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Improving performances in sprinting requires feedback on sprint parameters such as step
length and step time. However, these parameters from the top speed interval (TSI) are
difficult to collect in a competition setting. Recent advances in tracking technology allows
to provide positional data with high spatio-temporal resolution. This pilot study, therefore,
aims to automatically obtain general sprint parameters, parameters characterizing, and
derived from TSI from raw speed. In addition, we propose a method for obtaining the
intra-cyclic speed amplitude in TSI. We analyzed 32 100 m-sprints of 7 male and 9
female athletes (18.9 + 2.8 years; 100m PB 10.55-12.41 s, respectively, 12.18-13.31s).
Spatio-temporal data was collected with a radio-based position detection system
(RedFIR, Fraunhofer Institute, Germany). A general velocity curve was fitted to the
overall speed curve (Vpase), 19! (Upper quintile of vpase Values) was determined and
a cosine term was added t0 Vpage Within TSI (veyee) to capture the cyclic nature of
speed. This allowed to derive TSI parameters including TSI amplitude from the fitted
parameters of the cosine term. Results showed good approximation for vpage (€rror:
5.0 £ 1.0%) and for veyele (2.0 & 1.0%). For validation we compared spatio-temporal
TSI parameters to criterion values from laser measurement (speed) and optoelectric
systems (step time and step length) showing acceptable RMSEs for mean speed (0.08
m/s), for step time (0.004 s), and for step length (0.03 m). Top speed interval amplitude
showed a significant difference between males (mean: 1.41 m/s) and females (mean:
0.71 m/s) and correlations showed its independence from other sprint parameters.
Gender comparisons for validation revealed the expected differences. This pilot study
investigated the feasibility of estimating sprint parameters from high-quality tracking data.
The proposed method is independent of the data source and allows to automatically
obtain general sprint parameters and TSI parameters, including TSI amplitude assessed
here for the first time in a competition-like setting.

Keywords: sprint performance analysis, radio-based tracking, speed curve, top speed interval, intra-cyclic speed
amplitude
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INTRODUCTION

Improving performances in sprinting requires feedback on
central sprint parameters ideally obtained in training as well
as in competition. The 100 m-sprint can be divided into three
main phases: acceleration phase, maximum velocity phase, and
deceleration phase (Jones et al., 2009; Ae, 2017). In each
phase, sprint parameters, such as split times, step length, step
time, and ground contact time have been studied to improve
the understanding of sprint performances and, subsequently,
improve sprint performance based on those variables during
training and competition (Moravec et al., 1988; Ae et al., 1992;
Coh et al., 2001; Hunter et al., 2004; di Prampero et al., 2005;
Morin et al., 2012; Colyer et al., 2018).

Since early velocity-time curve models proposed by Hill
(1927) to very recent papers (Nagahara et al., 2018a, 2020;
Bezodis et al., 2019; Morin et al., 2019; Ruiter and Van Dieen,
2019; von Lieres und Wilkau et al., 2020) research has focused
on kinematic parameters of sprinting with a remarkable increase
of papers analyzing the current world record of Usain Bolt
in 2009 (9.58s) (Beneke and Taylor, 2010; Taylor and Beneke,
2012; Krzysztof and Mero, 2013). However, there are still open
questions such as the optimum relationship between step length
and step time (Hunter et al., 2004; Bezodis et al., 2008; Debaere
et al., 2013; Schubert et al., 2014).

Research has mostly investigated the first acceleration phase
of the run (Nagahara et al., 2018a; Bezodis et al, 2019)
typically trying to understand the step-to-step relations during
acceleration based on ground reaction forces (Hunter et al., 2005;
Rabita et al., 2015; Colyer et al.,, 2018; Nagahara et al., 2018a)
and characteristic body angles by high-precision 3D kinematics
(Manzer et al., 2016; Mattes et al., 2021).

The reason for the focus on this phase in sprint research may
be found in the demanding methods of assessment employed
(Mero, 1988; Nagahara et al., 2014a, 2019, 2020; Willwacher
et al., 2016; Bezodis et al., 2019), which are typically, with only
few exceptions (Nagahara et al., 2018a; Mattes et al., 2021),
available only in laboratory settings. As it is a well-established
fact that top speed is reached in 100 m-sprint only after around
40 m of maximum acceleration effort (Krzysztof and Mero, 2013;
Healy et al., 2019), it is comprehensible that comparatively fewer
studies exist which examined the maximum velocity phase or the
final part of the acceleration phase. On the other hand, there
is clear evidence that the maximum velocity phase is decisive
for sprinting performance. Correlations between top speed and
100 m time are typically very high: r = 0.98 (Fuchs and Lames,
1990), r = 0.96 (Ryu et al., 2012), and r = 0.97 (Saito et al.,
2008), making feedback on sprint parameters during this interval
highly desirable.

Assessing sprint parameters in the maximum velocity phase
in field settings either lack the necessary spatial or temporal
resolution like timing gates, laser measurements, or manual video
annotation (Briiggemann et al., 1999; Ferro et al., 2001; Graubner
and Nixdorf, 2011; Krzysztof and Mero, 2013) or require an
extensive instrumental setup such as motion capture systems or
force plates applied at competitive and training tracks (Hunter
et al., 2004; Park, 2011; Walker et al., 2019; Nagahara et al., 2020;

Mattes et al., 2021). Hence, there are no satisfactory solutions
for assessing sprint parameters in maximum velocity phase on
a routine basis in competition and training.

However, due to the development of new tracking
technologies with high spatial and temporal resolution (Sathyan
et al,, 2012; Seidl et al., 2016, 2017), like the radio-based
tracking system RedFIR, (Griin et al., 2011) the analysis of
sprint parameters in field settings has come into reach. As
tracking systems are designed for routine analyses on training
and competition sites they represent an excellent prospect for
innovative contributions to sprint analysis and training.

Thus, the aims of the present study are two-fold. First, it
aims at investigating the feasibility of using radio-based position
detection for extracting sprint performance parameters including
information on the maximum velocity phase in a field setting.
Second, it proposes a data-driven method for obtaining the Top
Speed Interval (TSI) and to derive TSI-specific sprint parameters
including the intra-cyclic speed TSI amplitude, reported here for
the first time. In addition, for validation the precision of the
tracking data in this study and of the derived sprint parameters is
explored, and comparisons between male and female sprinters as
well as inter-correlations between sprint parameters are reported.

