and reap a competitive advantage
over other animals [1]. Bramble and Lieberman [2] argue that
anatomical features associated with endurance running are present
in early members of the genus Homo, suggesting that the ability to
run long distances may have played an important role in human
evolution over the past 2 million years.

Unlike many contemporary people, the earliest human runners
almost certainly did not use footwear. The earliest footwear known
from the archacological record dates to about 8300 years ago and
comes from the Midwestern United States [3]. Indirect anatomical
evidence that may be biomechanically linked to the advent of
footwear, specifically the gracilization of pedal phalanges, has been
found in some human populations dating back to about 30,000
years ago [4]. No known archaeological or paleontological
evidence has suggested that footwear was used by early members
of the genus Homo, which first appear in the fossil record around 2
million years ago (Ma), or by early Homo sapiens, which first appear
around 200 thousand years ago (ka). Fossil footprints at Ileret,
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Kenya provide direct evidence of hominins walking barefoot in at
least three occurrences around 1.52 Ma [5,6]. Other sets of fossil
footprints were made more recently by barefoot early modern
humans at Nahoon Point and Langebaan Lagoon, South Africa
around 120 ka [7], at Engare Sero, Tanzania in the late
Pleistocene [8,9], and also at Willandra Lakes, Australia around
19-20 ka [10].

Some modern human populations still do not habitually wear
shoes. Many sources of data [11-14] show that at least some of
these modern unshod groups differ from habitually shod
populations in their foot anatomy (e.g., more splayed toes) and
foot function (e.g., more evenly-distributed plantar pressure). In
light of these findings and the relatively recent advent of footwear
in human evolutionary history, it is imperative that we develop a
thorough understanding of foot anatomy and foot function in
modern habitually unshod groups. Only with such an under-
standing can we develop informed hypotheses regarding the
evolution of human gaits. Further, the need to understand the
mechanics of habitually unshod running is heightened by recent
enthusiasm for barefoot running and the continuing debates over
its advantages and disadvantages for modern runners.

A series of recent studies have reported favorable findings
regarding health and biomechanical benefits associated with
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barefoot running. One study that examined the running gait of
habitually unshod runners demonstrated that forefoot strikes (FFS)
and some midfoot strikes (MFS) do not generate the high impact
peaks caused by a rearfoot strike (RFS) [15]. While cushioning in
modern running shoes helps mitigate the effects of these forces and
allows (or even encourages) people to land on their heels, the
authors pointed out that barefoot runners who use a RFS may be
at greater risk of injury or discomfort. Consequently, they argued
that habitually unshod runners utilize a different biomechanical
strategy than people who run in shoes — barefoot runners more
often strike the ground with their forefoot or midfoot first, thereby
reducing impact peaks, while shod runners tend to land on their
heels. In support of Lieberman and colleagues’ [15] hypothesis,
additional studies have shown that long-distance runners who FFS
may be less susceptible to repetitive stress injuries than their
counterparts who use a RFS [16], and that certain running injuries
may be linked to high impact peaks [17,18]. Furthermore, running
with a FFS incurs no additional metabolic cost compared to a HS
[19,20]. The potential to simultaneously reduce impact forces and
mjury risks, at no additional metabolic cost, suggest that the use of
a FFS during endurance running may have been important for our
unshod human ancestors.

However, some of the habitually unshod runners studied by
Lieberman and colleagues [15] preferred a MFS or a RFS,
highlighting the importance of considering other variables that
may affect foot strike postures. For example, Nigg and colleagues
[21] showed that when habitually shod runners increase speed,
they alter the position of their foot at strike in order to cope with
the higher collision forces associated with that greater speed. This
hypothesis was supported by Keller and colleagues [22], who
reported that habitually shod runners who used predominantly a
RFS when running at speeds 5 m/s or slower, preferred a FFS at
6 m/s or faster. Together, these studies suggest that foot strike
patterns are at least in part dependent upon running speed. The
self-selected endurance running speeds of the habitually unshod
runners studied by Lieberman and colleagues [15] happened to
fall between 5 and 6 m/s, the same interval in which the runners
studied by Keller and colleagues [22] altered their preferred
patterns of foot strike. This leaves open the possibility that running
foot strike patterns of habitually barefoot people are similarly
influenced by running speed. In addition, the Kalenjin runners
studied by Lieberman and colleagues [15] all ran more than
20 km per week on hard surfaces, and factors such as running
distance and substrate mechanical properties also probably
influence foot strike patterns.

