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The effect of uphill stride manipulation on race walking gait
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ABSTRACT: Stride length analysis represents an easy method for assessing race walking kinematics. However,
the stride parameters emerging from such an analysis have never been used to design a training protocol aimed
at increasing stride length. With this aim, we investigated the effects of stride frequency manipulation during
three weeks of uphill (2%) training on stride length at iso-efficiency speed. Twelve male race walkers were
randomly allocated to one of two training groups: stride frequency manipulation (RWM, n=6) and free stride
frequency (RWF, n=6). Results. Kinematic parameters measured before and after the 3-week training in RWM
showed increased stride length (4.54%; p<0.0001) and contact time (4.58%; p<0.001); inversely, a decreased
stride frequency (4.44%; p<0.0001) and internal work (7.09%; p<0.05) were found. In RWF the effect of the
training showed a decrease in stride length (1.18%; p<0.0001) and contact time (<1%; p<0.0001) with
respect to baseline conditions and an increased stride frequency and internal work of 1.19% (p<0.0001). These
results suggest that using slopes (2%) as RWM could help coaches to provide some training methods that
would improve an athlete’s performance, through increasing stride length without altering his or her race
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walking technique or metabolic demands.
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INT RO DU CT 1O

Olympic race walking (RW) is an historical competition, even though
only a small number of athletes participate; indeed, race walking
has been investigated more often in the laboratory than during com-
petition [1]. An increasing interest in race walking competitions can
be seen in the research [2-5]. Moreover, numerous factors have been
shown to influence RW performance, including metabolic de-
mand [4,5], stride technique [2,3,6] and nutritional factors [7].
Indeed, race walkers require considerable training and preparation [8].
The importance of investigating various critical aspects involved in
RW competitions [2,3], such as energy cost [9], has become evident
in recent years.

In particular, researchers have taken a strong interest in training
studies in order to understand how energetic cost in high level race
walkers can be optimized [10,11]. Within RW races there are vari-
ations in the track terrain, in which small differences in the slope
that can influence the mechanics of RW are often present [12].
During a longer competition, such as the 50 km race, top level race
walkers usually take approximately 52,600 strides [6], and stride
length can decrease by 4% between the start and the end of the
race [3]. Therefore, increases in stride length could be advantageous,

because this would allow for the same speed to have a lower stride
frequency and a better mechanical efficiency [13].

According to this hypothesis, focusing on stride parameters which
change the individual stride frequency [6] is desirable in training for
improving the stride length, as demonstrated in marathon runners
[141. Usually, uphill RW is used to improve race walking gait [6,13],
but its chronic effects are unknown. Furthermore, it can be stated
that uphill RW alone does not help to improve stride length [6].
Indeed, a recent study has shown that even at low speeds on small
slopes (2%), RW energy cost increased by 0.30 J/(kg-m) [15] over
the energy cost at 0%, while the stride length decreased by ~4% at
both constant and low speed with respect to the level gradient [6].
Therefore, it may be useful to perform race walking on a slope at
iso-efficiency speed (decreasing the velocity) [13], without increas-
ing the metabolic demand, as well as on the level, as demonstrated
in running [16], but manipulating stride frequency.

In addition, considering that during uphill RW stride length de-
creases [6], it is important to decrease the speed to allow race
walkers to adequately modify stride parameters during uphill RW
training. In the current study, we hypothesize that manipulating the
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stride frequency in uphill training will prove advantageous to stride
length during level RW. Therefore, the aim of this study was to in-
vestigate the effects of the stride frequency manipulation (same stride
length on level gradient) vs. free stride frequency during training on
a slope (2%) at iso-efficiency speed [13] in national race walkers.

MATERIALS AND METHODS m—
Participants. Twelve male race walkers (Senior's category) were
selected for this study following the approval of the University Ethi-
cal Committee. All the subjects were randomly assigned to one [17]
of the two groups: stride frequency manipulation (RWM= 6, age
24.8+7.4 years, height 1.77+0.08 m, weight 60+6.32 kg, body
mass index (BMI) 19.14+0.72 kg-m™) and free stride frequency
(RWF= 6, age 24.2+5.7 years, height 1.78+0.05 m, weight
61.85+4.74 kg, BMI 19.44+1.16 kg-m™). The inclusion criterion
was: high skill with more than six years of training (all were ranked
at the national level in their category). None of the athletes suffered
from nutritional disturbances, none had any musculoskeletal injuries,
and no medications or drugs expected to affect their physical perfor-
mance were taken during the course of this investigation.

