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The purpose of this study was to investigate the
oxygen cost of running barefoot vs. running shod
on the treadmill as well as overground. 10 healthy
recreational runners, 5 male and 5 female, whose
mean age was 23.8 ± 3.39 volunteered to participate in the study. Subjects participated in 4 experimental conditions: 1) barefoot on treadmill,
2) shod on treadmill, 3) barefoot overground, and
4) shod overground. For each condition, subjects
ran for 6 min at 70 % vVO2max pace while VO2,
heart rate (HR), and rating of perceived exertion
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Running has become increasingly popular over
the years and provides numerous health benefits
including improved cardiovascular health [42],
decreased risk of stroke [43] and hypertension
[25], increased bone mass [12, 41] and psychological benefits such as decreased depression and
a positive eﬀect on mood state [11, 36]. Despite
its popularity and many benefits runners still
experience a high injury rate, with up to 79 % of
runners incurring an injury annually [22, 40].
Thus, runners have sought numerous strategies
in hopes of reducing injury and running faster.
One strategy is to run without any shoes at all:
barefoot.
While running barefoot, people tend to implement a mid foot strike rather than a heel strike
[38]. Barefoot runners utilize a coordination
strategy starting at the ankle apparently to
reduce the ground reaction force (GRF) and
resulting pain from a heel strike [20]. To lessen
this pain, the force is distributed upon each landing across a greater surface area than the heel
alone, the middle of the foot. The function of the
plantar fascia is to create a support system for the
arch of the foot and to act as a shock absorber

(RPE) were assessed. A 2 × 2 (shoe condition x
surface) repeated measures ANOVA revealed
that running with shoes showed significantly
higher VO2 values on both the treadmill and the
overground track (p < 0.05). HR and RPE were
significantly higher in the shod condition as well
(p < 0.02 and p < 0.01, respectively). For the overground and treadmill conditions, recorded VO2
while running shod was 5.7 % and 2.0 % higher
than running barefoot. It was concluded that at
70 % of vVO2max pace, barefoot running is more
economical than running shod, both overground
and on a treadmill.

during walking and running [44]. It also helps to
supply a great deal of elastic energy during running [4]. Perhaps barefoot running aids in
strengthening the intrinsic stabilizing muscles of
the feet and allows for greater utilization and
elasticity of the plantar fascia [32].
It is thought that the more time one spends barefoot, the stronger the arch becomes. In a study of
2 300 children between the ages of 4 and 13, the
prevalence of flat foot was 8.6 % in an urban group
that normally wore shoes and 2.8 % in a rural
group that normally went barefoot (p < 0.001);
[30]. The authors suggested that there is a critical
age where foot arch development is crucial and
can be interrupted by excessive shoe use. They
also stated that perhaps the human foot has no
need for additional external support, and the
muscles of the arch can grow stronger with
increased barefoot walking and running.
Some research has suggested that expensive running shoes may actually lead to more injuries
than lower priced ones [23, 33]. Additionally, a
negative correlation between shoe stiﬀness and
vertical impact was found, meaning that as the
level of cushioning increases the harder one lands
(r = − 0.87, p < 0.001); [34]. The extra cushioning
in running shoes may decrease caution upon
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Training & Testing
Experimental design
The subjects came to the laboratory for 2 testing sessions. The
main outcome of the first session was a VO2max test. This was
performed to determine the velocity of running at peak oxygen
consumption and later for data collection purposes in which the
subjects ran on the treadmill and on the track at 70 % of that
peak velocity, or 70 % vVO2max. The second session occurred
within 1 week of the VO2max test.
This study used a 2 × 2 repeated measures design, with 4 diﬀerent testing conditions: 2 runs on a treadmill and 2 on an indoor
track, each with and without running shoes. The subjects were
assigned to 1 of 4 test sequences using a balanced Latin square
design with 4 diﬀerent starting points for the sequences used.
This process minimized possible order eﬀect.