We set out to investigate further foot strike patterns among a
different group of habitually unshod people who run less often
than the Kalenjin and to test for a relationship between foot strike
patterns and running speed. Kinematic and plantar pressure data
were collected from a group of 38 habitually unshod Daasanach
adults from northern Kenya to test the hypothesis that habitually
barefoot individuals tend to use a FFS, rather than a RFS, at their
self-selected endurance running speeds. In light of previous
research [21,22] that associated changes in strike patterns with
changes in running speed, we explored the alternate but not
mutually exclusive hypothesis that strike patterns in habitually
unshod runners are influenced by speed, with higher incidence of
forefoot striking at higher speeds.

Results

Data were collected from 38 Daasanach subjects (19 male, 19
female) who ran along a 15-meter trackway with a pedal pressure
pad placed midway along its length. Each subject was asked to run

PLOS ONE | www.plosone.org

Foot Strike Variation among Barefoot Populations

along this trackway at least 3 times at their self-selected
(comfortable) endurance running pace, and 3 more times at a
faster pace. Strike pattern data were collected from all 38 subjects,
while kinematic and kinetic data were collected from a subset of 18
(8 male, 10 female; see Materials and Methods). Running speeds
ranged from 2.15-6.63 m/s (Froude numbers of 0.52-4.77).

When running at their endurance running speeds, the
Daasanach subjects used a RFS in 96 of 133 trials (72%) and
used a MFS in 32 of 133 trials (24%; Figure 1; Table 1). Subjects
very rarely used a FFS at their self-selected running speeds (5 of
133, or 4%, of all trials). A further categorical breakdown of
running speeds showed that the Daasanach used predominantly a
RES at velocities of 5.0 m/s and less. At speeds of 5.01-6.00 m/s,
our sample group used a RFS and MFS with equal frequencies
and at speeds between 6.01 and 7.00 m/s, the majority employed
a MFS (Figure 2; Table 2). The incidence of a FF'S was greatest at
running speeds between 5.01 and 6.00 m/s (14% of trials) but this
running style was never used by the majority of our subjects at any
speed. A logistic regression analysis revealed that the influence of
speed (velocity) on strike type was statistically significant
(p =0.0368). These results therefore indicate that not all habitually
unshod individuals prefer to use a FI'S when running at their self-
selected running speeds. They show that our sample group
consistently preferred a RFS or MFS over a FFS even when
sprinting.

However, our results do support the hypothesis that a FFS
reduces the magnitude of impact forces relative to a RFS [15]. As
predicted by previous analyses of running gait [21,22], we found a
significant but weak relationship between relative impact forces
(calculated as normal force at strike divided by peak normal force)
and speed (ordinary least-squares, r* = 0.20, p<0.0001; Figure 3).
Examining the residuals from this regression suggests that, on
average, individuals using a IFFS experienced lower relative impact
forces than would be predicted by speed alone (Table 3). This was
not the case for individuals using a RFS or MFS, who on average
experienced equal and higher relative impact forces, respectively,
than predicted. These results suggest that the adoption of a FFS,
albeit rare in our sample group, reduced the impact forces
experienced at foot strike.

Discussion

Our results indicate that not all habitually unshod people prefer
a FFS or MFS at their preferred endurance running speeds.
Rather, the Daasanach subjects in this study preferred a RFS at
their self-selected endurance running speeds, and thus differed
from the Kalenjin runners studied by Lieberman and colleagues
[15]. It is intriguing to note that the Daasanach resembled
habitually shod runners in that they showed a tendency to switch
to a MFS or FFS at sprinting speeds [21,22]. Several factors could
explain the different foot strike patterns observed in these two
habitually unshod Kenyan populations. For example, running