METHODS

Sample and Data Acquisition

We conducted our experiments in an official track and field
stadium (Nuremberg, Germany), where a RedFIR radio-based
tracking system (Fraunhofer Research Institute, Nuremberg,
Germany) is installed. The RedFIR Real-Time Locating System
(Griin et al., 2011) is based on time-of-flight measurements.
Small transmitters (61 mm x 38 mm x 7mm, 15g) work with
a sampling rate of 200Hz. Figure 1 shows the attachment of
transmitters on the athletes’ backs in a pocket of a compression
shirt. For a more detailed description of the RedFIR system and
the generated data streams see Griin et al. (2011), Mutschler et al.
(2013), and Seidl et al. (2017).

Sixteen U20 athletes of regional and national level from
surrounding clubs (age: 18.9 £ 2.8 years; IAAF points: 796 +
146; specialization in 100 m) performed 32 100 m-sprints in total.
Their personal bests ranged from 10.55 to 12.41 s (11.64 = 0.68 s)
for seven male and from 12.18 to 13.31 s (12.72 = 0.43 s) for nine
female sprinters, respectively. Each athlete performed two sprints
in a competition-like setting after a 20 min warm-up that was
chosen individually. Athletes rested at least 15 min between trials.

The study has been approved by the ethical committee
of Technical University Munich and subjects gave
informed consent.

Data Analysis

A general assumption of this study is that there is an extended TSI
in 100 m-sprint, where the sprinter runs at an almost constant,
near-to-maximum or maximum speed. Further, it is assumed
that running coordination is more or less stable in this interval
(Briggemann et al., 1999). We propose as operational definition
of TSI as the upper quintile of all speed values over the full 100 m.
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FIGURE 1 | Transmitter placement on the athletes. Transmitters were placed
inside a specially designed pocket.

Based on these assumptions, we propose the following
procedure to derive TSI parameters from raw tracking data that
will be described in detail below:

(1) Fit a basic speed model vy, (f) for 100 m sprint to raw
speed data,

(2) Extract TSI,

(3) Fit a cyclic speed model to this interval to obtain TSI
sprint parameters.

Basic Speed Model for Sprint Running

We start by applying a general sprint model that was proposed
by Fuchs and Lames (1990), which is similar to one proposed by
Arsac and Locatelli (2002), to obtain a smooth speed curve from
raw speed data. In this model, running speed is perceived as the
superposition of an acceleration and deceleration/fatigue process.
Both processes are given by exponential growth functions:

Voase (1) = A (1 - e_)ht) + B (1 - e/u) >

where A and B are weights for the corresponding
acceleration/deceleration and A, u growth/decline rates,
respectively.

Of course, any other smoothing method could be used as
basic speed model if it validly describes the speed curve without
the within-step velocity fluctuations (Bezodis et al, 2012).
Applying the method from Fuchs and Lames (1990) allows for
calculating the following sprint parameters: maximum velocity
Vmax» Start acceleration ag,, and speed endurance v,g, given by
the following equations:

ln<%)

w

Vmax = Vpase (fmax) > fmax = At B>0
t100, B=10

_ Vbase (t100 )
Vendu = v >
max

astart = a(0) = AL — Bu

where a () is the acceleration [derivation of vy, (t)]
a(t; A, B, ) = Are ™ — Buett

and tgp is the time for 100 m obtained from tracking data. Speed
endurance v,,g, is a measure of the ability of athletes to maintain
their top speed and is calculated relative to top speed vax. Hence,
Vendu Will be 1 if top speed is maintained until the finish line
(Bompa and Bompa, 1999). An example of raw data and fitted
base model is depicted in Figure 2A.

Extract TSI

Sprint steps in the TSI are supposed to show a stable (top speed)
coordination pattern (Briiggemann and Riihl, 1990). We define
TSI to be the time interval when athletes are running at a speed
within the top quintile of their speed distribution over the full
100 m track, as shown in Figure 2B:

TSI:={t|VZQ4’ Vevhase}s

where Qq is the lower border of the top quintile of speed values
from function vp,g. This threshold was chosen by convention to
make sure TSI contains “enough” cycles for a stable parameter
estimation in the next step and still meeting the requirement of
constant coordination patterns.

TSI Parameters

To capture the cyclic structure of the speed within TSI we
propose a cosine function added to vp,. The model function for
TSI then is:

Veyele (t) = a*cos (27 /bt + €) + Vhase (1),

where 27 /b estimates top speed step time. Analogously, we
obtain top speed step length by performing the calculations in
the distance domain instead of time domain. ¢ is an offset/shift
parameter and vy, () corresponds to the function value of the
base speed model during TSI a is the amplitude of the cosine,
i.e., 2a is the intra-cyclic top speed amplitude which is defined as
the maximum speed difference between two consecutive ground
contacts in the TSI (Figure 2C).

Sprint time is measured by the tracking system (sprint time
tracking) thus not including reaction time. A summary of
obtained variables is shown in Table 1.

For each run, we fitted the curves vy, and v,y by solving the
respective least squares optimization problem (Levenberg, 1944;
Marquardt, 1963). Data analysis has been done using Python 3.7
and scipy package.

Validation of RedFIR for Estimating TSI

Sprint Parameters

The RedFIR system as such has been validated before in a
sprint-specific study (Seidl et al., 2017). To assess the validity of
derived top speed parameters based on the proposed method we
conducted additional validation experiments in the same location
by simultaneously recording 100 m-sprints with RedFIR and
criterion systems for horizontal speed (Laveg —13 runs) and step
parameters (OptoGait —23 runs).
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(1) A basic speed model for sprint running

(2) Top speed interval (TSI)

8.86

speed (m/s)

[ raw speed data
—— Vpase(t) =A* (1 — ™M) + B* (1 — e*H)
Veycle(t) = a*cos((2m/b) * X + €) + Vpase(t)
- velocity threshold
top speed interval
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time (s)

(3) TSI parameters

12

2a = 1.6m/s

speed (m/s)

time (s)

-«
2n/b=0.23s

FIGURE 2 | An overview of the three-step modeling process is shown for a sample run of a male sprinter. We start by fitting the basic speed model proposed by
(Fuchs and Lames, 1990) (A)—application to raw data (red dotted line) yields a smooth speed curve (solid black line) and provides estimates for maximum speed,
maximum acceleration, and speed endurance. We then obtain a run-specific Top Speed Interval [TSI, light red shaded area in (A)] which corresponds to the time
period when running speed is within the top 20% percentile of an athlete’s running speed for the given run (B). Its calculation is based on the modeled speed (solid
black line) rather than the raw speed data (dotted red line) and the corresponding velocity threshold (dotted black line, here: 8.86 m/s). Within the TSI we obtain
intra-cyclic parameters (@amplitude, step time, and step length) by fitting a cosine model (blue solid line) to raw speed data (C).