In order to make the group homogeneous with regard to the train-
ing conditions, none of the subjects performed any strenuous endur-
ance activity and/or resistance training outside of their normal endur-
ance training protocol. The diet control was designed to eliminate
the risk of any differences in the total consumption of proteins,
carbohydrates and of saturated and unsaturated fats; all the athletes
lived together and followed the recommendations of the same sports
nutritionist. The TCU Institutional Review Board for the use of Human
Subjects approved the details of this study, as well as all related
informational and consent documentation, before any data collection
was performed. After being informed of the procedures, methods,
benefits and possible risks involved in the study, each subject reviewed
and signed an informed consent form prior to participation in the
study, in accordance with the ethical standards.

Procedures

All subjects were tested before (double check for the reliability of the
measures) and after the training intervention in the Human Perfor-
mance Laboratory. All the tests were carried out in a climate-controlled
laboratory: average temperature 23.5°C (min 23°C, max 24°C), be-
tween 4:00 p.m. and 7:00 p.m. to control for circadian variation [18].
Riley et al. (2008) reported a high correlation (r = 0.93) between
over-ground and treadmill walking [19]. All the subjects wore RW
shoes (Category A2, 135 g) and performed a standardized 15-min
warm-up, consisting of RW at 9 km-h!, in order to familiarize them-
selves with the treadmill [20] (Run Race Technogym Run 500,
Gambettola Italy [21]). The subjects performed 5 min of dynamic
muscular stretching [22] prior to performing the treadmill test for
kinematic analysis. The treadmill was calibrated and checked before
and after each test, according to the instructions of the manufac-
turer [20]. Percent grade (%) was expressed as being equal to the
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tangent [theta] x 100 [20]. The speed at “0” level (mean + SD)
for the 5-min duration was set at 1 km-h! less than the best mean
speed performed by each participant for 10,000 m (IES,) corre-
spondingto 12.83+0.60 km-h™! [13]. Previous studies have found
that this corresponds to ~50% (estimate) maximal oxygen con-
sumption (VO,..) [23] and requires an energy cost (Cw) of
5.0 J-(kg-m) ! [9,23]. Furthermore, according to the previous
data [15] the increase in Cw as a result of a level gradient is:

Cw; = 0.15 x slope; (%) + Cwg ,

where Cwy is the Cw at a level gradient (0%).

As mentioned above, oxygen consumption (VO,) is proportional
to the energetic cost and velocity, so for each gradient the velocity
(IES)) at which the VO, was equal to level RW was calculated by
taking VO,= [(Cwy / (21 (J-min)) x ((IESy / 0.06 (m-min')))],
where 21 (J-min) and 0.06 (m-min') are constant values.

This leads to the equation:
IES; (km-h) = [(VO, (kJ/min/kg) x 21 (J/I) x 0.06 (m/min)) /
(0.15 X slope; (%) + Cwg)l.

Kinematic Analyses

Pre- and post-training two-dimensional (2D) video data of the subjects’
RW on the treadmill were collected using a high-speed (210 Hz)
camera (Casio Exilim FH20, Japan). In accordance with previous
studies [13,14,24], considering that the treadmill device was 50 cm
high, the camera was positioned on a 1.5 m high tripod standing
6 m from the participant, and was located perpendicular to the plane
of motion and the participant’s sagittal plane [25] as standard cali-
bration. The film sequences were analyzed off-line using Dartfish
5.5-Pro motion analysis software (Dartfish, Fribourg, CH). The fol-
lowing kinematic variables were studied: (i) contact time (ms), (ii)
stride length (m), and (iii) stride frequency (Hz); 100 strides were
sampled [26] within the 5-min duration of the test. Stride frequency
was freely chosen within the pre and post-test training. Since the
velocity of the treadmill was known, both stride length (left/right, SL)
and stride frequency (SF) could be calculated. The contact time (CT)
was calculated for both the left and the right foot [27].

The CT was defined and calculated as the time between initial
contact (rear foot) with the ground and the last frame of contact
before toe-off (forefoot). Initial contact and toe-off were visually de-
tected. According to previous studies [6,13,16,28], SF was calcu-
lated as SF= [1000/CT)]; alternatively, SL was calculated with the
following equation: SL= [(speed/3.6)/SF].

