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%%
clear all, close all, clc;
Load(« merci_Tonton_Matlab.mat »)

[vent_de_face,ca_monte_a_Saint_Cloud] =
btkGetAnalog(h, Didier_j"’ ai_une_heure_de_velo_pour_venir’)

If vent_de_face ==

Disp('Ouais désolé Didier je dois étre & I'INSEP aujourd’hui, j''ai une réunion super importante’)
else

Disp(‘J'arrive a ?h30 Didier’)

End

% %%
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Ap_p max

BLL

BFlh

BW

CM

DLT

FP

F-v

LIST OF ABBREVIATIONS

Analysis of variance

Approximated
Generalized Likelihood
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Adductor

Antero-posterior
acceleration

Maximum antero-posterior
acceleration

Body lateral lean

Biceps Femoris long head

Body weight

Centre of mass

Direct Linear
Transformation

Norm of the centripetal
force

Norm of the antero-
posterior component of
the ground reaction force
Norm of the antero-
posterior braking force

Norm of the antero-
posterior propulsive force

Norm of the medial-lateral
component of the ground
reaction force

Force platforms

Force-velocity

GCS

GM

GMax

GPS

GRF

IMP,_p

IMP,_p_

IMP,_p,

IMPy,_,

IMPror

IMP,

ISB

LCS

MIMU

MTP

Vertical component of
the ground reaction
force

Gravitational
acceleration

Global coordinate
system

Gastrocnemius Medialis

Gluteus Maximus

Global positioning
system

Ground reaction forces

Antero-posterior
component of the
impulse

Braking antero-posterior
impulse

Propulsive antero-
posterior impulse

Medial-lateral
component of the
impulse

Resultant impulse

Vertical component of
the impulse

International Society of
Biomechanics

Local coordinate system

Magneto inertial
measurement unit

Metatarsophalangeal

10



Fror

MviIC

(O}

PB

RF

sEMG

SD

SF

SL

SOoL

TKEO

Norm of the resultant
ground reaction force

Maximal Voluntary
Isometric Contraction
Optoelectronic system
Personnal best

Rectus Femoris

Surface electromyography
Standard deviation

Step frequency
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GENERAL INTRODUCTION

In the 100-m dash, after the gun goes off, the female and the male who cross the finish
line in the shortest elapsed time will be crowned. As the mean antero-posterior velocity
(Va—p mean) reached during the 100-m dash is defined by the elapsed time over this
distance, it is pretty straightforward to assume that the V,_p yran is €ventually the most
important parameter that must be enhanced.

Decades of research have now addressed quite thoroughly the different parameters
that can influence the V,_p yeany and the performance over a 100-m dash. By using
data from lasers, radars and video cameras, Slawinski et al. (2017) showed that the
maximal antero-posterior velocity (V,_pyax) strongly predicted the 100-m dash
performance among World-Class sprinters (correlation coefficient (r) of -0.90). During
his 9.59 World Record, Usain Bolt reached the astonishing Vy_p yax Of 12.34 m- s
(Graubner & Nixdorf, 2009). Consequently, anyone who is willing to beat Bolt’'s World
Record would likely have to reach a greater V,_puyax. Likewise, we can quite
confidently predict the next female and male Olympic Champion in August 2024
based on the V,_p yax that the athletes will reach during the race. The centre of mass
(CM) antero-posterior velocity (Va_pcy) although more challenging to capture than
the Vi_pyean OF the Vy4_pyax Was also related to the sprinting expertise (Slawinski,
Bonnefoy Mazure, Levéque, et al., 2010). Consequently, the greater the V,_p oy, the
better the sprinter (Slawinski, Bonnefoy Mazure, Levéque, et al., 2010).

