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Die Wirkung der lokalen Muskelermiidung und FufSaufsatztechnik
beim BarfufSlaufen in verschiedenen Geschwindigkeiten
1. UNIVERSITAT HAMBURG, Institut fiir

Running is a simple and inexpensive way to lose weight and im-
prove cardiovascular fitness. It has been argued that barefoot

Laufen ist eine einfache und kostengiinstige Losung, um Ge-
wicht zuverlieren und die kardiovaskulire Fitness zu verbessern.

Bewegungswissenschaft, Homburg,
Deutschland

2. UNIVERSITAT HELWAN, Fakultdt fiir
running can be considered as a natural alternative to the tradi- Es wird diskutiert, ob das Barfufflaufen als natiirliche Alterna- Leibeserziehung, Training Sektion,
tional run with athletic shoes in recreational athletes. tive zum traditionellen Laufen mit Sportschuhen bei Freizeits- AlHaram, Helwan, Agypten
The aim of the study was to investigate the effect of foot strike portlern in Betracht gezogen werden kann.
patterns and local muscle fatigue of the plantar and dorsiflexors Ziel der Studie war die Untersuchung der Wirkung der FuSauf-
on plantar pressure distribution and the selected kinematic cha- satztechnik und der lokalen Muskelermiidung der Plantar- und
racteristics when running barefoot on the treadmill at three Dorsalflexoren auf die plantare Druckverteilung sowie ausge-
speeds. 26 voluntary forefoot and rearfoot runners of similar age withlte kinematische Merkmale beim BarfufSlaufen auf dem
and body mass participated in the study. Each group completed Laufband in drei Geschwindigkeiten. An der Studie nahmen 26
two tests, with a time interval of 3-7 days. The kinematic data freiwillige Vor- und Riickfuflaufer vergleichbaren Alters und
were taken with the help of the three-dimensional measuring Korpermasse teil. Jede Gruppe absolvierte zwei Testablaufe mit
and analysis system while running on the treadmill. The fatigue einem zeitlichen Abstand von drei bis sieben Tagen. Die kinema-
protocol included the isometric maximal force test and an isok- tische Datenerfassungerfolgte mit Hilfe eines dreidimensionalen
inetic endurance test. In order to check the differences, variance Mess- und Analysesystems wihrend des Laufens auf dem Lauf-
analysis with repeated measurements was used. The strength band. Das Ermiidungsprotokoll umfasste einen isometrischen
values of the two groups of runners showed significant differen- Maximalkrafttest und einen isokinetischen Ausdauertest. Zur
cesin the plantar flexors in the endurance test and in the fatigue Uberpriifung der Unterschiede wurde eine zweifaktorielle Va-
index on average, for both the left and the right legs. rianzanalyse mit Messwiederholung berechnet. Die Kraftwerte
The results of the strength values are surprising, because the der beiden Laufergruppen wiesen signifikante Unterschiede
plantar flexors of this group of runners should be well-trained bei den Plantarflexoren im Kraftausdauertest und beim Ermii-
due to the forefoot preference during regular running. The pres- dungsindex mitim Durchschnitt hoheren Werten der Riickfuf3-
sure maxima reduced under the exposed foot regions after fati- laufer sowohl fiir das linke als auch das rechte Bein auf.
gue, which mean under the forefoot at forefoot strike and under Die Ergebnisse der Kraftwerte iiberraschten, denn aufgrund
the heel at rearfoot strike. The two groups of runners differed in des Vorfulaufsatzes beim regelméfigen Laufen sollten die GERMAN JOURNAL OF

foot angle at Foot on with higher values of the forefoot runners.
The greater foot angle of the forefoot runner improved the shock
absorption and thus can reduce the risk of injury.

Fatigue, Foot Strike, Kinematic,
Maximal Force Test, Endurance Test

Plantarflexoren dieser Laufergruppe gut trainiert sein. Nach
Ermiidung reduzierten sich die Druckmaxima unter den ex-
poniert belasteten FufSzonen, d. h. unter dem Vorderfuf$ beim
Vorfuflaufsatz und unter der Ferse beim Riickfuflaufsatz. Die
beiden Liufergruppen differierten im Fufswinkel bei Foot on
mit hoheren Werten der Vorfufilaufer. Der grofSere Fuffwinkel
der VorfufSlaufer verbesserte die Schockabsorption und kann so
dasVerletzungsrisiko verringern. In einer weiteren Studie sollten
gewohnheitsméfSige Barfuflliufer ausgewéhlt werden.