Internal Work

We calculated the internal work (W ) with the Nardello equation [29]
Wiyr = SF-v-(1+(DF-(1-DF)')?)-q ,

where SF is the stride frequency (Hz), v is the speed (m-s), DF is
the duty factor — i.e. deflection of the duration of stride period when
each foot is on the ground (%) and g the value of 0.1 referring to
the inertial properties of the oscillating limbs.
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Training on a Slope

Slope training was carried out on the treadmill (Run Race Technogym
Run 500, Gambettola Italy) over three weeks, with two training
sessions per week (Monday and Friday), in accordance with a previ-
ous study [14]. All the participants wore RW shoes (Category A2)
and performed a standardized 15-min warm-up, consisting of RW
at 9 km-h ' on a treadmill at a level gradient and following 3 min of
RW on a 2% slope before each set.

The RWM group performed the following training procedure on
the treadmill: 5 sets of 5-min RW at a 2% gradient at IES (IES,)
with a manipulated individualized stride frequency. Between each
set 5 min of active recovery was performed, which consisted of RW
at 0% gradient and speed corresponding to IES, minus 1.5 km-hL.
IES, and stride frequency were 12.08+0.59 km-h and 3.07+0.25
Hz, respectively. Manipulated stride frequency on a slope was pre-
determined. SF was calculated in order to replicate the same stride
length elicited during level RW at IES, in accordance with the train-
ing equation [6]. The athletes were requested to count their strides
and to replicate the number each minute (visual counter each 30 s
with treadmill display, with an error of one stride).

Training equation for slope= [(speed (km-h) /3.6 (m-s™)) during
slope / SL (m) during level x 60 (min)] [6].

The RWF group performed the following training procedure on
the treadmill: 5 sets of 5-min RW at 2% gradient at IES, with a
freely chosen stride frequency. IES, and stride frequency were
12.13+0.58 km-h' and 2.92+0.15 Hz, respectively. Between
each set, 5 min of active recovery was performed, which consisted
of RW at 0% gradient and speed corresponding to IES, minus
1.5 km-ht. To balance the training load, both groups (RWM-RWF)
during the training weeks (4 days per week) performed the same
normal training programme on a level gradient (based on ~14.5 km
per day).

Statistical Analysis

Data are reported as mean = SD. The kinematic variables (i) contact
time, (ii) stride length, (iii) stride frequency and (iv) internal work
were analysed using a separated two-way ANOVA with repeated
measures and Bonferroni post-hoc tests. The effect size (n?) was
calculated for all variables between pre- and post-testing. For testing
the repeatability of the measure [30], we first calculated the intra-
class correlation coefficient (ICC) for each variable measured. As-
sumption of normality was verified using the Shapiro-Wilk W. Test.
The within factor was time with two levels (pre- and post-training)
and the between factor was the training with at two levels (RWM
and RWF). Furthermore, a t-test was used to compare pre- and
post-training in different groups for: (i) contact time, (ii) stride length,
and (iii) stride frequency. Then, a pair-wise comparison was performed
when the main effect was significant, and the significance level was
set at p < 0.05. Statistical analysis was performed using SigmaPlot
software 11.0 (Systat Software, Tulsa, OK).

REE'S U LTS 150000000000
There were no differences between the two groups at baseline condi-
tions for age, height, weight, training experience or RW velocity on
both the level and a slope (2%). The test-retest reliability of this
testing procedure was demonstrated through an ICC and standard
error of measurements (SEM) for the following variables: stride length
(ICC: 0.97-0.98, SEM: 0.03-0.07 m), contact time (ICC: 0.96-
0.98, SEM: 9-11 ms) and stride frequency (ICC: 0.95-0.98, SEM:
0.8-0.11 Hz).

Repeated measures ANOVA showed significant differences be-
tween the two training groups in CT: F; ;0= 32.856, p < 0.0001
(n?= 0.767) and the interaction training type x time F(; 10)= 94.776,
p < 0.0001 (n?= 0.905). Significant differences were also found
for SF: F1.10)= 24.038, p < 0.001 (n?= 0.706) and the interaction
training type x time F; 10= 71.022, p < 0.0001 (n?= 0.877).
Similarly, significant differences were found for the SL: F(; ;0=
40.941, p < 0.0001 (n?= 0.804) and the interaction training type
X time Fj 10= 120.115, p < 0.0001 (n*= 0.923). Wyr showed
significant differences: F(; 10)= 5.784, p = 0.037 (n*= 0.584) and
the interaction training type X time F(; ;0= 11.372, p = 0.007
(%= 0.859).

TABLE I. Effects of uphill race walking training on step analysis.

