ORIGINAL ARTICLES

JSPORTS MED PHYS FITNESS 2009;49:6-13

Biomechanical and physiological comparison of barefoot
and two shod conditions in experienced barefoot runners

R. SQUADRONE, C. GALLOZZI

Aim. The first aim of this study was to assess how changes in the
mechanical characteristics of the foot/shoe-ground interface
affect spatio-temporal variables, ground pressure distribution,
sagittal plane kinematics, and running economy in 8 experi-
enced barefoot runners. The second aim was to assess if a spe-
cial lightweight shoe (Vibram Fivefingers) was effective in mim-
ic the experience of barefoot running.

Methods. By using an instrumented treadmill, barefoot run-
ning, running with the Fivefingers, and running with standard
running shoe were compared, analyzing a large numbers of
consecutive steps. Foot/shoe-ground interface pressure distri-
bution, lower limb kinematics, VOZ and heart rate data were
simultaneously collected.

Results. Compared to the standard shod condition when run-
ning barefoot the athletes landed in more plantarflexion at the
ankle. This caused reduced impact forces and changes in stride
kinematics. In particular, significantly shorter stride length
and contact times and higher stride frequency were observed
(P<0.05). Compared to standard shod condition, VOZ and peak
impact forces were significantly lower with Fivefingers (P<0.05)
and much closer to barefoot running. Lower limb Kkinematics
with Fivefingers was similar to barefoot running with a foot posi-
tion which was significantly more plantarflexed than in control
shoe (P<0.05).

Conclusion. The data of this study support the assumption that
changes in the foot-ground interface led to changes in running
pattern in a group of experienced barefoot runners. The
Fivefingers model seems to be effective in imitating the barefoot
conditions while providing a small amount of protection.
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he activity of running has evolved from one that
was critical to day-to-day survival to one that is
considered important in overall fitness and longevity.
As a consequence, millions of people are routinarily
involved in running and jogging activities all over the
world. Recently, following the footstep of self-pro-
nounced “barefooters’ like Ken Bob Saxton, who has
been running marathons barefoot since 1997, a grow-
ing number of North Americans and Europeans recre-
ational runners are discovering barefoot running.
Barefoot training has been used by coaches for a
long time with the suggestion that this practice
improves the strength of the overall muscle system
and trains the intrinsic and extrinsic foot muscles.!-2 In
addition, many published papers in medical journals
support the claims that going barefoot is healthy and
natural and that footwear is entirely unnecessary and,
in many cases, detrimental to foot health.2-7 Unfortuna-
tely, despite the skin of the foot is far more resistant
than skin from other parts of the body, the available sur-
faces in developed countries are not always suited for
this kind of training. Stones, pieces of glass, nails, and
needles can cause wounds even when the plantar skin
is thickened by adaptation to barefoot activity. Recently,
to counter this problem and take advantage of the
trend, Vibram (Vibram SpA, Albizzate, Italy) has pro-
posed a very lightweight shoe called Fivefingers
(Figure 1), which is supposed to mimic the barefoot
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Figure 1.—The Vibram Fivefinger model.

experience while still providing a layer of protection.
These footwear should provide just enough protec-
tion to the feet to run barefoot without worrying about
puncture wounds, cuts and bruises.

Analysis of running has mostly been conducted by
comparing different running techniques, running veloc-
ities, and shoe types. Until now, few authors have com-
pared barefoot and shod running. With the exception
of the study of Divert ef al.8 who used a multiple step
protocol with the subjects running on an instrument-
ed treadmill, in all previous studies the mechanical
measurements involved repeated movement trials of a
limited number of steps over one or two force plat-
forms or pressure mats placed in the middle of a rela-
tively short runway.%-12 This methodology as a number
of obvious limitations.8. 13 Analysing a limited number
of non consecutive steps limits the accuracy due to
the inherent step variability. An additional source of
variability was that the subjects must reach the force
platforms with their normal running style without
altering the running stride.!4 Having multiple force
platforms did not solve this problem, as accurate place-
ment for consecutive footstrikes is extremely difficult
to achieve.