A Laveg laser (Jenoptik, Germany; 100 Hz) was positioned
13m behind the starting line and an operator aimed the laser
on the spot on the back between the shoulder blades where the
RedFIR transmitter was located. The Laveg system is known
to provide accurate and reliable estimates for displacement
and speed (Harrison et al., 2005). Criterion speed was derived
from Laveg distance data by fitting a fifth-order polynomial to
positions and analytical differentiation afterwards (Bezodis et al.,
2012). For each run the location of TSI was estimated based on
our method on RedFIR data, yielding start and end locations of
TSI on the 100 m track, e.g., (54 m, 73 m). We then calculated the
mean speed based on Laveg speed at the same section of the track
and compared it to the results obtained by RedFIR.

Simultaneously, a photoelectric measurement system
OptoGait (Microgate, Bolzano, Italy/OJ) was placed to cover the
second half of the 100 m track (50-100 m) providing step-by-step
estimates for step length and step time. The OptoGait system
is comprised of 1 m modules, which can be attached to each
other to cover a larger distance. Each bar was 100 x 8 cm and
contained 96 light diodes that were located 3 mm above floor
level and approximately 1cm apart. Lienhard et al. (2013)
reported 95% limits of agreement of 1.0-1.8 cm for step length,

0.007-0.023 s for cycle time for older adults walking. Although
we are using the OptoGait system as a criterion for analyzing
sprint parameters obtained from young sprinters we deem this
system to be a valid choice as our approach only provides mean
values for step length and step time within TSI. OptoGait is
often used as criterion system for evaluation studies in sprinting
(Gindre et al., 2016; Schmidt et al., 2016). For more details on
the validation setting see Seidl et al. (2017). Mean step length
and step time estimates within the TSI based on RedFIR data
were compared to criterion measurements captured by the
OptoGait system.

Statistical Analysis

All statistical analyses were performed in SPSS, Version 25.0
(SPSS, Inc., Chicago, IL, USA). The level of significance was
set at p = 0.05 and descriptive results were expressed as
mean £ SD. Variables were checked for normality using the
Kolmogorov-Smirnov and Shapiro-WilK’s test. For normally
distributed parameters a f-test for independent samples was
used to investigate differences between male and females. For
variables TSI start location, TSI end location, TSI amplitude,
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TABLE 1 | Overview for automatically derived parameters.

Parameters Unit Definition Source
Sprint time (s) Sprint time measured by the RedFIR system (no reaction time) Tracking system
Max. speed (m/s) Maximum speed derived from v_base(t) V_base
Start acceleration (m/s?) Maximum acceleration derived from v_base(t) v_base
Speed endurance (%) Speed endurance derived from v_base(t) v_base
Top speed start location (m) Start position in running direction (m) of the top speed interval v_base
based on threshold obtained by top quintile of speed
distribution for the run
Top speed end location (m) End position in running direction (m) of the top speed interval v_base
based on threshold obtained by top quintile of speed
distribution for the run
Top speed length (m) Distance covered (m) within top speed interval based on V_base
threshold obtained by top quintile of speed distribution for the
run
Top speed start time (s) Start time (s) of the top speed interval based on threshold V_base
obtained by top quintile of speed distribution for the run
Top speed end time (s) End time (s) of the top speed interval based on threshold v_base
obtained by top quintile of speed distribution for the run
Top speed duration (s) Duration (s) of the top speed interval based on threshold v_base
obtained by top quintile of speed distribution for the run
Top speed step time (s) Mean step time during top speed interval v_cycle
Top speed step length (m) Mean step length during top speed interval derived v_cycle
Top speed amplitude (m/s) Peak-to-peak amplitude of intracyclic speed during top v_cycle
speed interval
Normalized top speed amplitude (%) Peak-to-peak amplitude of intracyclic speed during top v_cycle

speed interval—normalized by maximum speed

Units, definitions, and source for each parameter is shown. E.g., maximum speed is derived from Vpase (t) whereas TSI amplitude is derived from veyce (1).

and normalized TSI amplitude non-normal distribution were
observed and, hence, Mann-Whitney’s U-test was used.

Effect size was calculated and classified according to Cohen’s
classification of effect sizes into small (d < 0.2), moderate
(d < 0.5) , and large (d > 0.8) effects (Cohen, 1988).

The relationships between sprint parameters (independent
variables) and sprint time (dependent variable) were investigated
by calculating Spearman correlations coefficients (small effect
<0.3; medium <0.5; large >0.5). Reliability of sprint variables
was assessed calculating intra-class correlation coefficients
(ICC, two-way mixed methods, single measurements, absolute
agreement). ICC coefficients were classified according to Koo and
Li (2016) into poor (ICC < 0.5), moderate (ICC < 0.75), good
(ICC < 0.9), and excellent (ICC > 0.9).

RESULTS

Validation of TSI Parameters

Mean speed differences (RedFIR—criterion) within TSI were
—0.03 m/s whereas RMSE was 0.08 m/s (1.05%). Errors for
mean step time (step length) were —0.001s (0.001 m) showing
a slight underestimation of the RedFIR system with a RMSE
for step time of 0.004s (1.67%) and 0.03m (1.43%) for step
length showing a slight overestimation, respectively. Top speed
parameter estimates for mean speed, mean step length, mean
step time for the radio-based tracking, and criterion systems

are shown in Table 2. Bland-Altman plots are shown in the
Supplementary Material.

Results for TSI Parameters

The method was successfully applied to all 32 trials and giving
RMSE as percentage of maximum speed showed a good fit for
Vpase (£) (5.0 &= 1.0%) as well as for vy, (£) (2.0 &= 1.0%).

A graphical description of the best male and female
performance is given in Figure 3. It shows the clear cyclical
structure of running speed and its rather constant pattern in TSI
allowing for fitting our cyclic TSI-speed model. The faster male
runner reaches TSI later with a short duration but at a higher
maximum speed compared to the female sprinter. Within TSI
both show the same step time (0.23s) but different TSI speed
amplitude (1.39 vs. 0.73 m/s).

Table 3 shows descriptive statistics for TSI parameters.
Reliability tests for TSI parameters showed good to excellent
reliability except for speed endurance, TSI start and end time, top
speed distance, TSI start, and end location.

Comparison of TSI parameters between male and female
sprinters showed significant differences for maximum speed,
TSI start location, and TSI end location. For females mean TSI
speed amplitudes were 0.71 m/s, which corresponds to 8.42% of
respective maximum speed. For males we even found TSI speed
amplitudes of 1.31 m/s (13.88% of max speed). Top speed interval
speed amplitudes of male runners were, on average, 0.60 m/s
(5.4%) larger than for females (U = 245, p < 0.001, d = 0.8). This
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was also the case for TSI amplitude normalized with maximum
speed (U = 227, p < 0.001, d = 0.67).

Table 4 shows correlations between sprint parameters for
male and female sprinters that give an insight into the respective
structures of sprinting performance.