BASELINE RWM RWF
Contact time (ms) 311+16.89 324 +22.96* 308 +7.567
Step frequency (Hz) 3.23+0.18 3.10+£0.231 3.25%0.08%
Stride length (m) 1.11+£0.09 1.15+0.12f 1.10+0.07%

Note: Kinematic variables in the step frequency manipulation group
(RWM) and the free step frequency group (RWF) between post-training
and the baseline conditions with “*” p < 0.001, or “t” p < 0.0001.
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FIG. 1. Changes in the WINT variable (means and SE) for the
stride frequency manipulation (RWM) and free stride frequency
groups (RWF) depending on the time (pre- and post-training).
“t” represents significant (p < 0.0001) training X time interaction;
“*"'n < 0.05 and “**" p < 0.01 represent significant differences
between pre- and post-training.
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With regard to the two training strategies, within the RWM group
the CT significantly increased by 4.58% (p < 0.001), as did SL
(4.54% with p < 0.0001) between pre- and post-training (Table 1).
SF and Wy (Figure 1) also significantly decreased by 4.44% and
7.09% (p < 0.0001 with p = 0.03), respectively, within the RWM.
Conversely, in RWF the SL and CT decreased by 1.18% with
p < 0.0001 and <1% with p < 0.0001, respectively, between
pre- and post-training, while the SF and Wy increased (1.19% with
p < 0.0001) respectively.

DISCU S S 1O N 15
The current study shows for the first time the effect of stride fre-
guency manipulation on kinematic parameters during uphill training
in national race walkers. The study investigated the effects of two
types of uphill RW training — RWM and RWF. The uphill training
aimed to reproduce the same stride length that was elicited during
RW on a level gradient. Uphill RW speed was therefore slower com-
pared to level RW, 12.11+0.56 km-h"' and 12.83+0.59 km-h'!,
respectively. The previous research that carried out RW training pro-
grammes used greater slopes, which produced higher speeds [6].
Such conditions would produce unnatural conditions for race walk-
ers [31,32]. This would presumably increase the energy cost of
RW[15,33] and lead to improvements in the cardiovascular system.
Within the current study, the aim was to look at kinematic param-
eters and maintain a similar metabolic cost; due to this, IES was
used [13].

In the present study the reduction in speed [13] allowed for effec-
tive stride frequency manipulation. Research suggests that race walk-
ers often unconsciously select a stride frequency which minimizes
injury and energy expenditure [8,23] and is modulated by the central
pattern generators [34], as in running [24]. Due to this notion, race
walkers within the RWM group found it problematic during the first
training session to alter their stride pattern. The RWF group, how-
ever, did not have such issues, as stride frequency was freely chosen.
The results following six uphill training sessions (over 3 weeks) sug-
gest that the RWM group elicited kinematic improvements. Con-
versely, the RWF group did not show any significant kinematic im-
provements. Some researchers suggest that successful running race
performances are characterized by increased stride length, increased
cadence becomes more important at greater speeds [35,36] and
contact times are shorter. Our results support this approach, and
following training the RWM group increased SL by 4.54% with
p < 0.0001 related to decreased Wy (7.05% p < 0.05; Figure 1).
During training the RWM group subjects were required to reduce their
mechanical pattern in order to reduce their stride frequency (~5%).

Changes in CT were also evident: RWM increased by 4.58%
(p < 0.001), but only a <1% decrease was found for the RWF
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group. The decreases in CT may have produced greater peak vertical
force [37], thus providing longer stride lengths. This was supported
within the RWM group in the current study. The kinematic adapta-
tions elicited by the RWM group were characteristic of better race
walkers, as energy efficient performances are. Longer contact times
and smaller stride frequencies are associated with energy efficien-
cy [13,38]. A particular limitation of this study, concerning the low
sample size, can be explained considering the kind of discipline in-
volved: in the last 30 years the mean number of subjects studied in
the laboratory was very low (male, n=7=+4.5; female n=4+2.7 [1]),
due to the specificity of the RW technique.