Figure 1. Close-up images of subjects using a rearfoot strike
(A) and a midfoot strike (B). Most Daasanach subjects used a
rearfoot strike (A) at their self-selected endurance running speeds,
rather than a midfoot strike (B) or a forefoot strike (not shown).
doi:10.1371/journal.pone.0052548.g001
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Figure 2. Frequencies of strike patterns by running speed. The majority of the Daasanach sample group used a RFS (black circles) when
running at Froude speeds less than 2.5. For Froude speeds greater than 2.5, RFS and MFS (white circles) running were observed with equal
frequencies. FFS running (black triangles) was most frequently observed at the highest speeds (Froude >3.5), but this pattern was never used by the

majority of the Daasanach sample group.
doi:10.1371/journal.pone.0052548.g002

speeds differed in the two studies. The Daasanach in our study
selected endurance running speeds that averaged about 3.3 m/s
(8:08 per mile), while the Kalenjin runners in theirs [15] averaged
speeds of about 5.1-5.9 m/s (4:33-5:16 per mile). Among the
Daasanach, although it was never the predominant pattern, we did
observe a higher frequency of FI'S running at speeds greater than
their preferred endurance running paces. However, speed alone
cannot explain these differences because recent research among
Kalenjin runners indicates that they predominantly FFS at a wide
range of speeds (2.4-6.0 m/s; 4:28-11:11 per mile), with no
significant effects of running speed on strike type [DE Lieberman,
personal communication].

Other factors also likely contribute to the higher incidence
(91%) of FFS in the adult Kalenjin runners [15] compared with
that observed (up to 14%; Table 2) when the Daasanach adults ran
barefoot. For example, substrate compliance has been shown to
influence foot strike patterns [23]. More compliant substrates

would likely result in lower impact peaks; if the attenuation of
impact forces plays an important role in the selection of foot strike
patterns [15-18], then runners may make less adjustment to their
strike patterns on more compliant substrates. If the Daasanach
typically run on softer substrates than the Kalenjin (the Daasanach
in our study ran on a firm natural surface), this may have led to
their tendency towards heel-strike running. The level, frequency,
and type of running may have also influenced the preferred strike
patterns of the Kalenjin and Daasanach runners. The habitually
barefoot Kalenjin studied by Lieberman and colleagues [15] run
many kilometers on a daily basis and all ran a minimum of 20 km/
week, but the Daasanach adults studied here do not run as
frequently or as far as the Kalenjin. Training at a high intensity,
running tens of kilometers each week, may elevate the risk of
repetitive stress injuries such that it necessitates adjustments to
one’s running gait. For those who run less often and for shorter
distances (e.g., the Daasanach compared to the Kalenjin), running

Table 1. Foot strike patterns of Daasanach (N =38) over 133 trials at preferred endurance running speeds.

Strike Type (%)

Rearfoot strike (RFS) Midfoot strike (MFS)

Forefoot strike (FFS)

Average speed (m/s)

72 24

4

3.3+£0.4*

*average based on data from 18 subjects; see Materials and Methods.
doi:10.1371/journal.pone.0052548.t001
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Table 2. Frequencies of foot strike patterns across running speeds.

Velocity (m/s) Strike Type (% of trials)

Rearfoot strike (RFS)

Midfoot strike (MFS) Forefoot strike (FFS)

2.01-3.00 83
3.01-4.00 68
4.01-5.00 73
5.01-6.00 43
6.01-7.00 40

17 0
26 6
15 12
43 14
60 0

doi:10.1371/journal.pone.0052548.t002

may pose less of a threat to health and it may not be necessary,
and never occur to those runners, to adopt a posture that reduces
the impact peaks associated with RFS running. The influences of
these factors on the preferred foot strike patterns of habitually
unshod runners are currently unknown and warrant further
investigation.

Testing hypotheses about the foot strike patterns used by early
hominins is very difficult, as there are limitations in relating
modern experimental work to the fossil record. The application of
these experimental results to hypotheses about running techniques
used through human evolution raises two questions. First, how far
and how frequently did our ancestors run? The Kalenjin
experimental subjects of Lieberman and colleagues [15] were
runners, many training for competition, who may have necessarily
adopted a FFS in order to avoid injuries associated with their
frequent running over long distances [16-18]. The avoidance of
high impact forces associated with running, especially on relatively
firm substrates, may become more important among populations
that regularly run for such long distances. Our Daasanach subjects
certainly run less frequently than the Kalenjin, and perhaps
habitually unshod people can afford to use a RFS at endurance
running speeds if they do not run as part of their regular daily
routine. Second, how fast did our ancestors run? Our results from
the Daasanach, alongside the results of other research, suggest that
the selection of particular foot strike postures may be dependent
upon speed. If our ancestors’ typical endurance running speeds

1.4

1.2 .