Another limitation of all those prior works was that
the subjects used were not particularly experienced in
barefoot running. Runners not accustomed to running
barefoot could have their natural foot structure weak-
ened by long-term footwear use and their propriocep-
tive sensitivity reduced.2 So they could be less effec-
tive in adapting their running style when running in this
condition. The subjects of our study trained regularly
in barefoot conditions and participated in several com-
petitive races barefooted. To our knowledge this is the
first study which used subjects who regularly prac-
tice barefoot running.

The first aim of the current study is to extensively
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assess how changes in the mechanical characteristics
of the foot/shoe-ground interface can affect spatio-
temporal variables, ground pressure distribution, sagit-
tal plane kinematics and running economy in experi-
enced barefoot runners. The second aim was to assess
if the Vibram Fivefingers were effective in replicate
barefoot running conditions. Therefore, by using an
instrumented treadmill, barefoot running, running with
the Fivefingers shoe, and running with standard run-
ning shoe were compared, analysing a large numbers
of consecutive steps.

Materials and methods

Subjects

Eight healthy male runners were the subjects of this
study. They all had a long training experience in bare-
foot running and three of them had run even a marathon
without shoes. They reported no injury at the time of
experiment. They were informed about the procedures
and signed a written consent. Their average charac-
teristics were: age, 32+5 years; height, 1.75+0.05 m;
body mass, 71+6 kg, 10-km race time, 40.3+4 min).

Protocol

Each subject came once to the laboratory for 2 test
sessions. Although each runner was familiar with tread-
mill running, the primary purpose of the first test ses-
sion was to get all the subjects used to the experi-
mental condition. So each had adequate time to become
accustomed to treadmill running prior to the intro-
duction of the experimental load conditions. During the
second session each subject was asked to perform 3
running bouts of 6 min at 12 km/h in a random order
using his preferred foot striking technique. One of the
bouts was carried out barefoot, another with the Vibram
Fivefingers Classic (VF) model (average shoe mass:
148 g), and the latter in a neutral protective running
shoe (retail price: 70-80 euros; average mass: 341 g).
A rest period of 4 min separated the bouts. During the
running trials, the foot shoe-ground interface pressure
distribution, lower limb kinematics, V02 and heart
rate data were simultaneously collected.

Ten days before the test sessions each subject was
given a pair of VF and a pair of the running shoes cho-
sen as a control. This allowed them enough time to
train with the new shoes and to get used to them.
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According to Nyska et al.!5 walking and running pat-
terns may be altered and unnatural when first per-
forming in new shoes, so giving the subjects training
and practice time with both the new shoes was to min-
imalise this problem.

Equipment and data collection

The Zebris FDM-T instrumented treadmill (Zebris
Medical GmbH, Isny, Germany) was used to measure
the foot or shoe-ground interface pressure distribu-
tion during the running bouts. The treadmill frame
was made as rigid as possible and bolded firmly to
the ground. This specific treadmill has the main advan-
tage to allow fast recording and analysis of pressure
data from a large number of steps at fixed velocity.
The sensor element itself consists of high quality
capacitive force sensors. In a treading area of 15050
cm, the sensor unit comprises more than 5 378 force
sensors. These sensors measure vertical force only.
Because the size of the sensors is known (1.39 cm?), the
pressures can be determined automatically. Pressure
data were sampled at 180 Hz during the last 20 s of
each bout for a total of more than 60 consecutive steps
analyzed and 5 378 (sensors) X 5 000 (samples) data
points collected. The threshold level was set at 5 N/sen-
sor to discard noise-related data. All above-threshold
values were color-coded and were linearly distributed
over 256 available colors between the threshold (blue)
and the maximum value (red).