CONCLU ST OIN S 1000000000000
In conclusion, this study showed how the stride frequency manipu-
lation during uphill RW training alters subsequent level RW kinemat-
ics, and presumably aids efficient RW performance. The increase in
SL could provide an advantageous alteration to kinematics. Because
of the direct positive relationship between SL and speed, increasing
SL could significantly increase the speed (which is the race walker’s
aim), assuming that the foot does not advance too far ahead of the
centre of mass, providing a braking effect [39]. Considering that the
RW race (50 km) record is 3 h 32 min 33 s [40], and the stride
length decrease is 4% [3], this study could be useful in closing this
gap with the training method of increasing athletes’ stride length,
leading to the first time an athlete could complete a race under 3 h
30 min The same training protocol could also be applied for a mid-
dle distance race (20 km), where a decrease of stride length by 2.4
and 2.7% was observed in males and females respectively between
the last and first kilometres [12]. An uphill race walking protocol
(changing stride frequency) could be useful to diversify athletes’
common training protocol without stressing their current metabolic
demand. In addition, given that several physiological systems are
involved during RW, the possible effect of combining different train-
ing strategies, shown to be effective in isolation, warrants future
studies.

Acknowledgements

The author is grateful to the “Gruppo Sportivo Fiamme Gialle” in
particular to Coach Patrizio Percesepe, for supporting this research
and Michela Marchetti for the language editing of the manuscript.
Despite our motivation and intuition, no grant support was provided
for the present study.

Conflict of interests: the author declared no conflict of interests re-
garding the publication of this manuscript.




Uphill training for race walkers

REEIFE R EIN CES 15000000000

1

10.

11.

12.

13.

. Pavei G, Cazzola D, La Torre A, Minetti

AE. The biomechanics of race walking:
Literature overview and new insights. Eur
J Sport Sci. 2014;14(7):661-670.

. Hanley B. An analysis of pacing profiles

of world-class racewalkers. Int J Sports
Physiol Perform. 2013;8(4):435-441.

. Hanley B, Bissas A, Drake A. Kinematic

characteristics of elite men’s 50 km race
walking. Eur J Sport Sci.
2013;13(3):272-279.

. Vernillo G, Piacentini MF, Drake A,

Agnello L, Fiorella P, La Torre A. Exercise
Intensity and Pacing Strategy of a 5-km
Indoor Race Walk During a World Record
Attempt: A Case Study. J Strength Cond
Res. 2011;25(7):2048-2052.

. Vernillo G, Agnello L, Drake A, Padulo J,

Piacentini MF, La Torre A. An
Observational Study on the Perceptive
and Physiological Variables During a
10,000-m Race Walking Competition. J
Strength Cond Res. 2012;26(10):2741-
2747.

. Padulo J, Annino G, D'Ottavio S,

Vernillo G, Tihanyi J. Footstep analysis at
different slopes and speeds in Elite
Racewalking. J Strength Cond Res.
2013;27(1):125-129.

. Atkinson G, Taylor CE, Morgan N,

Ormond LR, Wallis GA. Pre-race dietary
carbohydrate intake can independently
influence sub-elite marathon running
performance. Int J Sports Med.
2011;32(8):611-617.

. Hagberg JM, Coyle EF. Physiological

determinants of endurance performance
as studied in competitive racewalkers.
Med Sci Sports Exerc. 1983;15(4):287-
289.

. Di Prampero PE. The energy cost of

human locomotion on land and in water.
Int J Sports Med 1986;7(2):55-72.
Yoshida T, Udo M, Iwai K, Muraoka I,
Tamaki K, Yamaguchi T, Chida M.
Physiological determinants of race
walking performance in female race
walkers. Br J Sports Med.
1989;23(4):250-254.

Yoshida T, Udo M, Chida M, Ichioka M,
Makiguchi K, Yamaguchi T. Specificity of
physiological adaptation to endurance
training in distance runners and
competitive walkers. Eur J Appl Physiol.
1990;61(3-4):197-201.

Hanley B, Bissas A, Drake A. Kinematic
characteristics of elite men’s and
women'’s 20 km race walking and their
variation during the race. Sports
Biomech. 2011;10(2):110-124.
Padulo J, Annino G, Tihanyi J, Calcagno G,
Vando S, Smith L, Vernillo G, La Torre A,
D’Ottavio S. Uphill Racewalking At

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Iso-Efficiency Speed. J Strength Cond
Res. 2013;27(7):1964-1973.

. Padulo J, Degortes N, Migliaccio GM,

Attene G, Smith L, Salernitano G,
Annino G, D'Ottavio S. Footstep
Manipulation during Uphill Running. Int
J Sports Med. 2013;34(3):244-247.
Minetti AE, Moia C, Roi GS, Susta D,
Ferretti G. Energy cost of walking and
running at extreme uphill and downbhill
slopes. J Appl Physiol.
2002;93(3):1039-1046.