There were several significant correlations concerning TSI
and other sprint parameters, e.g., TSI start and end location
correlated significantly with speed endurance (male: r = 0.824,
p < 0.01; r = 0.829, p < 0.01; female: r = 0.834, p < 0.01; r =
0.864, p < 0.01). TSI time parameters and location parameters
showed similar results.

Top speed amplitude (absolute and % of max speed) did
not show a significant correlation to any other sprint parameter
(exception TSI step length in females: r = 0.575, p < 0.05)
indicating that it is a sprint parameter independent of all other
sprint determinants.

DISCUSSION

The study was in first place aiming at investigating the
appropriateness of radar-based position detection as a routine
instrument for obtaining sprint parameters in competition and
training. This is motivated by our perception that especially for
sprint parameters related to the TSI there is a considerable lack
of routine diagnostics of sprint parameters despite the decisive
importance of TSI for the 100 m-sprint.

The measurement device, the RedFIR system, was
validated for our study in comparison to laser-based speed
measurements and step length and step time obtained
from Optogait. Regrettably, there was a mismatch between
Optogait measurement interval (50-100m) and TSI (start
typically <50 m). Nevertheless, the deviations of RedFIR-based
measurements were acceptable (speed: 1.05%, step time: 1.67%,
step length: 1.43%). In addition, a direct validation of the TSI
speed amplitude for example with a high precision, marker based
optical tracking system would be desirable.

The suggested model for identifying TSI is solely based on
investigating the horizontal speed distribution of the full 100 m
sprint. This circumvents the need for estimating the COM from
a full body model (von Lieres und Wilkau et al., 2020) and/or the
analysis of consecutive step characteristics derived from motion
capture data (Nagahara et al., 2014a). We used the upper quintile
of the overall speed values obtained. This threshold implies
though, that the speed curve enters and leaves TSI only with a
small speed slope thus leading to a lack of reproducibility (ICC
for TSI start and end location/time between 0.336 and 0.518).
Maybe a lower threshold could cure this but one would have
to be still sure, that the important assumption of a stable top
speed running pattern is not violated. Thus, it would be beneficial
to investigate the optimal percentile for defining the TSI in
subsequent studies.

The procedure of identifying TSI parameters is quite
straightforward. The regression fitting errors for vy, (5.0 £
1.0%) and Veycle (2.0 £ 1.0%) were acceptable.

The suggested method for obtaining TSI sprint parameters
fits a cyclic sprint speed model to each sprint step in TSL. As a
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FIGURE 3 | Comparison for two runs performed by female (red) and male (blue) athletes. Panel (A) shows raw speed (dotted line) and fitted vjase () which allows to
estimate TSI start and end time for each run individually by estimating a run-specific speed threshold based on the observed speed distribution (B). Zoomed views of
TSI are shown for a male (C) and a female runner (D). Within TSI we obtain TSI step time (which is the same for both runners —0.23 s) and TSI amplitude which is
larger for the male runner (1.39 vs. 0.73 m/s).

“by-product” an estimation of the intra-cyclic speed amplitude in
TSI is obtained. To the best of the authors’ knowledge this is the
first time this parameter is explicitly reported when calculating
sprint parameters for TSI This is somewhat surprising, because
there is some evidence that TSI speed amplitudes do exists. If only
positional data with a sufficiently high frequency (>200 Hz) and
high spatial accuracy are available, intra-cyclic speed variations
are readily observed for example when tracking sprinters with
a laser device, e.g., in the documentation of Usain Bolts world
record these cyclic patterns are obviously present (Graubner and
Nixdorf, 2011).

Coh etal. (2018) report a similar phenomenon in their analysis
of a 100 m event at Zagreb in 2011 (including Usain Bolt running
9.855). They examined the ground contacts in his fastest 20 m
interval (70-90m) and found a minimal speed of 11.13 m/s
and a maximum of 12.04 m/s at toe-off resulting in an intra-
contact speed amplitude for the horizontal displacement of COM
of 0.91 m/s (this corresponds to 7.5% standardized amplitude).
Notwithstanding some criticism on the applied methodology
(2D-kinematics from 100 Hz videos with pixel resolution of 720
x 576) and the fact that this is intra-contact speed, these results
are evidence for intra-step speed variation.
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TABLE 3 | Descriptive statistics for sprint time and obtained sprint parameter values for 18 female and 14 male runs.

Male Female t-test Reliability ICC
Mean  Std Min Max Mean Std Min Max t-Values p-Values Effect size
Sprint time (s) 1193 056 11.21 12.67 13.08 044 1234 1411 6.47 p < 0.001 2.22 0.963
Max. speed (m/s) 944 050 886 1018 847 035 7.88 9.03 —6.23 p < 0.001 2.26 0.990
Start acceleration (m/s?) 629 055 5.39 7.32 584 044 492 6.57 —2.56 p <0.016 0.90 0.851
Speed endurance (%) 93.11 323 8807 9854 91.06 3.69 8401 97.99 —1.65 p < 0.109 0.59 0.190
Top speed start location (m) 4794 482 4301 59.06 43.08 4.51 36.17 57.08 210.00 p <0.001 0.56 0.440*
Top speed end location (m) 68.64 480 6353 79.39 6392 470 57.69 7863 203.00 p < 0.003 0.51 0.416"
Top speed length (m) 2069 066 19.96 2227 2084 0.68 19.73 22.04 0.60 p < 0.552 0.21 0.336
Top speed start time (s) 652 060 576 7.93 6.47 059 554 8.11 -0.25 p < 0.802 0.09 0.424
Top speed end time (s) 872 065 7.83 1018 893 061 812 1055 0.94 p < 0.357 0.33 0.518
Top speed duration (s) 220 013 2.0 2.41 247 012 230 2.68 5.83 p < 0.001 2.07 0.903
Top speed step time (s) 0.23 0.01 0.22 0.24 0.24 0.01 0.22 0.26 1.61 p <0.141 0.54 0.914
Top speed step length (m) 210 0.09 1.99 2.21 200 0.09 1.80 2.14 -2.97 p < 0.006 1.06 0.865
Top speed amplitude (m/s) 1.31 0.31 0.82 1.77 0.71 0.11 051 0.91 245.00  p < 0.001 0.80 0.976
Normalized top speed amplitude (%) 13.88 3.18 893 1827 842 125 6.26 1040 227.00 p <0.001 0.67 0.970

Sprint time was measured by the RedFIR system. Maximum speed, maximum acceleration and speed endurance are obtained by Vpase (t) Whereas amplitude, step length and step
time are obtained by Vpase (t). Results of t-tests/Mann-Whitney (t-value, p-value and effect size d).

*Mann Whitney U-test.