Stride length (defined as the distance covered with
each stride), stride frequency, contact and flight times,
and total vertical foot/ground force occurring during
each stance phase were assessed by pressure data.
Foot/ground force-time curves were inspected to deter-
mine peak impact forces and thrust peak forces. Using
in-house software, regional analysis was performed
to compute average peak pressure under the heel, mid-
foot, metatatarsal heads, toes, and hallux (Figure 2).
The maximum pressure pictures for each step were
analyzed to detect the single sensor exhibiting the
highest pressure value in each of the above-mentioned
footprint regions. In addition, the length of the line
described by the center of pressure during the stance
phase and the strike index were calculated. According
to Cavanagh,16 to calculate this last parameter a per-
pendicular line is drawn from the foot/shoe longitudinal
midline to the initial center of pressure point. The dis-
tance along the midline from the heel to this perpen-
dicular is then expressed as a percentage of total
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Figure 2.—Representation of the five plantar surface areas identified for
regional analysis at the foot/ground interface.

foot/shoe length. All the above described parameters
were calculated from each step and averaged across tri-
als for each participant and condition.

To measure lower limb position, sagittal plane kine-
matic data were collected at 60 Hz with using a SVHS
Sony videocamera during the last 20 s of each bout.
Shutter speed was 1/1.500 s. The camera was mount-
ed on a tripod placed 5 m from the treadmill and
aligned so that the plane of the camera was parallel
to the treadmill. The camera was leveled using the
bubble level attached to the camera and set to the
height of the subject’s knee during quiet standing. A
0.5-m rod was held in the subject’s plane of motion to
provide a linear scale for subsequent digitizing.

To speed the digitizing process, circular markers
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TABLE L.—Spatio-temporal, kinetic, physiological and kinematic variables (means and standard deviations of 8 subjects).

SQUADRONE

Barefoot

Vibram fivefingers

Running shoes

Variables (mean+SD) (mean+SD) (mean+SD)
Stride length (m) 2.19+0.2 2.29+0.16* 2.34+0.15%
Stride frequency (stride/min) 91.2+0.9 88.3+0.9* 86.0+1.1*
Step time (s) 0.327+0.002 0.343+0.002* 0.350+0.003*
Contact time (s) 0.245+0.002 0.242+0.002 0.255+0.002F
Flight time (s) 0.082+0.002 0.101+0.003* 0.096+0.003*
CP line length (mm) 133+6.4 150.3+3.8* 160.3+9*
Strike index (%) 58+6 565 40£6* T
Amplitude of the impact peak vertical force (BW) 1.62+0.4 1.59+0.5 1.72+0.4% 7
Amplitude of the thrust peak vertical force (BW) 2.43+0.5 2.49+0.5 2.46+0.6
VO, (mL kg'! min'1) 45.7£2 4542 46.3+2F
Heart rate (bps) 132+6 129+4 130+5
Knee angle -15 ms before touchdown (deg) 155+4 156+3 159+4
Ankle angle -15 ms before touchdown (deg) 94+5 93+4 87+5% ¥
Foot angle -15 ms before touchdown (deg) 3+4 4+4 124
Knee range of motion during the support phase (deg) 25+4 24+5 27+4
Ankle range of motion during the support phase (deg) 29+3 28+4 21+3% ¥

CP: center of pressure; BW: body weight. *Significantly different from barefoot condition; P<0.05. fSignificantly different from vibram fivefingers; P<0.05.

were attached to the superior aspect of the acromion,
greater trochanter, lateral condyle of the knee, head
of the fibula, lateral malleolus, tuber calcaneum, and
fifth metatarsophalangeal joint of the foot. For the
shod conditions the last 2 markers were placed on the
shoe in a matching position. The Dartfish Advanced
Analysis Software (Dartfish Company, Fribourg,
Switzerland) was used to digitize and analyse the
videotape records. Kinematic data were processed to
provide the foot angle relative to the ground, the knee
and ankle joint angle just before the footstrike, and
the peak knee flexion and ankle plantar-flexion angles
that occurred after initial contact. The analysis allowed
the ankle and knee range of motion during stance phase
to be determined. A neutral ankle was expressed as
90 degrees. Dorsiflexion was indicated by a decrease
in this value and plantar flexion as an increase.