Ermiidung, FuBaufsatz, Kinematik,
Maximalkrafttest, Ausdauertest

Running is a simple and inexpensive way to lose
weight, offset stress or improve cardiovascular fit-
ness (29). The number of endurance runners has
increased in recent years and so have running-as-
sociated complaints (10, 27). For this reason, many
studies have addressed the different foot strike pat-
terns in running and concentrated on forefoot and
rearfoot runners (6, 19). Numerous studies found
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a greater number of rearfoot runners in running
with shoes, while preference was given to forefoot
strike in barefoot running (32, 34). However, fo-
refoot strikes arise not only as a consequence of a
lack of shoe shock absorption, but are also seen at
greater running speeds and are independent of the
running surface and the individual adaptation (32).
A biomechanical comparison of the foot strike
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Results of the strength test, mean = standard deviation, also data of variance analysis, maximal isometric force (Mx), mean of the maximal force in the
strength endurance test (M60), fatigue index (M60/Mx), test values of inter-subject effect (ZE) foot strike, significance level (p), N=26.

FOOT ON TECHNIQUE ZE
FOREFOOT BACKFOOT P
162+48 18636 167
52422 9725 .001
0.33+0.15 0.52+0.08 .001
33+14 40.7£5.9 .092
14.8+5.7 17.3+4.8 238
0.48+0.14 0.43+0.09 .259
148+27 144432 719
50+20 74+21 .007
0.34+0.13 0.53+0.13 .001
34.3+12.7 29.4+9.2 281
18.1+13 12.7+3.7 180
0.54+0.29 0.45+0.12 .337

technique showed a greater initial passive peak of the ground
reaction forces in rearfoot runners than in forefoot and midfoot
runners (6). More recent studies found that striking with the
forefoot results in a lower ground reaction force (3, 30, 32). Mo-
reover, forefoot runningleads to areduced or lacking first pas-
sive force peak, but instead produces an elevated second active
force peak (31, 32).

In another study, however, Laughton et al. (31) found no dif-
ference between forefoot and rearfoot runners in contact and
ground reaction force. There are differences in the strike pat-
tern especially in middle and long-distance runners. In this,
rearfoot runners make initial ground contact with the heel and
mid-foot runners with the heel and ball of the foot. Forefoot run-
ners, on the other hand, make ground contact with the toes and
ball of the foot (31). The first study by Hasegawa et al. (21), which
reported on different foot strike techniques in long-distance
runners, identified 75-99 % rearfoot runners, 0-24 % mid-foot
runners and only 0-2 % forefoot runners (21). With respect to the
plantar pressure distribution after fatiguing runs over various
distances (10-km to marathon or 30-min-runs, respectively),
various studies have chosen different foci and produced corre-
spondingly various results.

Some studies address forefoot load and could demonstrate
an increase after running (2, 45). Other examined the effect of
fatigue due to running on the pressure distribution under the
heel, the mid-foot and the toes. The results revealed both a sig-
nificant increase under the heel (44, 45) and a decrease in peak
pressure (2, 14). In addition, an increase could be observed un-
der the metatarsis (2, 35, 44, 45) and under the medial mid-foot
(44, 45). Another study, on the other hand, showed a decrease
under the lateral, resp. medial mid-foot (2). With respect to the
toes, a significant reduction was measured in pressure values
(14, 35, 45). Two other studies, however, found no differences
(2, 44). Studies of step frequency and stride length confirmed
an influence of fatigue on both parameters. There are, howe-
ver, slightly inconsistent findings concerning step frequency.
On the one hand, results indicate a slight (23) or no change
(1). On the other hand, a reduction in step frequency could be
demonstrated. Moreover, this study found an increase in the
stride length (14). In addition to fatigue, running on a tread-
mill presents another factor influencing the step frequency (14).
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Compared to running on natural ground, a shorter stride length
and greater step frequency could be observed (31). Due to this
influence, results obtained on a treadmill are subject to contro-
versial discussion (14). Various authors still, however, consider
this as representative for running tests (13, 37). With respect to
kinematics, the ankle angle and knee angle of the runners were
examined after fatigue.