1.0 H N

FN at impact/Peak FN

Froude

Figure 3. Least-squares regression of impact force by running
speed. A significant relationship was found between the relative
magnitude of impact forces and running speed (y=0.38+0.10x;
r?=0.20, p<0.0001).

doi:10.1371/journal.pone.0052548.9003
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were in the range of the Kalenjin studied by Lieberman and
colleagues [15] (about 5.1-5.9 m/s or 4:33-5:16 per mile), then
they may have relied upon a FFS. If they ran at slower speeds (the
Daasanach ran at about 3.3 m/s or 8:08/mile), then RFS running
may have been more frequent. However, because recent research
has revealed that strike patterns among the Kalenjin are not
dependent upon speed [DE Lieberman, personal communication],
then it is possible that factors other than speed were more
influential to the selection of running strike patterns by early
hominins.

It is not clear which experimental sample, if either, represents a
better ‘model’ for the distances and frequencies of running in early
humans. It has been hypothesized that endurance running was
important to our ancestors because it would have provided a
means of acquiring high-quality foods (i.e., meat) through
persistence hunting [1,2]. Recent ethnographic research on
persistence hunting by modern hunter-gatherers living in the
central Kalahari documented successful persistence hunts ranging
in distance from about 25-35 km [24], but it is unclear how often
those hunts occur. Persistence hunts are not practiced by the
Hadza hunter-gatherers in Tanzania [25]. However, the relevance
of recent ethnographic data to these questions is limited because
modern hunter-gatherers use relatively recent inventions (e.g.,
projectile weapons) and their diets and practices have been
influenced by neighboring people who are not hunter-gatherers
[26]. Regarding speed, the only data that exist for the Kalahari
hunters are averaged over interspersed bouts of running and
walking (1.67-2.78 m/s, or 9:39-16:15/mile) thereby making it
difficult to draw biomechanical hypotheses from these data. Based
on our results, if speed was a factor that influenced running foot
strike patterns in early hominins, as it does in the Daasanach, and
early hominins typically performed persistence hunts at speeds
more similar to the preferred endurance running paces of the
Daasanach, then this behavior may have been associated with
predominantly RIS, rather than FFS running. Likewise, the
opposite could be true if higher running speeds were maintained

Table 3. Mean residuals (and 95% confidence limits) from
regression of relative impact force by running speed.

Mean Lower 95% Upper 95%
Strike type N residual CL CL
RFS 83 0.00 —0.03 0.04
MFS 33 0.03 —0.04 0.10
FFS 8 —0.21 —0.39 —0.04

doi:10.1371/journal.pone.0052548.t003
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for persistence hunting. Predictions based on estimated costs of
transport in humans and other mammals have suggested optimal
pursuit speeds of 3.0 m/s for persistence hunting 10 kg prey,
4.2 m/s for 60 kg prey, and 5.3 m/s for prey over 200 kg [27].
More data is required on the types of prey that early hominins
may have hunted using this strategy before any robust estimate
can be made of the speeds used by the hominins that may have
practiced this behavior. Bramble and Lieberman [2] also proposed
the alternate hypothesis that endurance running was originally
selected for its use in competitive scavenging. Higher running
speeds may have been more important if they were following
migrating ungulates [26] or if it was necessary to scavenge
carcasses while simultaneously avoiding predators (but see
[25,26]). In such a scenario, higher-speed endurance running
during scavenging may have led to a prevalence of FFS, rather
than RFS running.

It is also unclear which experimental sample’s environment
might represent a better model for the substrates typical of those
on which early humans ran. In a study of habitually shod runners,
the frequency of rearfoot strike changed from 23.3% on asphalt to
54.3% on grass [23]. Although not as soft as grass, the natural
surfaces on which the Daasanach and Kalenjin ran are certainly
more compliant than the asphalt or concrete surfaces on which
people typically run in heavily developed regions. However, data
are not available on the compliance of substrates typical of ancient
hominin environments.

Our results make it clear that more work with habitually unshod
populations 1s needed to determine the extent to which variables
such as running speed, running distance, substrate mechanical
properties, and other factors might influence foot strike patterns
during barefoot running. To date, our study and that of
Lieberman and colleagues [15] are the only ones to examine
running mechanics in habitually barefoot groups, and these
studies’ observations differ in important ways. It will be necessary
to understand the extent and nature of the variation in running
mechanics across unshod populations in different geographical
areas, on different substrates, and with different behavioral
repertoires. With a broader understanding of the factors that
influence foot strike patterns in habitually unshod populations, we
may be able to refine hypotheses regarding how running may have
shaped the evolution of our anatomy, as well as the potential
advantages and disadvantages of different strike patterns in
modern runners.