During the treadmill runs, VO, and heart rate were
monitored every 15 s employing a K4B? portable meta-
bolic system (Cosmed srl, Rome, Italy) whose VO,
measurement accuracy and reliability have been assessed
in earlier studies.17. 18 Steady-state oxygen consump-
tion rates associated with the different running conditions
was measured by averaging the VO, measurements over
the last two minutes of each running bouts.

Statistical analysis

Each runner’s mean value of the variables described
above was calculated for each foot condition. Group
mean values were then computed. A Kolmogorov-

Vol. 49 - No. 1

Smirnov normality test proved all variable to be nor-
mally distributed. Consequently, repeated measures
ANOVA, followed by a post hoc Tukey test were used
for statistical evaluation. Significance was accepted
at P<0.05 level.

Results

Stride length and stride frequency was significant-
ly (P<0.05) lower and higher when running barefoot
(Table I). As a consequence, step time was signifi-
cantly lower when running barefoot (P<0.05). Contact
time was significantly different (P<0.05) comparing VF
and standard shod running, while flight time was sig-
nificantly lower in barefoot running. The length of the
center of pressure line was significantly lower (P<0.05)
when running barefoot compared with the other two
conditions. Strike index was significantly lower in
standard running shoe (P<0.05).

Kinetic and pressure distribution parameters

Magnitude of impact peak forces were significantly
higher (P<0.05) when running in the standard running
shoes. Across the three conditions, no significant dif-
ferences were found in the thrust peak forces, although
there was a trend of higher values when running with
VF compared to barefoot. Figure 3 shows typical curves
of vertical forces for one subject. To note the different
shape of the curves in the early stance phase.
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Figure 3.—Total vertical foot/ground force amplitude variations over time
for one representative subject in the three experimental conditions. VF =
Vibram Fivefingers model.

Considering all the subjects, the peak local pressure
under the heel, midfoot and hallux, was significant-
ly higher (P<0.05) when running in standard run-
ning shoe compared to the other two conditions
(Figure 4). Peak pressure under the toes was signif-
icantly higher (P<0.05) with VF compared to barefoot
running.

Physiological variables

VO, values was significantly lower (P<0.05) when
running with VF compared to running in standard
shoe. No significant difference was found between
barefoot and both shod conditions. Across the three
conditions, no significant differences were found in
the heart rate values.

Kinematic variables

Examining joint angles just before touchdown, sig-
nificant differences were found at the ankle joint with
the subjects landing significantly more dorsiflexed
(P<0.05) with the standard running shoes compared to
the other two conditions (Table I). No significant dif-
ferences were observed at the knee joint. Similarly,
significant differences were found in the total range of
motion at the ankle joint with significant more joint
excursion (P<0.05) when running with the VF com-
pared to standard running shoes, while no significant
differences were observed at the knee joint.
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Figure 4 —Peak pressure values measured in selected sites of the foot/shoe-
ground interface.

Discussion

Using a group of runners used to train barefoot, the
differences in spatio-temporal variables, ground pres-
sure distribution, sagittal plane kinematics and run-
ning economy among three different running conditions
were analyzed in order to gain more insight in the
adaptation of the athletes in changes in the mechani-
cal characteristics of the foot-ground interface. In par-
ticular, we will discuss: 1) the differences between
barefoot and standard running shoe; 2) the differences
between barefoot and VF model to verify if this spe-
cial shoes is effective in mimic the barefoot condi-
tion.