Also, there is a considerable body of studies on horizontal
braking and acceleration impulses during ground contact in
sprinting (Nagahara et al., 2014b, 2018a,b). These are large
braking and accelerating impulses and only the small difference
between them may be used for propulsion. These impulses
impact on the whole body and must give rise to cyclic intra-
step speed variation, although to the best of our knowledge this
consequence was not mentioned in the quoted papers.

It must be assumed, though, that the absolute values for
intra-cyclic speed amplitudes depend on the body part of sensor
fixation. Linke et al. (2018) report significant differences between
measurements of running kinematics taken from center of
shoulders like in our study and center of pelvis, with the latter
representing center of mass better. It is not yet well-understood
how braking and acceleration impulses from ground contact of
sprinters propagate through the body giving rise to intra-cyclic
speed variations. Theoretically, there is constant speed within
flight time and the only changes of speed may be induced in
contact time. Nevertheless, properties of the human body (body
segments with non-rigid connections) may care for “dampening”
of the net ground reaction forces in higher body locations, e.g.,
center of mass, and center of shoulders, where our sensors were
placed. The goodness-of-fit results of the cosine-wave model and
the qualitative shape of within-cycle speed support this notion,
but as mentioned there is reason to assume that TSI amplitude
is specific to the investigated body part, e.g., center of shoulders
(examined here) or center of pelvis or even center of mass.

The absolute values for the amplitude of the cyclic component
in sprint speed in TSI for the center of shoulders are quite
high (mean females: 0.71 m/s; 8.42% of maximum speed; mean
males 1.31 m/s; 13.88%). This means, within one step a sprinter
is exposed to considerable accelerations and decelerations. The
question that suggests itself is why these are hardly perceived
and reported by the athletes. A first speculation could take into
account that, because there are braking and acceleration impulses

in normal gait also, we have learnt by assimilation (Piaget and
Inhelder, 1967) and habituation (Hinde, 1970) in early childhood
to ignore this irrelevant sensor input. Thus, even a top-level
sprinter might adhere to a perception of constant running speed.

Nevertheless, it might turn out that intra-cyclic amplitude will
become a valuable parameter for sprint diagnostics. Coh et al.
(2018) make a low braking force responsible for Usain Bolt’s
high sprinting speed. This would correspond to a smaller TSI
amplitude, although there should be a mechanical lower limit
for it. It may be expected that there is an individual optimum
for TSI amplitude as too large values should be too energy
demanding and too small ones do not allow generating sufficient
propulsion forces.

Descriptive statistics and gender comparisons allow a deeper
understanding of TSI. Female sprinters stay a significantly longer
time in TSI due to reaching it earlier and due to mostly leaving
it later. There are no significant differences in the length of
TSI; female sprinters reach and leave it after significantly shorter
distances. It must be mentioned that this study was designed as a
technical feasibility study and not for gender comparisons.

The same holds for the correlations reported in this research.
These were mainly included to show the construct validation
of the performance structure of the 100m sprint. The inter-
correlations between the sprint parameters confirm the decisive
role of maximum speed for the 100 m performance with r =
—0.912 male/—0.864 female. Maximum speed itself is influenced
negatively by the duration and end time (not for females) of TSI
as well as acceleration at start.

The TSI parameters for location correlate with sprint
endurance: the farther TSI is down the way the smaller the loss
of speed toward the end. The same holds for the temporal onset
and offset of TSI Step time and step length in TSI show low
to moderate correlations with other sprint parameters for the
male athletes, whereas for female athletes we find significant
relationships to other TSI parameters as well as to maximum
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TABLE 4 | Correlation Matrix separately for male (lower triangular matrix, white) and females (upper triangular matrix, gray).

Sprint time Max. speed Start Speed Top speed Top speed Top speed Topspeed Topspeed Topspeed Topspeed Topspeed Topspeed Normalized
(s) (m/s) acceleration endurance start end location length (m) start time (s) end time (s) duration (s) step time (s) step length amplitude top speed
(m/s?) (%) location (m) (m) (m) (m/s) amplitude

(%)

Sprint time (s)
Max. speed —0.864**
(m/s)

Start -0.176
acceleration

(m/s?)

Speed —0.265
endurance

(%)

Top speed —0.408
start location

(m)

Top speed —-0.378 0.316 —0.612** 0.864**
end location

(m)

Top speed —0.076 —0.018 0.148 0.340 0.153
length (m)

Top speed —0.073 0.009 —0.827** 0.839** 0.904** 0.892**
start time (s)

Top speed 0.067 —0.195 —0.764** 0.849** 0.786** 0.809** 0.278
end time (s)

Top speed 0.623** —0.782** 0.028 0.202 -0.177 —0.059 0.596** 0.069
duration (s)

Top speed 0.033 —0.093 —0.434 0.230 0.255 0.207 —0.181 0.402
step time (s)

Top speed —0.557* 0.710* —0.412 0.230 0.589* 0.498* —-0.183 0.428 0.233 —0.606**
step length

(m)

Top speed —0.163 0.371 —0.189 —0.102 0.232 0.108 —0.321 0.180 0.015 —0.443 0.259
amplitude

(m/s)

Normalized 0.038 0.192 —-0.121 —0.284 0.022 0.106 —0.424 0.035 —0.100 —0.356 0.259
top speed

amplitude (%)

0.834**

0.969"

0.317

0.112

0.941*

0.102

0.501*

0.416 0.959**

Sprint time corresponds to the time it took an athlete to cover the distance between start and finish and was obtained directly from the tracking system. For male athletes top speed step length shows significant correlations with top
speed step time (r = 0.50), maximum speed (r = 0.71), TSI amplitude (r = 0.58), top speed duration, top speed start location (r = 0.59), top speed end location (r = 0.50), sprint time tracking (r = —0.56) and sprint time stopwatch (r =
—0.57) In contrast, for females top speed step length is not correlated with other sprint variables.

*p <0.05 *p<0.01.
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speed. The correlation between step length and time is moderate
(r = 0.516 male/0.501 female). This could be explained by
a combination of step length and time that constitutes an
individually optimal relation. This relation is determined by
individual muscular and anthropometric properties (Salo et al.,
2011; Van Oeveren et al., 2019).

Finally, there were no significant correlations found for the
intra-cyclic speed amplitude for the male athletes and only with
top speed step length for female athletes. This could mean that the
top speed amplitude constitutes a rather independent dimension
of sprint performance impacting maximum speed with r = 0.370
(male only 0.169).

The aims of the study were to demonstrate that employing
sensor-based position detection allows for comprehensive sprint
diagnostics in competition and training settings. It must be
mentioned that the sprint parameters obtained do not rely on the
specific technological platform, here the RedFIR system. Instead,
any platform providing sufficiently accurate high frequency
position data from sprinters may be used. The increasing market
for sensor-based position detection in sports, mostly powered by
the demand of professional team sports, will make appropriate
systems much more available in the future.