Instrumentation
For both the treadmill and the overground testing VO2 was
assessed using a portable metabolic measurement system. Prior
to each testing session the system was auto-calibrated through
the computer software, according to the manufacturer’s instructions (VO2000; Medical Graphics Corp., St. Paul, MN). This autocalibration process involves sampling of the surrounding air and
does not require syringes or reference gases. The validity and
reliability of this portable metabolic cart system has been confirmed previously [6]. For all of the treadmill tests the grade was
set at 1 % to correct for the lack of air resistance encountered
while running on a treadmill [7, 16]. The treadmill speed was
validated for each subject using a strip of tape attached to the
belt and calculating revolutions per minute for speeds of 80
through 268 m•min − 1 and found to be 99.6–99.7 % accurate.
Heart rate (HR) was monitored with a Polar watch (Polar Electro
Oy, Kempele, Finland) and the rating of perceived exertion (RPE)
was determined using the Borg 6–20 scale [3] every 3 min. During overground running the velocity was assessed with a Nike +
accelerometer (Nike, Beaverton, OR) connected to an Apple iPod
(Apple, Cupertino, CA) which was calibrated according to the
manufacturer’s specifications and required the subject to run at
a self selected pace for 402 m. The validity of this instrumental
setup has been tested and is determined to closely estimate variable running speeds [18].

Procedures
Methods
▼
Subjects
10 healthy runners, 5 males and 5 females, participated in this
study. All subjects ran recreationally, at least 16 km per week for
the previous 6 months. Potential subjects were excluded if they
reported any lower extremity injuries in the last 12 months.
They all signed an informed consent form approved by the university’s Institutional Review Board after having the testing procedure explained in detail. The study was conducted in
accordance with the ethical standards of national and interna▶ Table 1.
tional laws [15]. Subjects are described in ●
Table 1 Demographics of subjects.
Gender
male (n = 5)
female (n = 5)

Age
24.4 ± 3.1
23.2 ± 4.0

Height (cm)

Mass (kg)

182.9 ± 0.9
168.3 ± 3.1

90.2 ± 21.1
63.8 ± 25.6

(M ± SD; N = 10)
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The first session began with a VO2max test while the subject was
wearing running shoes. The treadmill was set at a speed of
80.5 m•min − 1 and increased by 26.8 m•min − 1 every 2 min until
HR reached 170 bpm. The speed was then increased by
13.4 m•min − 1 every minute until the subject reached exhaustion. For this session and for all subsequent sessions the portable
metabolic cart was used to measure VO2. Use of the same equipment allowed the subjects to become comfortable with the system before using it for the 4 diﬀerent testing conditions. The
sampling frequency was set at 0.05 s − 1. HR was monitored continuously and RPE was assessed 30 s before each speed increment during the test. After the VO2max test the subject was
allowed to rest for a minimum of 5–10 min and then was permitted to run barefoot on the treadmill for familiarization.
In the second session, which was conducted on a separate day
within 1 week of the first visit, the subject completed all 4 conditions with rest periods between each. To allow for adequate rest,
the subsequent testing condition was not started until the subjects’ HR were less than 110 bpm and they felt ready to start the
next testing condition. The order of testing conditions varied
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each landing and lead to an increase in impact. In an earlier
study the vertical impact between barefoot and shod running
was investigated [31]. The authors suggested that there is a preferred amount of sensation upon each landing during running,
whether barefoot or shod, and that running shoes make it more
diﬃcult for a person to find a preferred level of impact due to
decreased proprioception.
A study by Kerrigan et al. [19] showed increased joint torques at
the ankle, knee and hip when running with shoes compared to
running barefoot, likely due to the raised heel of the typical running shoe. A possible mechanism for injury while running in
shoes may be due to increased GRF. Barefoot running decreases
overall GRF, and also decreases the amount of force that the heel
receives upon each impact [8, 9, 13].
2 important determinants of success in distance running are
VO2max and running economy (RE). Several studies have shown
that RE is a more accurate predictor of distance running success
than VO2max [21, 26, 27], and is often what distinguishes elite
distance runners from very good distance runners [29]. At submaximal speeds, in which many long distance races are performed, runners who have a higher RE require less oxygen
utilization than do those with low RE at a given speed. They can
thereby run faster at the same relative level of oxygen cost
[14, 35]. Thus, RE is an important factor to consider when investigating running performance.
Barefoot running was previously found to reduce the oxygen
cost of running but early research was unable to determine
whether it was due to the mass of the shoe, a change in gait or
both [5]. Recent work has shown that the improvement in RE
during barefoot running is likely due to the decreased mass on
the feet and not the changes in gait [10]. However, very few studies have assessed the RE of barefoot running. Additionally, many
studies of barefoot running have used a treadmill [9, 19, 20, 37]
and have not assessed overground running. Further study of this
topic appears warranted.
Research is needed to determine whether running barefoot can
significantly reduce the oxygen cost of running overground and
whether RE varies between treadmill and overground running.
Therefore, the purpose of this study is to compare the economy
of barefoot and shod running, and to determine whether diﬀerences exist between running on a treadmill and overground.