Barefoot versus running in standard running shoes

In this study, contact time was significantly lower
(245 versus 255 ms) while stride frequency was sig-
nificantly higher in barefoot condition (91.2 versus
86.0 stride/min). Stride length was higher in the shod
condition (2.34 versus 2.19 cm). These results agree
with those previously found by De Witt et al.® in 9
long distance runners and Divert er al.3 in 31 subjects
who run on an instrumented treadmill at the same
speed. In these studies, it was hypothesized that these
adjustments in stride kinematics could help to limit
the larger impact forces experienced in running bare-
foot and that should be absorbed by the muscular-
skeletal system at each step. The significant lower val-
ues of peak vertical force at the impact observed in
our subjects when running barefoot (1.62 versus 1.72
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BW) further support this hypothesis. Similar results
were found by Divert et al.,3 even if they measured
higher amplitude differences between barefoot and
shod condition. In contrast, no significant difference
was observed by De Wit et al.® for running speeds
between 3.5 and 5.5 m/s and by Dickinson et al.19 in
6 subjects running across a force plate. In both those
works impact peak force amplitudes were considerable
higher than those recorded in our study. Many method-
ological differences may explain the divergent results.
Firstly, the subjects of the previous works were all
rearfoot strikers and likely not accustomed to running
barefoot. This could have reduced their ability to damp-
en the forces elicited at the impact while barefoot.
According to Robbins er al.”-20 adaptation to barefoot
running could take several weeks. Furthermore, the
subjects run in a lab runway and a limited number of
steps were analyzed. As suggested by Divert er al.,8 it
is possible that, when data are collected on limited
number of steps, runners are able to sustain and then
to maintain high impact forces. Differently, longer
running trials, as those experienced by our subjects
would lead the athletes to adopt strategies to reduce the
stress under the heel. Additionally, step variability
could have limited the accuracy of the previously
reported results. Indeed, the majority of prior studies
on mechanical data collection during human locomo-
tion did evidence the extremely large intrasubject vari-
ability of step parameters with the obvious need to
adopt multiple trial protocols to achieve statistical sig-
nificance.14.21-24

The subjects of our study seem to realize the changes
in stride kinematics varying the lower limb touchdown
geometry. In particular, kinematic data showed that
when running barefoot the athletes adopted a flatter foot
placement at the footstrike compared to running in
standard shoe, indicating a full forefoot strike. As a
consequence, barefoot peak pressure values were
reduced under the heel (16 versus 22 N/cm?) and high-
er underneath the metatarsal heads (48 versus 42
N/cm?). This agrees with De Witt et al.” who speculated
that the runners adopted a flatter foot placement when
running barefoot in an attempt to reduce local pressure
under the heel. Robbins and Gouw 25 argued that plan-
tar sensation induces a plantar surface protective
response whereby runners alter their behavior to reduce
shock. According to them, cushioned shoes would
provoke a sharp reduction in shock-moderating behav-
ior, thus increasing impact forces. If we consider bare-
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foot running as an extreme hard shoe-condition,® the
above consideration also agrees with the findings of
Hennig et al.,?¢6 who concluded that runners tend to
alter their landing pattern to elicit lower impact forces
when running in shoes with harder soles.

In this study, running barefoot decreased the ener-
gy cost of running by 1.3% in VO,. The observed dif-
ferences were no statistical significant and lower than
those previously found in other studies. Flaherty,?7 for
example, found that oxygen consumption during run-
ning at 12 km/h was 4.7% higher in shoes of 700 g-
mass per pair than in bare feet. The lack of significant
differences in VO, between barefoot and shod condi-
tion observed in the present study could have several
methodological causes. Our subjects were used to train
barefoot, this could have changed their running style
making their running more economical even when
performing in cushioned shoes. The relatively high
strike index (40%) measured when running in the stan-
dard running shoe is higher than those typically report-
ed for rearfoot strikers 28 and indicates that landing
occurred more toward the midfoot. In addition, the
fact that our subjects landed with the foot more plan-
tarflexed in both barefoot and shod condition com-
pared with the subjects of other studies 8 support the
hypothesis that they could have modified their run-
ning behavior. Another possible explanation for the
absence of significant differences in running economy
could be found in the relatively low speed at which
our athletes performed considering their fitness level.
At this low speeds the principle of minimizing the loss
of energy that was successful for power activities such
as sprinting, running at higher speeds, and jumping
may not be valid.2? Additional studies should be car-
ried out with the same athletes running at higher veloc-
ities.