Kellis and Liassou (26) determined that the angle of the
knee and ankle at Foot on exert an influence on joint stabi-
lity and play an important role at Foot off (26). Briiggemann
et al. (4) observed an increase in the rearfoot angle at Foot
on and a later reaching of its maximal value after fatigue.
Christina et al. (7) found a decrease in the ankle angle after
local muscle fatigue of the dorsal flexors, whereas fatigue of
the plantar flexors may contribute to a marked increase in
the angle of the ankle. The fatigue of ankle musculature due
to movement results in a decrease in the dorsal flexor angle
during the first landing phase (26). A reduced angle of the dor-
sal flexors means that a greater proportion of the heel touches
the ground on landing, enabling greater absorption of the
landing force (15). The kinematic adaptation of the joint inclu-
des an increased knee flexor angle (12) a reduced in the ankle
on landing (7).

Despite numerous studies, there are no unequivocal fin-
dings which definitively state how the foot strike changes due
to muscular fatigue. In studies with running fatigue, diffe-
rentiation between which kinematic or kinetic changes are
the direct result of local muscle fatigue and varied speeds
cannot be made. One possibility for targeted analysis is the
recording of standardized local fatigue protocols of the mu-
sculature of the knee and/or ankle prior to the run. Since the
dorsal and plantar flexors in the foot are active in between
50-85 % of the running cycle (25), they may tire greatly. In
addition to fatigue, the running speed also affects the foot
strike technique. Among fast half-marathon runners, the
number of rearfoot runners decreased and the number of
midfoot runners increased (21). Keller et al. (24) and Nigg et
al. (36) found that rearfoot running is selected at a running
speed of 1-5 m/s (£3.6-18 km/h). At a speed greater than 5-6
m/s (£18-21.6 km/h), the midfoot or forefoot technique is
preferred (24, 36).
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Results of the running test, mean =+ standard deviation, also data of the variance analysis, stride frequency (f), stride length (SL), pressure maximum under
the heel (pxh), the metatarsus (pxm) and the forefoot (pxf), Test values of the inter-subject effect (ZE) foot strike and the main effects (HE) running speed
(Geschw.) and fatigue, significance level (p) and partial eta squared (np?). N=26. B=Baseline; F=Fatigue.
FOOT ON TECHNIQUE ZE HE
LEG PARA- TEST FOREFOOT REARFOOT FOOT ON SPEED FATIGUE
HEIER Vit oviz vis o vim Vi3 Vs b P b P b P
KM/H KM/H KM/H KM/H KM/H KM/H
f[Ha] B 180+121 189+16.2 199+18  176+10.9 185+13.2 194+14.6 414 028 .001 823 053 147
Fooo182+174 192+197  202+23  178+109 185+11.4 196+16.2
s [em] B 102+71 115497 126+10.6 104+6.6 117+85 129498 A58 023 .001 1950 033 176
F 101+84  114+105 125+13  103+6.3 117+7  128+10.7
Left p,INcm? B 9.2+3 9.7+3.8 9+42  544+105 57.9+10.5 62.8+10.2 .001 919 .001 496 .300 182
F 8+4.2 8.6+4.7 87+2  51.8+115 56.4+10.5 60.3+12.7
p,[Nem? B 363+148 369+15 36+167 223+61 21.9+£53 224455 003 313 0.84 .007 0.654 .009
F 336+12 3544112 35+103 23.2+53  22+54  23.9+56
p,INem? B 461+9.2 475x101 50.7x114 426+102 454x115 48.7+12 A72 022 001 679 004 .302
F 449492 46.2+101 483+108 394494 431497 471+109
f[Hz] B 180+121 189+16.2 199+18 176+109 185+13.2 194+146 410 028 001 679 174 .086
F o 181+16.1 193+226 202+247 177+118 185+138 196+15.5
s [cm] B 102+6.4 115493 125+114  104+7 117+87  129+10.3 .383 032 .001 936 .359 035
F 102+8.5 113+11.8 124+139 104+73  118+87 128+10.3
Right p,[INem? B 8144  76+31 112462 531+83 553+9.2 60.2+10.7 .001 .940 001 .559 .796 .003
F 8+54 1.7+4.6 76+2  504+10.2 55+10.1 58.8+11.2
p,Nem?] B 344+12 345+126 36+14 22345 21.8+46 231+6.2 005 283 199 .065 134 091
Foo332+134 334+125 33+135  23+58  205+41 228463
p,Nem?] B 46.3+8  48.2+8  499+78 389+b6 41+66  44.8+/3 021 0.203 .001 613 .001 A16
F 43471 45.7+7 48.6+8 36355 394463 42.2+15