Training & Testing

Statistical analyses were performed using SAS (Statistical Analysis Software, Cary, NC). A 2 × 2 repeated measures ANOVA (Analysis of Variance) was used to determine the amount of variance
due to the use or non-use of shoes during running and the surface (treadmill or overground). Paired t-tests were performed for
each variable in order to determine if any simple eﬀects were
significant at the level of p ≤ 0.05. If a significant diﬀerence
between conditions was found, the proportional reduction in
error (PRE) was determined to express the magnitude of the difference [17].

48.0
45.0
42.0
39.0

30.0
27.0

21.0
18.0
barefoot/treadmill shod/treadmill

Fig. 1

barefoot/track

shod/track

VO2 for each condition (M + SD; N = 10); no significant simple eﬀects.

200

*
190

Table 2 Summary of VO2max testing.
Mean

SD

48.8
44.4
195.1
1.05
254.8
178.4

3.6
9.2
4.9
0.05
23.7
16.4

Range

HR (beats·min–1)

180
170
160
150
140
130
120
barefoot/treadmill shod/treadmill

Fig. 2

barefoot/track

shod/track

Heart rate (HR) for each condition (M + SD; N = 10); * p=0.040.

17

**

*

16
RPE (Rating of perceived Exertion)

4 of the subjects reported running between 16–24 km per week,
4 ran between 24–32 km per week and 2 subjects ran between
32–40 km per week. 2 subjects reported running a majority of
the time barefoot; 2 reported running barefoot a few times prior
to the study. The other 6 subjects had not previously run barefoot. The results of the VO2max testing for the subjects are listed
▶ Table 2.
in ●
The mean VO2, HR and RPE for the diﬀerent conditions are dis▶ Fig. 1–3, respectively. Across the mean of the 2 surplayed in ●
face conditions barefoot running was 3.8 % more economical
than running with shoes (F(1,9) = 6.23, p = 0.034). HR and RPE
were also significantly lower while running barefoot (F(1,9) = 8.90,
p = 0.015 and F(1,9) = 18.00, p = 0.003). Across footwear conditions the mean VO2 and HR during treadmill running and overground running were not significantly diﬀerent (F(1,9) = 0.60,
p = 0.457 for VO2 and F(1,9) = 0.66, p = 0.438 for HR). The mean
RPE for footwear was also not significantly diﬀerent (F(1,9) = 0.08,
p = 0.782).
Interaction between the 2 main eﬀects, footwear condition and
running surface, was not significant for VO2 (F(1,9) = 1.08,
p = 0.327). The corresponding interactions for HR and RPE were
also not significant (F(1,9) = 0.12, p = 0.738 and F(1,9) = 0.31,

VO2max (ml · kg − 1 · min − 1)
male (n = 5)
female (n = 5)
HRmax (N = 10)
RER (N = 10)
vVO2max speed (m•min − 1)
70 % vVO2max speed (m•min − 1)

33.0

24.0

Results
▼

Variable

36.0

15
14
13
12
11

44.8–52.1
31.4–55.2
185–202
0.96–1.12
214.6–295.0
150.2–206.5

10
barefoot/treadmill shod/treadmill

barefoot/track

shod/track

Fig. 3 RPE (Rating of Perceived Exertion) for each condition (M + SD;
N = 10); ** p = 0.009,* p = 0.013 .
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Data analysis

p = 0.594, respectively). However, several of the diﬀerences in
mean values for the dependent variables were of moderate size.
On the treadmill, HR and RPE were significantly higher when
shod compared to barefoot (p = 0.040 and p = 0.009). In the overground track condition, RPE was also significantly higher when
shod (p = 0.013).

VO2 (ml·kg–1.min–1)

using a balanced Latin square design. For each condition the subject was fitted with a breathing mask which was attached to the
portable metabolic cart and allowed to jog at a self-selected pace
to warm up for 2–3 min before beginning the protocol. The subject then ran for 6 min at 70 % vVO2max in order to achieve steady
state VO2. Pacing on the overground indoor track was done with
the Nike + accelerometer, which included a sensor that was
taped to the top of the subject’s foot and an iPod carried by the
subject. They were asked to run as smoothly as possible and
keep a regular stride rate, as the accelerometer calculates pace
based on the average speed that the foot travels during each
stride. Subjects were encouraged to periodically glance down at
the iPod to view pace and adjust accordingly.