Barefoot versus Fivefingers shoes

The values of the spatio-temporal variables observed
with VF seem to be closer to those obtained with the
standard running shoe compared to barefoot running,
with the exception of contact time which was signifi-
cantly lower when running with VF compared to stan-
dard shod condition (0.242 versus 0.255 s). In partic-
ular, step time and stride frequency were respectively
higher (0.343 versus 0.327 s) and lower (88.3 versus
91.2 stride/min) with the VF model than barefoot. The
difference in stride time was mainly due to a difference
in the airborne phase duration, being contact time very

THE JOURNAL OF SPORTS MEDICINE AND PHYSICAL FITNESS 11



SQUADRONE

close (0.242 versus 0.245 s). In contrast, the peak ver-
tical force at the impact was significantly lower in VF
compared to standard shod condition (1.59 versus 1.72
BW) and much closer to barefoot running (1.59 ver-
sus 1.62 BW). The lower limb kinematics with VF
was similar to barefoot running, with the foot land-
ing more towards the forefoot with a foot position
which was more plantarflexed than in control shoe.
The fact that the lower extremity kinematics did not
change with the exception of the plantar-dorsiflexion
angle is in agreement with the concept that in normal
situations, the joint movements are primarily deter-
mined by the “preferred movement path” in each
joint.30

Even if the difference was not significant, likely
due to the small sample size, the thrust peak vertical
forces were higher with VF compared to barefoot indi-
cating that the VF allowed the runners to push more
vigorously than barefoot. This could explain the longer
stride length obtained in this condition compared to
barefoot. Likely the thin rubber sole of the VF is
enough to permit plantar discomfort to be sensed and
moderated, a phenomenon that Robbins and Gouw 25
termed “shock setting”.

Running with VF required a significant 2.8%
decrease in oxygen consumption compared to the stan-
dard running shoe. The most important differences
between VF and the control shoe were their mass, and
the thickness and stiffness of their sole. The mass dif-
ference for a pair was 400 g. It was found 3! that a dif-
ference of 100 g corresponds to between 0.5% and
1% in VO,. Thus, the differences may be caused pri-
marily by the mass difference. This is in line to what
was found in literature.2’” Another possibility is that
the work done in compressing and flexing the sole
and in rotating the sole during the ground-up was less
with VF compared to the standard running shoe.
Frederick 32 reported that VO, increased substantially
with thicker shoes inserts during treadmill running.

While the differences in VO, between VF and the
control shoe were expected and supported by what
was found in literature, less expected was the finding
that running with VF required less energy than running
barefoot. In this case the total difference in weight
was about 300 g. The reason of the latter finding may
only be speculated from the data of this study. Previous
works showed an increase in energy cost of running
when performing on stiffer surfaces compared to less
stiff ones, and hypothesized that for each subject exists
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an optimal stiffness to improve running economy.33
Considering barefoot running as one extreme hard
shoe condition or as running on a stiff surface,® it could
be speculated that for our subjects the stiffness level
obtained when wearing the VF made their running
more economical compared to the other two condi-
tions.

The sample size of this experiment (8 participants)
was too small to allow definite conclusions to be drawn
and to allow further statistical analysis. The investi-
gation should be extended to see if the trends evi-
denced can be projected. Sample size was mainly lim-
ited due to our choice to utilize as subjects athletes
who were used to running barefoot. An additional
cause was the need for VF shoes and standard run-
ning shoes to be supplied in the correct sizes to all the
subjects at least 10 days before the test sessions.