A preliminary literature search revealed that no study to date
has examined the effects of local muscle fatigue of the plan-
tar and dorsal flexors on the plantar pressure distribution in
connection with the foot and knee angles during running on
a treadmill at three speeds. The foot strike technique has also
received little attention in studies to date. It is expected that the
plantar pressure distribution under the foot and the kinematic
characteristics differ in dependency on the foot strike technique
and local muscle fatigue. Compared to rearfoot runners, fore-
foot runners will probably have lower plantar pressure maxima
under the heel and higher pressure maxima under the forefoot.

Study Design and Sample

The study was designed as a cross-sectional study of two vo-
luntary groups of runners of comparable age and body mass
but with different foot strike techniques (forefoot vs. rearfoot)
(N=14; Age=27.8 (3.6) yrs; Body weight=81 (7.8) kg; Height=182.1
(5.1) cm and a rearfoot group (N=12; Age=27.7 (3.9) yrs; Body
weight=80 (8.3) kg; Height=180.9 (5.1) cm). On average, the
subjects performed two to three running sessions per week
(ca. 21-25 km per week at a speed of 9 to 15 km/h). All subjects
were healthy at the time of measurement and had no current
orthopedic findings. Prior to starting the study, an Ethics Vote
was obtained from the Medical Council Hamburg.
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Study Procedure

The test procedure consisted of a total of three sessions. At the
start, there was a special meeting to acquaint the study par-
ticipants with the tests and the measuring equipment. Then,
within three to seven days, the first test run was performed and
a second test after an interval of another three to seven days.
Only the results of Test 2 are presented, since there were no
significant differences between the results of Tests 1 and 2. On
the day of the test, the subjects performed a 10-minute run on
the treadmill at a speed of 9 km/h as warm-up and to get used to
the treadmill. The subjects then began with the first test proce-
dure (Baseline), in which they ran at pre-determined speeds (11,
13, 15 km/h) on the treadmill without muscle fatigue. Then the
participants performed the fatigue protocol, which consisted of
an isometric maximum force test and an isokinetic endurance
test. The tests were performed in randomized sequence for the
left and right leg. The treadmill test followed the force test. This
in turn was followed by the fatigue protocol of the second leg,
followed by the treadmill test.

Test Description

Acclimatization included practice running on the treadmill
for 15 minutes and a sample performance of the force tests. In
this, the foot strike technique was noted, the positioning data
for the force test registered and the settings for the force mea-
suring equipment stored. As acclimatization and warm-up of
the target musculature, a submaximal contraction prior to
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Joint angle determination. The calculation includes the joint movement of
the entire tarsus, metatarsus and distal phalanx.

the maximal force test was set in the equipment. Information
from the manufacturer was used for positioning. The subject
was seated. The slope of the backrest was 70°. The upper thigh
was fixed and the foot secured to the plate with a belt. The angle
in the knee and ankle was 90° in both joints. The axis of rotation
of the upper ankle joint (thickest point of the Malleolus lateralis
to the medial Malleolus) and the dynamometer were adjusted
using alaser. The isometric maximal force test consisted of two
sets with maximal contraction. The force was to slope up to
a maximum after 2-3 s. The set rest interval was 3 minutes.
The isokinetic endurance test comprised 10 sets 4 6 repeats of
concentric contractions of the plantar and dorsal flexors at an
angular velocity of 60°/s. The rest interval was 10 s. The extent
of movement was set at maximal 55° for plantar flexion and
25° for dorsal flexion. The test started with the plantar flexion.