As it is a well-known fact that top speed is decisive for
the overall performance in 100 m-sprint, a method assessing
sprint parameters like TSI step length and step time are of high
relevance. The newly introduced parameter TSI amplitude also
bears potential for improving the theoretical understanding as
well as training in top level sprint athletes.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not publicly
available. Requests to access the datasets should be directed
to martin.lames@tum.de.

REFERENCES

Ae, M. (2017). “Sprint running: running at maximum speed,” in Handbook of
Human Motion, eds B. Miiller, S. I. Wolf, G.-P. Brueggemann, Z. Deng,
A. McIntosh, F. Miller, and W. S. Selbie (Cham: Springer International
Publishing), 1-29. doi: 10.1007/978-3-319-30808-1_119-1

Ae, M., Ito, A., and Suzuki, M. (1992). The men‘s 100 meters. New Stud. Athlet.
7,47-52.

Arsac, L. M., and Locatelli, E. (2002). Modeling the energetics of 100-m running
by using speed curves of world champions. J. Appl. Physiol. 92, 1781-1788.
doi: 10.1152/japplphysiol.00754.2001

Beneke, R., and Taylor, M. J. (2010). What gives Bolt the edge - A.V. Hill knew it
already! J. Biomech. 43, 2241-2243. doi: 10.1016/j.jbiomech.2010.04.011

Bezodis, I. N, Salo, A. I. T., and Kerwin, D. G. (2008). “A longitudinal case study
of step characteristics in a world class sprint athlete,” in Proceedings of the XXVI
International Conference on Biomechanics in Sports, eds Y.-H. Kwon, J. Shim, J.
K. Shim, and I. S. Shin (Paju-si: Rainbow Books), 537-540.

Bezodis, N. E., Salo, A., and Trewartha, G. (2012). Measurement error in estimates
of sprint velocity from a laser displacement measurement device. Int. J. Sports
Med. 33, 439-444. doi: 10.1055/5-0031-1301313

Bezodis, N. E., Willwacher, S., and Salo, A. I. T. (2019). The biomechanics of
the track and field sprint start: a narrative review. Sports Med. 49, 1345-1364.
doi: 10.1007/s40279-019-01138-1

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Technical University of Munich.
Written informed consent from the participants legal
guardian/next of kin was not required to participate in this
study in accordance with the national legislation and the
institutional requirements.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was funded by the Federal Institute for Sports Science
(BISp) under grant ZMV14-071503/16-18.

ACKNOWLEDGMENTS

The authors would like to thank the Fraunhofer Institute for
Integrated Circuits for providing us with the radio-based tracking
data and for their valuable input throughout the course of
this project.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fspor.
2021.689341/full#supplementary-material

Supplementary Figure 1 | Bland-Altman plots for TSI speed vs. Laveg (left), TSI
step length (middle), and TSI step time vs. OptoGait, respectively. Systematic
differences (solid line) and 95% limits of agreement (dashed lines) are shown.

Bompa, T. O., and Bompa, T. O. (1999). Periodization: Theory and Methodology of
Training. Champaign, IL: Human Kinetics.

Briiggemann, G. P., Koszewski, and, D., Miiller, H., and Foundation, I. A.
(1999). Biomechanical Research Project, Athens 1997: Final Report. Meyer and
Meyer Sport.

Briiggemann, G. P., and Rihl, J. K. (eds.) (1990). Techniques in Athletics:
Conference Proceedings. Koln: Strauf3.

Coh, M., Hébert-Losier, K., Stuhec, S., Babi¢, V., and Supej, M. (2018).
Kinematics of Usain Bolt’s maximal sprint velocity. Kinesiology 50, 100-101.
doi: 10.26582/k.50.2.10

Coh, M., Milanovic, and, D., and Kampmiller, T. (2001). Morphologic and
kinematic characteristics of elite sprinters. Coll. Antropol. 25, 605-610.

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences. New York,
NY: Routledge.

Colyer, S. L., Nagahara, R., and Salo, A. I. T. (2018). Kinetic demands of sprinting
shift across the acceleration phase: novel analysis of entire force waveforms.
Scand. J. Med. Sci. Sports 28, 1784-1792. doi: 10.1111/sms.13093

Debaere, S., Jonkers, I, and Delecluse, C. (2013). The contribution of step
characteristics to sprint running performance in high-level male and female
athletes. J. Strength Cond. Res. 27, 116-124. doi: 10.1519/JSC.0b013e31825183ef

di Prampero, P. E., Fusi, S., Sepulcri, L., Morin, J. B, Belli, A., and Antonutto,
G. (2005). Sprint running: a new energetic approach. J. Exp. Biol. 208(Pt 14),
2809-2816. doi: 10.1242/jeb.01700

Frontiers in Sports and Active Living | www.frontiersin.org

June 2021 | Volume 3 | Article 689341


https://www.frontiersin.org/articles/10.3389/fspor.2021.689341/full#supplementary-material
https://doi.org/10.1007/978-3-319-30808-1_119-1
https://doi.org/10.1152/japplphysiol.00754.2001
https://doi.org/10.1016/j.jbiomech.2010.04.011
https://doi.org/10.1055/s-0031-1301313
https://doi.org/10.1007/s40279-019-01138-1
https://doi.org/10.26582/k.50.2.10
https://doi.org/10.1111/sms.13093
https://doi.org/10.1519/JSC.0b013e31825183ef
https://doi.org/10.1242/jeb.01700
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles

Seidl et al.

Sprint Parameters in Top Speed Interval

Ferro, A., Pagola, I, Ferreruela, M., Martin, A., and Rocandio, V. (2001).
Biomechanical analysis of the 7th World Championships in Athletics Seville
1999. New Stud. Athlet. 16, 25-60.

Fuchs, P., and Lames, M. (1990). Mathematische modellierung des
wettkampfverhaltens im sprint. Leistungssport 20, 35-41.

Gindre, C., Lussiana, T., Hebert-Losier, K., and Morin, J. B. (2016). Reliability and
validity of the Myotest®) for measuring running stride kinematics. J. Sports Sci.
34, 664-670. doi: 10.1080/02640414.2015.1068436

Graubner, R., and Nixdorf, E. (2011). Biomechanical analysis of the sprint and
hurdles events at the 2009 IAAF World Championships in Athletics. New Stud.
Athlet. 26, 19-53. doi: 10.1097/JSM.0b013e318191c8e7

Griin, T., Franke, N., Wolf, D., Witt, N., and Eidloth, A. (2011). “A real-time
tracking system for football match and training analysis,” in Microelectronic
Systems, eds A. Heuberger, G. Elst, and R. Hanke (Berlin; Heidelberg: Springer),
199-212. doi: 10.1007/978-3-642-23071-4_19

Harrison, A.J., Jensen, R. L., and Donoghue, O. (2005). A comparison of laser and
video techniques for determining displacement and velocity during running.
Measur. Phys. Educ. Exerc. Sci. 9,219-231. doi: 10.1207/s15327841mpee0904_2

Healy, R., Kenny, I. C., and Harrison, A. J. (2019). Profiling elite male 100-m sprint
performance: the role of maximum velocity and relative acceleration. J. Sport
Health Sci. doi: 10.1016/j.jshs.2019.10.002

Hill, A. V. (1927). Muscular Movement in Man: The Factors Governing Speed and
Recovery from Fatigue. New York, NY: McGraw-Hill Book Company.