Based on Newton's Second Law the CM velocity (Vqy) can be described from the
ground reaction forces (GRF) (Kawamori et al., 2013). In the straight, it has been shown
that applying a greater magnitude of antero-posterior force (F,_p) is key to a better
sprinting performance (Hunter et al., 2005; Kawamori et al., 2013; Morin et al., 2012;
Rabita et al., 2015). Indeed, within a group of sprinters, those with the beftter
performances were able to produce more F,_p than their less experienced
counterparts (Rabita et al., 2015). Nevertheless, as sprinting is not an unloaded activity,
sprinters cannot only apply F,_p. In fact, a vertical force (F,) must be applied as well
in order to overcome the gravitational acceleration (g) and not fall (Morin et al., 2011).
Similarly, as a 100-m dash is assumed to be performed strictly in the straight, the medial-
lateral force (Fy,_;) is usually neglected or is not reported, although its magnitude can
reach up to 1/3 of the body weight (BW) during the initial stances (Nagahara et al.,
2017).
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In confrast, in the curve, the Fy_, becomes central as the sprinter has to adopt a
curvilinear motion (Chang & Kram, 2007). On top of that, this curvilinear motion is
fundamental in athletics as the 100-m dash remains the only event (with the 100-m
and the 110-m hurdles) to be performed strictly in the straight. Indeed, for all the track
events starting from the 200 m onwards, 57.84% of the total distance is run in the curve
which is equals to 115.68 m for a 200 m. For a 400 m, this distance is doubled and the
athletes must cover 231.36 m in the curve. At the Olympics, 10 sprint events are run in
the curve and can be considered as “curve sprinting events”: the 4*100, the 200 m,
the 400 m, the 400-m hurdles, and the 4*400 m. Plus, in 2019, an additional Olympic
discipline, the 4*400-m mixed relay, has appeared. Thus, considering the number of
curve sprinting events in frack and field, it is quite paradoxical that most of the
research that has been conducted until now has mostly focussed on the straight.

Consequently, the French Athletics Federation, via its coaches, has positioned itself to
initiate a PhD thesis aiming to address and understand the challenges when sprinting
in the curve. Indeed, it is well accepted that in this sprinting condition, the
performance is reduced in comparison to the straight, likely due to the apparition of
the centripetal force (Greene, 1985; Jain, 1980). For example, during a 200-m race,
the performance would be ~0.4 second (s) better if the same distance was to be run
in the straight instead of in the curve (Jain, 1980). Therefore, it appears mandatory to
study the underlying reasons explaining this reduced performance.

In sprinting, several mechanical parameters directly account for the performance and
can be investigated to compare both sprinting conditions to address a better
understanding of the different factors altering the sprinting performance in the curve.
Among these parameters, the V. provide a global approach of the sprinting
performance. As the Vg is directly impacted by the GRF and as the GRF has been
described as key parameters in the sprinting performance, they should be studied
concomitantly. Furthermore, a sprinter’'s capacity to optimally produce the GRF
depends on the sprinting technique which is itself impacted by the muscle activity of
the muscles surrounding the joints. Consequently, straight-line and curve sprinting can
be compared using a multi-dimensional experimental approach to address some
mechanical factors that reduce the sprinting performance in the curve.

Thus far, a few experimental studies have been conducted to understand the reasons
that account for the poorer sprinting performance in the curve. However, some of
these studies were conducted at radii not typical of frack events (Chang & Kram, 2007;
Filter et al., 2020), or with athletes sprinting at sub-maximal velocities (Alt et al., 2015).
Overall, only a few studies have investigated the GRF (Churchill et al., 2016; Judson et
al., 2019) and the kinematics (Churchill et al., 2015; Judson, Churchill, Barnes, Stone,
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Brookes, et al., 2020; Judson, Churchill, Barnes, Stone, & Wheat, 2020) in the curve, at
radii typical of frack events and with athletes sprinting with maximal efforts.
Nevertheless, these experimentations investigated 2 specific instants of the sprint: at
13 m (Judson, Churchill, Barnes, Stone, Brookes, et al., 2020; Judson, Churchill, Barnes,
Stone, & Wheat, 2020; Judson et al., 2019) and 40 m (Churchill et al., 2015, 2016). Yet,
in the curve, the centripetal force applied to the CM is strongly influenced by the
antero-posterior Vey (Vaepem) (Greene, 1985). Consequently, it is mandatory to
compare the curve to the straight not at an isolated moment of the curve, but rather,
throughout the transition phase.

Thus, the present PhD thesis aimed to compare the GRF, the joints’ kinematics and the
sEMG activity between the curve and the straight from the starting block on to the

VA—P MAX-

Over the past decade, technological improvements have permitted to conduct in-
field analyses to explore the sprinting kinematics (Blair et al., 2018; Nijmeijer et al., 2023)
and the surface electromyographic (SEMG) activity with wireless devices beneficing
from an adequate range. These devices together with innovating protocols (Cavagna
et al., 1971; Rabita et al., 2015) now permit to investigate the GRF, the kinematics and
the sEMG activity throughout an entire sprint within in-field conditions in order to
strengthen the study’'s ecological validity. In the present PhD thesis, the
experimentations conducted were tailored into four separate studies.