Discussion
▼
The major finding in this study is that barefoot running overground and on the treadmill was significantly more economical
than running with shoes. In contrast, no significant diﬀerences
in VO2 were found between the treadmill and the overground
track regardless of the footwear condition (barefoot/shod). The
magnitude of the lower VO2 while running barefoot yielded a
PRE of 0.41, meaning that 41 % of the variance in VO2 was
explained by the barefoot vs. shod diﬀerence. The associated PRE
values due to the barefoot vs. shod diﬀerence for HR and RPE
were 0.50 and 0.69, respectively.
The reduced oxygen cost of barefoot running has several plausible explanations. Bramble and Lieberman [4] state the depression of the arch supplies roughly 17 % of the energy for each
stance phase while running barefoot. This elastic energy may be
reduced when running shod. The added mass of the shoe also
contributes to the oxygen cost of running. Berg and Sady [2]
studied the eﬀect of shoe inserts on VO2. Submaximal VO2 was
assessed in 15 recreational runners on a treadmill at speeds of
241 and 268 m•min − 1, with or without shoe inserts which were
75 or 100 g, depending on the size of the shoe worn. No significant diﬀerences in VO2 were found between running with or
without the inserts. However, the mean relative VO2 was 0.9 %
higher when using the inserts running at 241 m•min − 1, and 1.5 %
higher when using the inserts and running at 268 m•min − 1.
Although not significant, the results from the current study
show a trend toward higher relative VO2 when using shoes
compared to running barefoot: 2.0 % on the treadmill and 5.7 %
on the overground track (Cohen’s d values of 0.091 and 0.029,
respectively).
Basset et al. [1] investigated the diﬀerences in VO2 between the
treadmill and overground running at 3 diﬀerent speeds between
136 and 286 m•min − 1. They did not find a significant diﬀerence
in VO2 between the treadmill and overground conditions, which
is in agreement with our results. Our results show a shod/
treadmill condition mean VO2 of 36.4 ml•kg − 1•min − 1 and for the
shod/track condition a mean of 36.5 ml•kg − 1•min − 1, a diﬀerence
of only 0.2 %. The mean HR values were 178.1 bpm and 175.7 bpm,
respectively, a decrease of 1.4 %.
Burkett et al. [5] studied the oxygen cost of running barefoot
compared to running with shoes as well as shoes with orthotics
using a range of speeds from 161 m•min − 1 to 201 m•min − 1. They
found that running with shoes required 1.3 % more oxygen than
barefoot and running in shoes fitted with orthotics required
2.4 % more oxygen than barefoot (p < 0.05). The study did not
mention the grade of the treadmill that was used; it is assumed
that it was level. The current study found a 2.0 % increase in oxygen uptake on the treadmill when running shoes were worn
compared to barefoot. This is a slightly higher value than the
1.3 % seen by Burkett et al. [5] and the diﬀerence may be due to
the 1 % grade that was used for the treadmill in the current
study.
Divert et al. [10] also found an increase in VO2 when running
shod. Their subjects ran at 216 m•min − 1 on a treadmill for 6 different conditions: barefoot, ultra-thin diving socks, diving socks
with 150 g of weight sewn into the fabric, diving socks with
350 g of weight, a 150 g shoe and a 350 g shoe. They found that
both the 350 g weighted socks and the 350 g shoe showed significantly higher VO2 values than when the subjects were barefoot (p < 0.05).
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Many runners perform some part of their training outdoors or
on an indoor track, rather than on a treadmill. Therefore, it is of
interest to know whether the oxygen cost varies between treadmill and overground running. However, in order to fairly compare VO2 on the 2 surfaces, a correction is needed for the
increased amount of air resistance one must overcome when
running overground. Previous studies have suggested that a 1 %
grade on the treadmill is most similar to overground running
[7, 16]. The results from the current study showed that treadmill
running required 1.7 % more oxygen when compared to overground running, with the diﬀerence not being significant
(p = 0.457). Thus, our results corroborate the 1 % grade as a reasonable correction factor for reduced air resistance while running on a treadmill.
In order to qualitatively assess the perceptions of our subjects
regarding barefoot running, they were queried after collection of
data. Some responses included feeling “lighter, more responsive,
and faster” while running barefoot. One subject reported some
soreness in the feet after testing due to the rough surface of the
treadmill belt. Another subject with a history of over-pronation
while running reported slight pain on the medial ankle. Most
responses were positive and all but one subject reported being
likely to try barefoot running in the future. The relative absence
of discomfort and injury in these subjects suggests that subjects
wishing to start running barefoot might do so without a great
concern for their safety. Further work is needed to clarify this
point.
This study may have been limited because barefoot running was