Hinde, R. (1970). Behavioral Habituation. New York, NY: Cambridge Univ. Press.

Hunter, J. P., Marshall, R. N., and McNair, P. J. (2004). Interaction of step length
and step rate during sprint running. Med. Sci. Sports Exerc. 36, 261-271.
doi: 10.1249/01.MSS.0000113664.15777.53

Hunter, J. P., Marshall, R. N., and McNair, P. J. (2005). Relationships between
ground reaction force impulse and kinematics of sprint-running acceleration.
J. Appl. Biomech. 21, 31-43. doi: 10.1123/jab.21.1.31

Jones, R., Bezodis, and, I., and Thompson, A. (2009). Coaching sprinting: expert
coaches’ perception of race phases and technical constructs. Int. J. Sports Sci.
Coach. 4, 385-396. doi: 10.1260/174795409789623964

Koo, T., and Li, M. (2016). A guideline of selecting and reporting intraclass
correlation coefficients for reliability research. J. Chiropract. Med. 15, 155-163.
doi: 10.1016/j.jcm.2016.02.012

Krzysztof, M., and Mero, A. (2013). A kinematics analysis of three best 100 m
performances ever. J. Hum. Kinet. 36, 149-160. doi: 10.2478/hukin-2013-0015

Levenberg, K. (1944). A method for the solution of certain non linear problems in
least squares. Q. Appl. Mathemat. 2, 164-168. doi: 10.1090/qam/10666

Lienhard, K., Schneider, D., and Maffiuletti, N. A. (2013). Validity of the Optogait
photoelectric system for the assessment of spatiotemporal gait parameters.
Med. Eng. Phys. 35, 500-504. doi: 10.1016/j.medengphy.2012.06.015

Linke, D., Link, D., and Lames, M. (2018). Validation of electronic performance
and tracking systems EPTS under field conditions. PLoS ONE 13:e0199519.
doi: 10.1371/journal.pone.0199519

Manzer, S., Mattes, K., and Hollinder, K. (2016). Kinematic analysis of sprinting
pickup acceleration versus maximum sprinting speed. J. Biol. Exerc. 12, 55-67.
doi: 10.4127/jbe.2016.0109

Marquardt, D. W. (1963). An algorithm for least-squares estimation of nonlinear
parameters. J. Soc. Indus. Appl. Mathemat. 11, 431-441. doi: 10.1137/01
11030

Mattes, K., Wolff, S., and Alizadeh, S. (2021). Kinematic stride characteristics
of maximal sprint running of elite sprinters-verification of the “Swing-Pull
Technique”. J. Hum. Kinet. 77, 15-24. doi: 10.2478/hukin-2021-0008

Mero, A. (1988). Force-time characteristics and running velocity of male sprinters
during the acceleration phase of sprinting. Res. Q. Exerc. Sport 59, 94-98.
doi: 10.1080/02701367.1988.10605484

Moravec, P., Ruzicka, J., Susanka, P., Dostal, E., Kodejs, M., and Nosek, M. (1988).
The 1987 International Athletic Foundation/TAAF scientific project report:
time analysis of ihe 100 metres events at the II World Championships in
Athletics. New Stud. Athlet. 3, 61-96.

Morin, J. B., Bourdin, M., Edouard, P., Peyrot, N., Samozino, P., and Lacour, J. R.
(2012). Mechanical determinants of 100-m sprint running performance. Eur. J.
Appl. Physiol. 112, 3921-3930. doi: 10.1007/s00421-012-2379-8

Morin, J. B., Samozino, P., Murata, M., Cross, M. R,, and Nagahara, R. (2019).
A simple method for computing sprint acceleration kinetics from running
velocity data: replication study with improved design. J. Biomech. 94, 82-87.
doi: 10.1016/j.jbiomech.2019.07.020

Mutschler, C., Ziekow, H., and Jerzak, Z. (2013). “The DEBS 2013 grand challenge,”
in Proceedings of the 7th ACM International Conference on Distributed Event-
Based Systems (Arlington, TX: ACM), 289-294. doi: 10.1145/2488222.2488283

Nagahara, R., Kanehisa, H., and Fukunaga, T. (2020). Ground reaction force across
the transition during sprint acceleration. Scand. J. Med. Sci. Sports 30, 450-461.
doi: 10.1111/sms.13596

Nagahara, R., Kanehisa, H., Matsuo, A., and Fukunaga, T. (2019). Are peak
ground reaction forces related to better sprint acceleration performance? Sports
Biomech. 20, 360-369. doi: 10.1080/14763141.2018.1560494

Nagahara, R., Matsubayashi, T., Matsuo, A., and Zushi, K. (2014a). Kinematics
of transition during human accelerated sprinting. Biol. Open 3, 689-699.
doi: 10.1242/bi0.20148284

Nagahara, R, Mizutani, M., Matsuo, A., Kanehisa, H., and Fukunaga, T.
(2018a). Association of sprint performance with ground reaction forces during
acceleration and maximal speed phases in a single sprint. J. Appl. Biomech. 34,
104-110. doi: 10.1123/jab.2016-0356

Nagahara, R., Mizutani, M., Matsuo, A., Kanehisa, H., and Fukunaga, T. (2018b).
Step-to-step spatiotemporal variables and ground reaction forces of intra-
individual fastest sprinting in a single session. J. Sports Sci. 36, 1392-1401.
doi: 10.1080/02640414.2017.1389101

Nagahara, R., Naito, H., Morin, J. B., and Zushi, K. (2014b). Association of
acceleration with spatiotemporal variables in maximal sprinting. Int. J. Sports
Med. 35,755-761. doi: 10.1055/s-0033-1363252

Park, S. (2011). Biomechanics Research Project in the IAAF World Championships.
Daegu 2011.

Piaget, J., and Inhelder, B. (1967). La Psychologie de Lenfant. Presses Universitaires
de France.