At first, we have tried to determine whether the V), computed with a commercially
available Magneto-Inertial Measurement Unit (MIMU)-based system matched the Vi,
computed with a reference system (i.e., force platforms (FP)). In a secondary study,
we have compared the GRF and the impulses in the straight and in the curve to better
appreciate how the human body adopts the curvilinear trajectory. Thirdly, the lower-
limb joint kinematics were explored to comprehend how the human body adapts to
make the CM turn while leaning inwards. Finally, as the sprinting technique itself relies
on the sEMG activity of the different muscles surrounding the joints, we have
investigated the SEMG activity of four muscles that have a meaningful impact in the
straight-line sprinting performance in a fourth study.

This manuscript is composed out of four main chapters. The first chapter is a literature
review detailing the current knowledge regarding the V., the GRF, the kinematics
and the sEMG activity from the starting blocks on to V,_p yax Iin the straight and in the
curve. The second chapter presents the general methodology employed to carry out
the different experimentations conducted during this PhD thesis. The third chapter
details the experimental contributions of the present thesis within four successive
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studies. Finally, the fourth chapter discusses the overall contribution of this PhD thesis
and address a general picture of the characteristics of curve sprinting. Practical
recommendations emerging from this PhD thesis are also made, together with
research perspectives that emerge from the present work.
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LITERATURE REVIEW

Part | - The sprinting velocity determines the
performance

The sources of the human movement

Walking and running

Humans are capable of locomotion over a wide range of velocities. Progressing from
one to the subsequent velocity requires mechanical adaptations. Three main means
of displacements are common: walking, running and sprinting. At the lowest velocities,
walking is characterized by a double support (i.e., both limbs are in contact with the
ground) (Nilsson et al., 1985; Novacheck, 1998; Segers et al., 2006). With a velocity
approaching and eventually exceeding ~2 m- s, humans transition towards running
(Segers et al., 2007; Thorstensson & Roberthson, 1987). In running, double support
phases disappear and successive stance and swing phases appear (see figure 1)
(Segers et al., 2007). With the increasing running velocity, the touchdown contact
eventually shifts from rearfoot to forefoot and can characterize the change between
running to sprinting (Novacheck, 1998). Regardless of the velocity, sprinting also
consists of a maximal effort aiming to cover a given (generally short) distance, in the
shortest time.

‘Touchdown ‘ |Mid—sfonce | |Toke-off | | Initial swing | |Mid-swing ” End-of-swing | |Touchdown ‘
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Figure 1. Representation of the right leg from entire running gaif cycle (from one fouchdown to the

following touchdown).
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Sprinting

Depending on the sport, the sprinting demand and the characteristics associated with
it can vary. In frack and field sprint events, the 100-m dash is considered to be the
showpiece event and eventually honors the fastest female and male in the world. This
event is also unigue in itself as it is the only outdoor track event to be run strictly in the
straight. In all other frack events (200 m and above), the curve represents ~58% of the
total distance, which means that sprinting efficiently in the curve is key for these events.
For the 200 m, the distance to cover in the curve is 115.60 m for all the lanes. For the
400 m, the distance to cover in the curve is doubled and equals to 231.20 m for all
lanes.

Sprinting in the curve

It is a common statement among coaches and athletes to assume that the curve
portion of the race results in a decreased sprinting performance in comparison to the
straight. In addition to that, within the curve, further discrepancies result from the lane
allocated to the athlete. The inner lanes yield greater disadvantages in comparison to
the outer ones due to the smaller radii of curvature. Following the World Athletics Track
and Field Facilities Manual, international events can be held onlanes 1 to 9. Their radius
of curvature typically ranges from 36.50 m (lane 1) to 46.26 m (lane 9) with 1.22-m wide
lanes. Likely aware of the disparities between lanes, World Athletics have recently built
new rules regarding the lane allocation for the 200 and 400 m that will be applied
starting from the 2023 World Championships onwards. For the first round, the lane
allocation in track competitions “shall be drawn by lot”. For the subsequent rounds,
three draws for lanes will be made. For the 200 m, the following rules will apply:

1. "The 3 top ranked athletes to determine placings in lanes 5, 6 and 7;

2. Another for the three following athletes to determine placings in lane 3, 4 & 8;

3. A third draw for the two last ranked athletes or feams to determine placings in
lones 1 and 2.”

For the 400 m on the other hand, the following drawing will apply:

1. "The 4 top ranked athletes to determine placings inlanes 4, 5, 6 and 7;

2. Another for the two following athletes to determine placings in lane 3 & 8;

3. A third draw for the two last ranked athletes or feams to determine placings in
lones 1 and 2.”

Thus, this regulation somehow confirms the empirical statement postulating that inner
lanes yield greater disadvantages than the outer lanes.
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A couple of mathematical models confirmed this empirical evidence. For example,
Jain (1980) estimated that in average, the advantage of the outer lane between two
adjacent lanes would be approximately 0.012 s. Therefore, in their example of a seven
lanes track, differences between the innermost and the outermost lanes would be
0.069 s for a 200 m (Jain, 1980). Using a diverging mathematical model, Greene (1985)
suggested that the differences between lane 1 and lane 7 would be 0.123 s for a 200-
mrace, which is almost the double of Jain’s (1980) estimations. Overall, although these
mathematical models do not fully agree regarding the magnitude of the difference
between each lane in the curve, they are in line with the empirical statements
stipulating that 1) the curve results in a decrease in performance in comparison to the
straight; and 2) the innermost lanes place the athletes at a greater disadvantage in
comparison to the outermost lanes.