Measuring Equipment

The isometric maximal force test and the isokinetic endurance
test of plantar and dorsal flexion in the ankle was made with the
Isomed 2000 Dynamometer (D&R Ferst/GmbH, Hemau, Ger-
many) using the adapter developed by the manufacturer. The
precision of measurement at a measuring frequency of 200 Hz
was 0.25 % at torque. The unit complied with medicine-techni-
cal safety standards. Recording the preparation of the test re-
sults was made using the manufacturer’s computer software
(IsoMed analyze 2008). Aus dem isometric maximal force test,
the higher maximum torque (Mx) of a set was recorded as the
test value. For the isokinetic endurance test, the mean of the
torque maxima was determined from all 60 contractions (M60).
In a test-retest comparison, a high relative reproducibility with
ICC (3.1) values on average greater than 0.9 could be determined
for the fatigue protocol of the plantar and dorsal flexors (M60).
The calculated fatigue index (Mx/M60) for the plantar flexors
had high (0.92) and for the dorsal flexors moderate relative re-
producibility (0.88) (33).

The running analysis was made immediately after the fa-
tigue protocol on the treadmill h/p/cosmos quasar (h/p/cos-
mos sports & zebris medical Gmbh, Germany), which was
equipped with a pressure distribution measurement system
(FDM-THQ-M from Firma zebris medical GmbH (Germany)).
The treadmill had a damped and non-skid running area of 170
x 65 cm and was controlled by the software h/p/ cosmos para-
control. The measuring system consisted of a force distribution
measuring platform (Force Distribution Plattform - FDM-T)
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with capacitive pressure sensors (Range 1 to 120 N/cm2, Preci-
sion * 5 %). The 10240 sensors integrated in the running surface
were arranged in a matrix over an area of 135.5 x 54.1 cm (1.4
sensors/cm2) and had a measuring frequency of 200 Hz.

The kinematic data recording was made using the three-di-
mensional measuring and analysis system VICON (8 VICON
MXT10 Camera System, from Oxford Metrics Ltd, Oxford, UK).
This system consisted of eight infrared Type T10 cameras. The
T10 camera has aresolution of 1 megapixel and records a 10-Bit
grey-shade image with 1120 x 896 pixel. The cameras emitted
infrared light, which reflected the markers attached to the body
(Trochanter Major left and right, lateral condyle of the knee
left and right, lateral side of the ankle joint left and right, heel
posterior left and right, small toe left and right). The room was
calibrated following instructions from the manufacturer. The
recording frequency was 200 Hz with a measuring precision of
+2mm. For measurement, 12 retro-reflecting markers (14 mm
in diameter) were placed in accordance with the Plug-in-Gait-
Model (Vicon, Oxford Metrics, UK) on anatomical landmarks
(pelvis and both lower extremities). The sagittal joint angles
were calculated from the coordinates of the body points. The
knee joint angle was determined by the coordinate points of the
Trochanter Major lateral with condyle of the knee and condyle
of the knee with the lateral side of the ankle (Fig.1). The ankle
joint angle was determined from the coordinate points lateral
condyle of the knee with the lateral side of the ankle and lateral
side of the ankle with the small toe.

Datarecording and processing was made with Vicon Nexus
1.7.1 (VICON, Oxford Metrics, UK). Ground contact (Foot land-
ing) was defined by the changes in vertical velocity of the distal
heel marker from negative to positive. At least 50 gait cycles
were analyzed (25 per leg) and the tests were standardized to
100 % of the gait cycle. The Vicon Motion Capture System is
a reliable method for analysis of the kinematics of a running
process. The Zebris Software (Zebris Medical GmbH, Germany)
was used to calculate the step frequency and stride length for
each foot. The stride length was defined as the anterior-posteri-
or distance between the first foot landing of two steps (left and
right foot). The step frequency was measured as the number of
steps during a 60-s interval.