Materials and Methods

Ethics Statement

The George Washington University’s Institutional Review
Board (IRB) granted approval for the human experimental study
described in this paper, which was titled “Biomechanics of the
human foot.” All subjects gave their written consent to participate,
a procedure approved by the aforementioned IRB committee.

Experimental Setup

We cleared an approximately 15-meter long trackway on an
area of flat, open ground. The surface consisted of the firmly-
packed sand that is typical of the savannah environment of the
Ileret area. In the middle of this trackway, we placed a 1-meter
long plantar pressure pad (RSScan International Footscan;
recording frequency 252 Hz). We set up a video camera
perpendicular to the trackway at a distance of 8 meters from the
edge of the pressure pad. In 2010, we recorded video at 60 Hz
using a Canon ZR50MC video camera. In 2011, we recorded
high-speed video at 210 Hz using a Casio Exilim EX-FH20
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camera. Because the slower-speed (60 Hz) videos from 2010 were
at too low a rate to identify the precise moments of foot strike,
kinematic analysis was restricted to the 2011 high-speed (210 Hz)
video data (18 subjects; 8 male, 10 female). To calibrate the
trackway for kinematic analyses, we placed two stakes 3 meters
apart with the first at the beginning of the pressure pad and the
second 2 meters beyond the pad.

Subjects and Protocol

Over the course of two field seasons (2010 and 2011) we
recruited 38 adults (19 male, 19 female) from the Daasanach tribe
living in and around the town of Ileret, Kenya. We measured the
height, weight, and functional leg length (greater trochanter
height) of each subject. Each subject then passed over the
trackway, including the pressure pad, for at least three trials at self-
selected ‘endurance’ running speeds (they were asked to run at a
comfortable pace at which they could run for a long distance).
Then they conducted at least three more trials at self-selected
sprinting speeds. These speeds were later quantified from high-
speed digital video. Trials were discarded and repeated if subjects
targeted the pressure pad or otherwise altered their gait in any
way. All subjects missed the pressure pad in one or more trials,
suggesting that they were not targeting the pressure pad.

Analysis

The posture of the foot at strike was identified using data
collected from the plantar pressure pad. We examined the first
frame of data recorded, which represented the distribution of
pressure the instant at which the foot struck the pad. A RFS was
identified as a trial in which the first data frame included pressure
on the heel only. A FFS was identified as a trial in which plantar
pressure was exerted only on the forefoot (metatarsal heads) at
touchdown. The heel almost always contacted the ground in these
cases, but not until later in the stance phase. A MFS was
considered to include trials where initial contact occurred at the
lateral midfoot (cuboid/base of the 5™ metatarsal), and also those
trials where initial contact included both the heel and forefoot.
Measurements of peak normal force, over the duration of the
stance phase, were extracted for each trial. We also identified the
impact peak (see [15]) in each trial and extracted the instantaneous
normal force at that moment. As in the study by Lieberman and
colleagues [15], if we could not identify a distinct peak, then we
extracted the normal force from the average percentage of stance
phase at which impact peaks occurred (7%). The normal force at
the impact peak was divided by peak normal force in order to
generate a standardized measure of impact loading that could be
compared across subjects. While this standardization deviates from
the ‘typical’ procedure of dividing by body weight, it does
represent a normalized relative magnitude of the impact peak
because peak normal force over the entire duration of stance phase
should not necessarily vary according to the type of foot strike
[15].

To analyze kinematic data, high-speed videos collected during
the 2011 field season were imported into Image] (http://rsbweb.
nih.gov/ij/). Running speed was calculated by measuring the time
it took a digitized marker on each subject’s sternum to traverse the
3-meter long calibrated portion of the trackway. We converted
these measures to dimensionless Froude numbers, using the
formula provided by Alexander and Jayes [28], where Frou-
de=v*/gh (v=velocity, g=gravitational acceleration, h = hip
height). Image] was also used to measure stride length and stride
frequency (the inverse of time elapsed during one stride) for each
trial. All statistical analyses were conducted using JMP 9.0
statistical software.
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