Another limitation of the present work could be find
in the simplified 2-D model we used to analyze the
lower limb kinematics. Modification in frontal and
transverse plane at the ankle, knee, and hip under the
different foot-ground interface could not be examined.
In addition, lower limb motion was filmed at 60 frames
per second with a shutter speed of 1/1.500 s. Although
higher frame rates are usually encountered in the lit-
erature on running, 60 Hz yielded satisfactory results
when recording lower limb kinematics of subjects run-
ning at this relatively low speed. This was well docu-
mented by Van Gheluwe et al.34 However, it is rea-
sonable to expect that the 60 Hz frame rate may have
limited the absolute accuracy of the calculated angu-
lar values measured at the footstrike.

Conclusions

The data of this study support the assumption that
changes in the foot-ground interface led to changes
in selected running related variables in a group of
experienced barefoot runners. Compared to the stan-
dard shod condition, when running barefoot the athletes
landed in more plantarflexion at the ankle reducing
impact forces under the heel. This caused changes in
stride kinematics. In particular, shorter stride length and
contact times and higher stride frequency were
observed. The VF model seems to be effective in imi-
tating the barefoot conditions while providing a small
amount of protection. This allows the runners to push
more vigorously as evidenced by the higher pressure
under the metatarsal head, the higher step length, the
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lower step rate, and the higher thrust peak force com-
pared to barefoot condition. Oxygen consumption was
lower than that measured when running barefoot even
if the reason of this finding can only be speculated

14.

SQUADRONE

PR, editor. Biomechanics of distance running. Champaign: Human
Kinetics; 1990, p. 203-24.

Bates BT, Osternig LR, Mason BR, James SL. Functional variabili-
ty of the lower extremity during the support phase of running. Med Sci
Sports 1979;11:328-31.