Rabita, G., Dorel, S., Slawinski, J., Saez-de-Villarreal, E., Couturier, A., Samozino,
P., et al. (2015). Sprint mechanics in world-class athletes: a new insight into
the limits of human locomotion. Scand. ]. Med. Sci. Sports 25, 583-594.
doi: 10.1111/sms.12389

Ruiter, C., and Van Dieen, J. (2019). Stride and step length obtained with
inertial measurement units during maximal sprint acceleration. Sports 7:202.
doi: 10.3390/sports7090202

Ryu, J.-S., Yoon, S., Park, S.-K., Kim, T., Yoo, S.-H., Lee, G.-s., et al. (2012).
“Sprinting speed of elite sprinters at the world championships,” in 30th Annual
Conference of Biomechanics in Sports (Melbourne, VIC).

Saito, Y., Nagahara, R., Ae, M., and Matsuo, A. (2008). “Evaluation of speed change
in 100 m sprint running,” in 26 International Conference on Biomechanics in
Sports (Seoul).

Salo, A., Bezodis, I., Batterham, A., and Kerwin, D. (2011). Elite sprinting:
are athletes individually step-frequency or step-length reliant? Med.
Sci.  Sports  Exerc. 43, 1055-1062. doi: 10.1249/MSS.0b013e3182
0168

Sathyan, T., Shuttleworth, R., Hedley, M., and Davids, K. (2012). Validity
and reliability of a radio positioning system for tracking athletes in
indoor and outdoor team sports. Behav. Res. Methods 44, 1108-1114.
doi: 10.3758/s13428-012-0192-2

Schmidt, M., Rheinlinder, C., Nolte, K. F., Wille, S., Wehn, N., and Jaitner, T.
(2016). IMU-based determination of stance duration during sprinting. Proc.
Eng. 147, 747-752. doi: 10.1016/j.proeng.2016.06.330

Schubert, A. G., Kempf, J., and Heiderscheit, B. C. (2014). Influence of stride
frequency and length on running mechanics: a systematic review. Sports Health
6,210-217. doi: 10.1177/1941738113508544

Seidl, T., Czyz, T., Spandler, D., Franke, N., and Lochmann, M. (2016). Validation
of football’s velocity provided by a radio-based tracking system. Proc. Eng. 147,
584-589. doi: 10.1016/j.proeng.2016.06.244

Seidl, T., Linke, D., and Lames, M. (2017). Estimation and validation
of spatio-temporal parameters for sprint running using a radio-based
tracking system. J. Biomech. 65, 89-95. doi: 10.1016/j.jbiomech.2017.
10.003

Frontiers in Sports and Active Living | www.frontiersin.org

June 2021 | Volume 3 | Article 689341


https://doi.org/10.1080/02640414.2015.1068436
https://doi.org/10.1097/JSM.0b013e318191c8e7
https://doi.org/10.1007/978-3-642-23071-4_19
https://doi.org/10.1207/s15327841mpee0904_2
https://doi.org/10.1016/j.jshs.2019.10.002
https://doi.org/10.1249/01.MSS.0000113664.15777.53
https://doi.org/10.1123/jab.21.1.31
https://doi.org/10.1260/174795409789623964
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.2478/hukin-2013-0015
https://doi.org/10.1090/qam/10666
https://doi.org/10.1016/j.medengphy.2012.06.015
https://doi.org/10.1371/journal.pone.0199519
https://doi.org/10.4127/jbe.2016.0109
https://doi.org/10.1137/0111030
https://doi.org/10.2478/hukin-2021-0008
https://doi.org/10.1080/02701367.1988.10605484
https://doi.org/10.1007/s00421-012-2379-8
https://doi.org/10.1016/j.jbiomech.2019.07.020
https://doi.org/10.1145/2488222.2488283
https://doi.org/10.1111/sms.13596
https://doi.org/10.1080/14763141.2018.1560494
https://doi.org/10.1242/bio.20148284
https://doi.org/10.1123/jab.2016-0356
https://doi.org/10.1080/02640414.2017.1389101
https://doi.org/10.1055/s-0033-1363252
https://doi.org/10.1111/sms.12389
https://doi.org/10.3390/sports7090202
https://doi.org/10.1249/MSS.0b013e318201f6f8
https://doi.org/10.3758/s13428-012-0192-2
https://doi.org/10.1016/j.proeng.2016.06.330
https://doi.org/10.1177/1941738113508544
https://doi.org/10.1016/j.proeng.2016.06.244
https://doi.org/10.1016/j.jbiomech.2017.10.003
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles

Seidl et al.

Sprint Parameters in Top Speed Interval

Taylor, M. J. D., and Beneke, R. (2012). Spring mass characteristics of the fastest
men on earth. Int. J. Sports Med. 33, 667-670. doi: 10.1055/s-0032-1306283
Van Oeveren, B. T. De Ruiter, C. J., Hoozemans, M. J. M., Beek,
P. J, and Van Dieén, J. H. (2019). Inter-individual
in stride frequencies during running obtained from wearable
data. J. Sports Sci. 37, 1996-2006. doi: 10.1080/02640414.2019.
1614137

von Lieres und Wilkau, H. C., Irwin, G., Bezodis, N. E., Simpson, S,
and Bezodis, I. N. (2020). Phase analysis in maximal sprinting: an
investigation of step-to-step technical changes between the initial acceleration,
transition and maximal velocity phases. Sports Biomech. 19, 141-156.
doi: 10.1080/14763141.2018.1473479

Walker, J., Tucker, C. B., Paradisis, G. P., Bezodis, 1., Bissas, A., and
Merlino, S. (2019). Biomechanical Report for the IAAF World Indoor
Championships 2018: 60 Metres Men. Birmingham: International Association
of Athletics Federations.

differences

Willwacher, S., Kurz, M., Menne, C., Schrédter, E., and Briggemann, G.-P.
(2016). Biomechanical response to altered footwear longitudinal bending
stiffness in the early acceleration phase of sprinting. Footwear Sci. 8, 99-108.
doi: 10.1080/19424280.2016.1144653

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Seidl, Russomanno, Stockl and Lames. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Sports and Active Living | www.frontiersin.org

12

June 2021 | Volume 3 | Article 689341


https://doi.org/10.1055/s-0032-1306283
https://doi.org/10.1080/02640414.2019.1614137
https://doi.org/10.1080/14763141.2018.1473479
https://doi.org/10.1080/19424280.2016.1144653
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles

	Assessment of Sprint Parameters in Top Speed Interval in 100m Sprint—A Pilot Study Under Field Conditions
	Introduction
	Methods
	Sample and Data Acquisition
	Data Analysis
	Basic Speed Model for Sprint Running
	Extract TSI
	TSI Parameters

	Validation of RedFIR for Estimating TSI Sprint Parameters
	Statistical Analysis

	Results
	Validation of TSI Parameters
	Results for TSI Parameters

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