Padulo J, Annino G, Smith L.,

Migliaccio GM, Tihanyi J, D'Ottavio S.
Uphill Running at Iso-Efficiency Speed. Int
J Sports Med. 2012;33(10):819-823.
Schulz KF, Grimes DA. Generation of
allocation sequences in randomised
trials: chance, not choice. Lancet.
2002;359(9305):515-519.

Ammar A, Chtourou H, Trabelsi K,
Padulo J, Turki M, EI AK, Hoekelmann A,
Hakim A. Temporal specificity of training:
intra-day effects on biochemical
responses and Olympic-Weightlifting
performances. J Sports Sci.
2015;33(4):358-68.

Riley PO, Dicharry J, Franz J, Della CU,
Wilder RP, Kerrigan DC. A kinematics
and kinetic comparison of overground
and treadmill running. Med Sci Sports
Exerc. 2008;40(6):1093-1100.

Padulo J, Chamari K, Ardigd LP. Walking
and running on treadmill: the standard
criteria for kinematics studies. Muscles
Ligaments Tendons J. 2014;4(2):159-
162.
http://www.technogym.com/ie/products/
cardio-machines-workout-equipment/
treadmills-running-machines/excite-+/
run-now/3859

Haddad M, Dridi A, Chtara M,
Chaouachi A, Wong dP, Behm D,
Chamari K. Static stretching can impair
explosive performance for at least 24
hours. J Strength Cond Res.
2014;28(1):140-146.

Hagberg JM, Coyle EF. Physiologic
comparison of competitive racewalking
and running. Int J Sports Med.
1984;5(2):74-77.

Padulo J, Powell D, Milia R, Ardigo LP. A
paradigm of uphill running. PLoS One.
2013;8(7):e69006.

Belli A, Rey S, Bonnefoy R, Lacour JR. A
Simple Device for Kinematic
Measurements of Human Movement.
Ergonomics. 1992;35(2):177-186.
Owings TM, Grabiner MD. Measuring
step kinematic variability on an
instrumented treadmill: how many steps
are enough? J Biomech.
2003;36(8):1215-1218.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Padulo J, Filingeri D, Chamari K,
Migliaccio GM, Calcagno G, Bosco G,
Annino G, Tihanyi J, Pizzolato F. Acute
effects of whole-body vibration on
running gait in marathon runners. J
Sports Sci. 2014;32(12):1120-1126.
Padulo J, Annino G, Migliaccio GM,
D’Ottavio S, Tihanyi J. Kinematics of
running at different slopes and speeds.

J Strength Cond Res. 2013;26(5):1331-
1339.

Nardello F, Ardigo LP, Minetti AE.
Measured and predicted mechanical
internal work in human locomotion. Hum
Mov Sci. 2011;30(1):90-104.

Weir JP. Quantifying test-retest reliability
using the intra-class correlation
coefficient and the SEM. J Strength Cond
Res. 2005;19(1):231-240.

Paradisis GP, Cooke CB. Kinematic and
postural characteristics of sprint running
on sloping surfaces. J Sports Sci.
2001;19(2):149-159.

Paradisis GP, Bissas A, Cooke CB.
Combined uphill and downhill sprint
running training is more efficacious than
horizontal. Int J Sports Physiol Perform.
2009;4(2):229-243.

Minetti AE, Ardigd LP, Saibene F.
Mechanical determinants of the
minimum energy cost of gradient running
in humans. J Exp Biol. 1994;195211-
225.

Padulo J, Di Capua R, Viggiano D.
Pedaling time variability is increased in
dropped riding position. Eur J Appl
Physiol. 2012;112(8):3161-3165.
Mero A, Komi PV, Gregor RJ.
Biomechanics of sprint running. A
review. Sports Med. 1992;13(6):376-
392.

Cavanagh PR, Kram R. Stride length in
distance running: velocity, body
dimensions, and added mass effects.
Med Sci Sports Exerc. 1989;21(4):467-
479.

McMahon TA, Cheng GC. The mechanics
of running: how does stiffness couple
with speed? J Biomech. 1990;23 Suppl
165-78.

Minetti AE, Ardigd LP, Saibene F. The
transition between walking and running
in humans: metabolic and mechanical
aspects at different gradients. Acta
Physiol Scand. 1994;150(3):315-323.
Elliot B, Ackland T. Biomechanical effects
of fatigue on 10,000 meter running
technique. Res Q Exerc Sport.
1981;52(2):160-166.
http://www.iaaf.org/records/toplists/
race-walks/50-kilometres-race-walk/
outdoor/men/senior

a BioLoGy oF SporT, VoL. 32 No3, 2015 27 1