£ dat 15. Nyska M, McCabe C, Linge K, Klenerman L. Plantar foot pressures
rom our data. . during treadmill walking with high-heel and low-heel shoes. Foot
Future researches should include a large number of Ankle Int 1996;17:662-6. o
subjects running at higher speeds and a 3-D kinemat- 16 g\flovra;ga%rlzcl?l}.ggge running shoe book. Mountain View, CA: Anderson
ic analysis to investigate changes that occurs in the 17 pyffield R, Dawson B, Pinnington HC, Wong P. Accuracy and relia-
frontal and transverse planes at the foot ankle com- bility of a Cosmed K4b2 portable gas analysis system. J Sci Med
. et : : Sport 2004;7:11-22.
P lex, knee ,and hlp. In addl_tlon’ smee our SubJeCtS r_un 18. Eisenmann JC, Brisko N, Shadrick D, Welsh S. Comparative analy-
on treadmill, further studies are needed to establish sis of the Cosmed Quark b2 and K4b2 gas analysis systems during sub-
how this special shoe affect impact force and shock- . gfi?mal e)}tZCE& {( Ssrigrti Meild %h#hlzit%iss 2003;43: 150—5.f hock
. . . Dickinson JA, Coo , Leinhardt TM. The measurement of shoc
moderating behavior on natural surfaces. waves following heel strike while running. J Biomech 1985;18:415-
22.
20. Robbins S, Gouw G, McClaran J, Waked E. Protective sensation of the
plantar aspect of the foot. Foot Ankle 1993;14:347-52.
References 21. Bates B, Osternig J, Sawhill J, James S. An assessment of subject
. . variability, subject-shoe interaction, and the evaluation of running
1. Bruggermann G-P, Potthast W, Nichoff A, Braunstein B, Assheuer J. shoes using ground reaction force data. J Biomech 1983;16:181-91.
Adaptation of morphology and function of the intrinsic foot and shank 55 = gey}; A, Lacour JR, Komi PV, Candau R, Denis C. Mechanical step
muscle to mechanical loading induced through footwear. In: Subic A, variability during treadmill running. Eur J Appl Physiol Occup Physiol
Kjihashi S, editors. The impact of technology on sport. Melbourne: 1995:70:510-7
ASTA; 2005. p. 505-10. 23. Hamill J, McNiven SL. Reliability of selected ground reaction f
2. Siff MC, Verkhoshansky YV. Supertraining. 4th edition. Denver, CO: ’ p;;lrlnetérs gur%egnwa“'dn;l?{dé)ll\f[)o\fesgic 1699%?(9)1:111] 1 7{?;? ton foree
Supertraining International; 1999. . 24. Rodano R, Squadrone R. Stability of selected lower limb joint kinet-
3. Clen}ent_D_B, _Taunton JE, Smart GW, McNicol L.A survey of overuse ic parameters. J Appl Biomech 2002;18:83-9.
running injuries. Phys Sports Med 1981:9:47-58. = . 25. Robbins SE, Gouw GJ. Athletic footwear and chronic overloading: a
4. Clement DB, Taunton JE, Smart GW. Achilles tendinitis and peri- brief review. Sports Med 1990;9:76-85.
tendinitis; etiology and treatment. Am J Sports Med 1984;12:179- 26, Hennig EM, Valiant GA, Liu Q. Biomechanical variables and per-
84. . , . . ception of cushioning for running in various types of footwear. ] Appl
5. Cook SD, Brinker MR, Mahlon P. Running shoes: their relation to run- Biomech 1996;12:143-50.
ning injuries. Sports Med 1990;10:1-8. . . . 27. Flaherty RF. Running economy and kinematic differences among
6. van Mechelen W. Running injuries: a review of the epidemiological runners with foot shod, with the foot bare, and with the barefoot
literature. Sports Med 1992;14:320-35. i equalled for weight. Eugene, Oregon: Mikroform Publications. Int
7. Robbins SE, Hanna AM. Running-related injury prevention through Institute Sport and Human Performance; 1994,
barefoot adaptations. Med Sci Sports Exerc 1987;19:148-56. 28. Fredrick EC. Sport shoes and playing surfaces. Champaign IL: Human
8. Divert C, Mornieux G, Baur H, Mayer F, Belli A. Mechanical com- Kinetics; 1984.
parison of barefoot and shod running. Int J Sports Med 2005;26:  29. Nigg BM, Segesser B. Biomechanical and orthopaedic concepts in
593-8. ) ) i sport shoe construction. Med Sci Sports Exerc 1992;24:595-602.
9. De Wit B, De Clercq D, Aerts P. Biomechanical analysis of the stance  30. Nigg BM. The role of impact forces and foot pronation: a new para-
phase during barefoot and shod running. J Biomech 2000;33:269- digm. Clin J Sport Med 2001;11:2-9.
78. ] ] ) 31. Burkett LN, Kohrt M, Buchbinder R. Effects of shoes and foot orthotics
10. Freychat P, Belli A, Carret JP, Lacour JR. Relationship between rear- on VO, and selected frontal plane kinematics. Med Sci Sports Exerc
foot and forefoot orientation and ground reaction forces during run- 1985;17:158-63.
ning. Med Sci Sports Exerc 1996;28:225-32. 32. Frederick EC. Kinematically mediated effects of sports shoe design:
11. Komi PV, Gollhofer A, Schmidtbleicher D, Frick U. Interaction areview. J Sports Sci 1986;4:169-84.
between man and shoe in running: considerations for a more com- 33, Grant S, Wilson NJ, Thomson R, Whittaker AR, Aitchison T, Smyth N.
prehensive measurement approach. Int J Sports Med 1987;8:196- The effect of the engineering properties of treadmill surfaces on the per-
202. formance of athletes in a sub-maximal test. Sports Eng 1998;1:57-62.
12. Nilsson J, Thorstensson A. Ground reaction forces at different speeds  34. Van Gheluwe B, Tielemans R, Roosen P. The influence of heel counter
of human walking and running. Acta Physiol Scand 1989;136:217-27. rigidity on rearfoot motion during running. J Appl Biomech 1995;11:
13. Miller, D. Ground reaction forces in distance running. In: Cavanagh 47-67.
Vol. 49 - No. 1 THE JOURNAL OF SPORTS MEDICINE AND PHYSICAL FITNESS 13