novel to 6 of the 10 runners in the study. An attempt to control
for this was made by encouraging the runners to practice barefoot walking and running before coming to the testing sessions.
However, not all of the subjects may have done this and furthermore, it is currently unknown how much practice is necessary to
become comfortable and eﬃcient running barefoot. Variations
in running mechanics and foot type were not controlled for; this
could be a limitation. Another limitation is that the overground
condition was performed on an indoor track that required 10
laps per mile. Running on a curved track may have increased the
VO2 needed to run at the predetermined pace compared to the
treadmill. Lastly, subjects were asked to maintain a pace of 70 %
vVO2max using the Nike + accelerometer, but pace most likely
fluctuated somewhat. However, our subjects felt that they were
able to run at a steady pace that felt typical of a normal run
where pace was not directly monitored. VO2 while shod on the
track was 36.5 ml•kg − 1•min − 1 and on the treadmill was
36.4 ml•kg − 1•min − 1. The nearly identical values support that the
pacing technique used did not alter the results.
Statistical power for the analysis of running economy (RE) was
about 0.60 [39] assuming the moderate to large eﬀect size that
has been reported in other studies [14, 24]. While our study was
moderately underpowered, previous studies addressing RE have
detected statistically significant findings with sample sizes similar to the 10 in our study. For example, significant results were
found with sample sizes of 8 [37], 12 [10], and 14 [28]. Also, the
subjects in our study were relatively homogeneous in regards to
age, training status, and VO2max, which would tend to reduce
error variance thereby enhancing statistical power. The fact that
we found significantly greater RE when barefoot compared to
running shod indicates that the sample size was adequate for
testing the RE of shod vs. barefoot. However, the study may have
been underpowered for the tests of surface condition (treadmill
vs. overground) and its interaction with shod vs. barefoot.
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Future research on this topic could be done on runners who have
habituated themselves to barefoot running. Practice of running
barefoot may improve skill by inducing various modifications
such as stride length and stride rate. Strengthening of the intrinsic foot muscles and habituation to barefoot running may also
allow for greater use of the elastic recoil in tendons and ligaments. It may also be interesting to assess the VO2 during running barefoot at faster speeds which more closely approximate
competitive race pace. The elastic recoil associated with barefoot
running may yield even greater energy at increased speeds.
Injury prevention is important to runners, and barefoot running
has been found to decrease force on the lower extremity joints
[8, 9, 13]. However, future research should be performed to track
barefoot runners over time to compare injury rates with shod
runners.
The impact of RE from barefoot running can be appreciated by
examining its eﬀect on running performance. Burkett et al. [5]
indicated that a 1.7 % increase in absolute VO2 is equal to roughly
a 5.0 m•min − 1 decrease in speed. Thus, each 1.0 % increase in VO2
would translate to a 2.94 m•min − 1 decrease in running speed.
Application of this decrement to the 5.7 % greater oxygen cost in
our subjects running overground while shod translates to being
able to run 16.8 m•min − 1 faster when barefoot (5.7 × 2.94 =
16.8 m•min − 1). Over the course of a marathon (42.195 km) this
increase in sustainable speed would be meaningful. For example, if one were to run an average speed of 204.8 m•min − 1 rather
than 188 m•min − 1 during a marathon approximately 18 min
would be saved.
The current study showed a significantly lower RPE when running barefoot for both the treadmill and track conditions
(p < 0.01). RPE is a subjective measure that gives some insight as
to how diﬃcult a physical activity is. Our results show that when
the subjects were running at 70 % of vVO2max it felt easier for
them to maintain that pace when running barefoot. This could
be useful information to runners because it allows them to
maintain a desired pace with a decreased sense of eﬀort.
The results from previous studies [7, 16] as well as from the current study show that a 1 % grade used on the treadmill accurately
represents the increased air resistance one must overcome when
running overground. This grade could be used when running
indoors on a treadmill in order to keep the oxygen cost equivalent to running outdoors.
The following conclusions are warranted from the results of the
study: At 70 % vVO2max, barefoot running requires significantly
lower VO2 than running shod, indicating higher running economy. A 1 % grade on a treadmill is an eﬀective means of equalizing the oxygen cost of running at the same speed overground.
Lastly, the eﬀect of footwear (barefoot/shod) on VO2 was not
dependent on the type of surface (treadmill/track).
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