Mathematical-Statistical Evaluation

The fatigue index was formed as the quotient of torques from
the isometric maximal force test (Mx) divided by the mean of
the torque maxima (M60) from the isokinetic endurance test,
using the equation: Fatigue index= Mx/M60 for plantar and dor-
sal flexion. High local muscle fatigue is represented by a small
coefficient. The statistical evaluation comprised description
with arithmetic mean and standard deviation. Data were tes-
ted for normal distribution and variance homogeneity using
the Kolmogorov-Smirnov and Levene tests. Differences were
calculated using a multifactorial analysis of variance with repe-
ated measures according to the general linear model and the
intra-subject factors Leg (left and right), Test (Baseline, Fatigue
left and fatigue right) and Speed (11, 13, 15 km/h) as well as the
inter-subject factor Foot strike (forefoot versus rearfoot). The
LSD (Least Significant Difference) was used to examine paired
mean differences. The partial eta-squared (np?®) was taken as
the parameter of effect strengths with the classification: small
effect (p?=0.08), moderate effect (p?=0.20) and great effect
(mp*=0.32) (9). The significance level was p<0.05 and applying
the Bonferoni correction, p-values were adjusted by multiplica-
tion with the number of tests (43). Statistical calculations were
made using IBM SPSS 21.0 (Chicago, IL, USA).
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Results of the kinematic characteristics, mean + standard deviation, also data of the variance analysis, knee angle Foot off (Kwof), knee angle Foot on (Kwon),
foot angle Foot off (Fwof) and foot angle Foot on (Fwon), test values of inter-subject effect (ZE) foot strike and the main effects (HE) running speed (Geschw.)
and fatigue, significance level (p) and partial eta squared (np?). N=26. B=Baseline; F=Fatigue.
FOOTSTRIKE ZE HE
LEG ;2::& TEST FOREFOOT REARFOOT FOOT ON SPEED FATIGUE
VI1KM/H V13 KM/H V15 KM/H V11 KM/H V13 KM/H V15 KM/H P nP? P nP? P nP?
, B 1582+4.0 1576456 156.1+52 159.8+6 159.0+6.2 158.7+54 .349 037 001 250 213 064
Hof 1 F 1576452 156.546.2 154.7+6.0 159.3+59 158.3+6.8 156.7+5.7
Knon [ B 163.0+57 163.8+6.0 162.2+6.6 164.8+6.1 164.9+53 163.3+4.9 644 009 035 131 07 .268
F 1626455 161.2+55 1621+4.5 163.4+46 162.1+44 161.8+5.1
Left , B 1194+66 1193+6.8 119.2+69 1169455 1171465 1175471 611 011 604 021 096 A11
Fuof ] F 117658 118.1+67 116.2+88 117564 117.3+8.0 115.7+10.9
Fwon 1] B 1252459 1255+64 123.1+64 976450 978+41 98.6+4.5 001 858 A7 .036 148 .085
F 1236460 1227+65 1216+6.8 98.1+58 978+53  99.2+53
, B 156.4+47 1558456 1556451 1579452 157.8+4.8 1574454 Al 028 005 .200 104 107
Hof 1 F 1564459 1551462 153.9+64 1575452 157.2+55 155.2+5.0
, B 161.2+56 161.6+58 160.9+6.2 160.5+3.7 160.1+4.7 159.2+4.8 796 .003 005 .196 215 .063
. fivon F 1609+54 159.6+4.9 1587+4.9 160.8+52 160.3+5.3 159.1+4.7
T - B 1176+6.9 1185+81 1174+76 116.9+82 116.5+8.2 117.6+9.7 950 .000 573 023 .001 A12
F 1147+84 1142493 1122+101 1144+80 1141+101 113.8+8.0
Fwon ] B 1246+3.0 1244+34 1234453 982+34 978+36 98.5+4.8 .001 890 081 .099 .001 395
F o 1196+4.2 1189451 116.3+6.2 992458 989+55 99.6+4.8
F(2.24)=4.6; p=0.042; np?=0.17; right: F(2.24)=32.7; p<0.001;
Np*=0.58). The forefoot runners decreased the foot angle under
Force Test fatigue. By contrast, the foot angle among rearfoot runners re-

The force values in both running groups differed significant-
ly in the plantar flexors in the strength endurance test and in
the fatigue index with higher values on average for the rearfoot
runners in both the left and the right leg (Tab. 1). The isometric
maximal force and isokinetic strength endurance of the plantar
flexors presented higher values on the left than the right in both
running groups, but the differences were not significant (Tab.
1). No significant differences were found for the dorsal flexors
in the force tests.

Treadmill Test and Pressure Distribution

There were no significant differences between the groups in step
frequency or stride length. By contrast, the plantar pressure
distribution differed under the three foot zones. The rearfoot
runners were found to have a greater pressure maximum under
the heel and lower maxima under the midfoot or forefoot (Tab.
2). After the local fatigue protocol, the mean pressure maxima
under the forefoot were reduced left and right in both groups.
The step frequency and stride length increased in both groups
with the running speed, as did the pressure maxima under the
forefoot. The pressure maximum under the heel showed an in-
teraction foot strike*running speed (left: F (2.24) =23.0; p=0.001;
Np*=0.47; right: F (2.24) =11.9; p<0.001; np*=0.32). The pressure
maxima under the heel increased in rearfoot runners when run-
ning speed was increased. By contrast, the pressure maximum
under the heel of forefoot runners remained unchanged (Tab. 2).

Treadmill Test and Kinematic Data

The two runner groups differed in the foot angle at Foot on
with higher values in the forefoot runners. Moreover, at Foot
on, there was interaction fatigue*foot strike technique (left:
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mained unchanged. After the local fatigue protocol, the foot
angle decreased at Foot off, whereby the values of the right leg
exceeded the significance level. The knee angle at Foot on also
showed lower values after the fatigue protocol, but only the data
of the left leg differed significantly. The knee angle at Foot off
and Foot on decreased at greater speed in both groups (Tab. 3).

The objective of this study was to examine the effect of the foot
strike technique and local muscle fatigue of the plantar and dor-
sal flexors on plantar pressure distribution and the kinematic
characteristics in barefoot running on the treadmill at three
speeds. It was assumed that the plantar pressure distribution
under the foot and the kinematic characteristics differ in de-
pendence on the foot strike technique and local muscle fatigue.
The force values in the two runner groups showed significant
differences in the plantar flexors in the strength endurance test
and in the fatigue index, with higher values among rearfoot
runners. This result is surprising, since the plantar flexors in
this group should be well-trained due to the forefoot strike in re-
gular running. However, possibly not all of the subjects were ha-
bitually forefoot runners. The short running time in the test of 1
minute each and running on the treadmill may have provoked a
forefoot strike in these subjects. The unaccustomed foot strike
then already resulted in fatigue of the plantar flexors during
the 10-minute warm-up, so that lower values were determined
in the force test for the forefoot runners.

The isometric maximal force and isokinetic strength endur-
ance of the plantar flexors in both groups showed higher values
left than right, but there were no significant differences.
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This finding emphasizes the performance dominance of the
left ankle bone or support leg (42). The different function as
support and active leg was not reflected in the dorsal flexors
in differences in performance, since no significant differences
were observed in the force test for this muscle group.

Neither runner group showed significant differences in the
step frequency and stride length. Contrary to the step frequency
and stride length, the plantar pressure distribution under the
three foot zones differed. Comparing the two groups, a lower
pressure maximum under the heel and a greater angle of the
foot on landing could be observed in the forefoot runners. The
rearfoot runners showed a higher pressure maximum under
the heel and a smaller foot angle on landing. These results agree
with those of other studies (17, 20, 32, 41). Various authors as-
sume that forefoot runners have alower risk of injury thanks to
the reduced load under the heel (10, 17, 32). Other authors, how-
ever, assume that the connection between foot strike technique
and the risk of injury has not been proven (28, 38).

Based on the foot strike technique and the fatigue protocol,
the mean plantar pressure values under the heel, midfoot and
forefoot differed between the two groups of runners. In studies
which include a running fatigue protocol, however, this connec-
tion has not yet been definitively proven, since there are con-
tradictory findings on the effect of fatigue on plantar pressure
distribution. Some studies determined a decrease of the pres-
sure value under the heel (2, 14), while another study reported
on asignificant increase (44). For the pressure values under the
toes, both a significant reduction (14) and no differences have
been reported (2, 44). The study by Nagel et al. (35) also permits
the conclusion that there is only a reduction of pressure under
the toes after a marathon race (35). It is thus not surprising that
significant changes in plantar pressure distribution are appar-
ent inlocal muscle fatigue, but not in fatigue caused by running.
The question therefore arises of why the pressure distribution
increases or decreases. One explanation could be that tired leg
muscles cause the joint to become stiff, increasing the pressure
distribution. Pre-activation of the stabilizing musculature can
also lead to an increase in pressure distribution. This connec-
tion between the pre-activation of the M. gastrocnemius and
the pressure distribution in runners has been demonstrated in
various studies (19, 39, 40).

With respect to the knee angle at Foot on, lower values were
measured after the fatigue protocol, but only the data of the left
leg differed significantly, since in this study, only the ankle mus-
culature was fatigued. Kellis and Liassou (26) found increased
knee bending both at Foot on and at Foot off. This increase knee
bending indicates that the runners prefer knee bending to ab-
sorb the pressure on landing (26). This adaptation can reduce
the potential risk of injury. Several studies have shown that fore-
foot runners activate the M. gastrocnemius earlier than rearfoot
runners to stiffen the ankle joint (19). The foot arch plays an im-
portantrole in shock absorption. Not only tensing of the foot, but
also bending the knee may contribute to shock absorption (18).

In the foot angle, there was interaction fatigue*foot strike
technique at Foot on, whereby forefoot runners reduced the foot
angle and thus under fatigue, made more contact with the mid-
dle foot. The forefoot strike technique was found to be less stable
than the rearfoot strike technique. This finding must, however,
be viewed in relationship with the more greatly fatigued plantar
flexors in the forefoot runners.

Finally, the influence of speed on the kinematics and pres-
sure distribution was examined in the runners. Several studies
show that rearfoot running is suitable for long-distance run-
ning at moderate speed, while forefoot running is preferred
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for short distance runs or sprints at greater speed (24, 36). The
running speed influences the foot strike technique (16) and
the peak plantar pressure values. The findings confirm that a
high running speed leads to elevated peak pressure values (5,
8). These results agree with those reported by Chuckpaiwong
et al. (8) and Ho et al. (22). Ho et al. (22) found that a greater
pressure distribution can be measured both under the forefoot
and under the rearfoot if the speed is increased from 1.5 m/s to
2.5m/s (& from 5.4 to 9 km/h).

The pressure maximum under the heel shows interaction
foot strike technique*running speed with greater peak pressure
values in the rearfoot runners. This enables a conclusion for
the rearfoot runners that increased running speed increases
the landing pressure under the heel and thus increases the de-
mands for amortization of the vertical ground reaction force.

Different running speeds also changed the angle of the knee.
In both subject groups, the knee angle of the left and right leg
at Foot off and Foot on became smaller with increasing run-
ning speed. A greater knee bending and shortened stride length
on increasing the speed has already been proven in forefoot
runners (32, 40). In another study, a shorter stride length and
additionally an increase step frequency was found in forefoot
runners (11). A greater step frequency shortens the ground con-
tact time and influences the plantar pressure distribution (41).

In interpreting the findings, there are some limitations to be
noted. Running without shoes is a limitation, since this influenc-
es the foot strike technique and tends to provoke a forefoot strike.
Moreover, some of the subjects classified during the barefoot run
might usually prefer the rearfoot strike in running with shoes.
The participants in the study were mostly leisure runners, who
usually run in shoes. Another point is that no differentiation in
pressure distribution was made between the medial and lateral
part of the foot, so no conclusion can be drawn about possible
changes in pronation and supination of the foot in running bare-
foot. The 2D kinematic analysis from the sagittal perspective was
made with a reduced marker model that focused on the lower
extremities. The movement of the upper body and the upper ex-
tremities was not explicitly taken into account .

In this study, the kinematics of the lower extremities of healthy
runners were examined before and after local muscle fatigue
at three running speeds. The rearfoot runners showed higher
pressure maxima under the heel, which increased further with
increasing running speed. By contrast, the forefoot runners
showed a greater foot angle than the rearfoot runners, which
improved shock absorption and, at the same time, may reduce
the risk of injury. The forefoot strike technique of the partici-
pants was, however, less stable, the foot angle decreased under
fatigue and the foot strike was made more with the middle foot.
With increased speed, the knee angle decreased in both runner
groups and thus enabled less impact on landing. Further stu-
dies are needed to examine the comparison between barefoot
runners and shod runners. In these, fatigue protocols should
be performed for the flexors and extensors in the knee joint,
since the knee angles at Foot on and Foot off were identical in
the two groups. For better study results, runners accustomed to
barefoot running should be selected. Special strength training
programs are needed to strengthen the ankle joint musculature
of the runners and thus prevent injuries.
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