The 2017 200-m World Championships men’s final provides an illustration of the uneven
nature of the curve in track and field events. Ramil Guliyev won the gold medal by
0.02 s over Wayde Van Niekerk: respectively 20.09 and 20.11 s. Guliyev ran on lane 5
while the lane 3 was attributed to Van Niekerk. It is interesting to note that the final
time difference between both sprinters resulted in the differences that arose from the
first 100 m of this race (10.13 vs 10.15 s respectively), strictly ran on the curve portion of
the tfrack. Following Jain’s (1980) estimations, this two-lane staggered position would
yield a 0.023 s difference, making Wayde Van Niekerk win the gold medal if this
assumption was found to be correct and if the athletes were to run on the same lane
(although this is very unlikely to happen). Many similar examples can be found in the
track and field 200- and 400-m history, confirming the uneven nature of the curve and
strongly encourage to understand the underpinning reasons.

From basic physics, a body moving in a circular motion requires a centripetal force to
be applied to that body. The norm of the centripetal force (F;) is defined by:

Vy?

Fe=mx("T) (1)

r

where, m is the subject’'s mass, V; his tangential linear velocity and r the radius of
curvature. Since this F, is proportional to the vV, squared, thus, the magnitude of F,
strongly depends on the runner’s V,_p oy. Therefore, at a given radius of curvature,
close to the runner's Vy_pcumax. Fc is maximal. Given that the F. is inversely
proportional to the radius of curvature, and following Jain's (1980) and Greene's
(1985) models, one would state that the most outer lane would yield the least
reduction in performance in comparison to the straight. Yet, it is a common statement
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among track and field coaches and athletes to postulate that sprinting “blind” without
seeing another athlete in front is detrimental. Thus, the middle lanes are commonly
considered as being the most advantageous in the curve as they represent a tfrade-
off between radius of curvature and having opponents in front (World Athletics does
not allocate the lane 8 to the best seeded athlete).

The different phases of a sprint

Track and field coaches agree with researchers and describe sprinting as a multi-
phase event. From a practical point of view and although the phases’ names and its
number diverge among authors a 100-m dash can be divided within three main
phases. Volkov & Lapin (1979) divided the sprint within 1. Acceleration, 2. V,_p yax and
3. Deceleration phases. On the other hand, Moravec et al. (1988) divided the 100-m
dash within 1. Acceleration, 2. V,_p yax and 3. Velocity endurance, based on their work
during the 100-m dash 1987 World Championships. Finally, Mero et al. (1992)
separated the acceleration phase within two sub-phases which breaks down the 100-
m dash within 4 separate parts: starting blocks, acceleration, constant velocity and
deceleration phases (Mero et al., 1992).

Recently, simple methods were developed to compute the Force-Velocity (F-v)
relationship of a 40-m sprint in overground sprinting (Morin et al., 2019; Samozino et al.,
2016). Computing the F-v relationship helps to individualize the training programs
(Morin & Samozino, 2016) and has become of greater interest in coaching over the
past decade. Thus, for the present manuscript, we thought it would be of interest to
suggest a new break-down of the 100-m dash into different sprinting phases that
ultimately correspond to distinct training zones. This layout would eventually draw an
interesting overview of the main characteristics of each phase associated with each
specific strength and conditioning training zones.

Consequently, in the present manuscript, we have decided to divide a 100-m dash
within four different phases based on Volkov & Lapin’s (1979) sprinting definition (figure
2):

e Phase 1. From the starting blocks push-off — (maximal F,_p) to the maximal
antero-posterior power (Py_p yax):

e Phase 2: From the Py_p yax t0 the V,_p yax (the transition phase);

e Phase 3: The V,_p yax:

e Phase 4: The deceleration.
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Figure 2. An example of a raw 100-m dash antero-posterior velocity (in purple)and the antero-posterior
power (in green, computed using Samozino et al.’s (2016) method) with respect fo the distance
(expressed in m) recorded with a laser device. The dashed vertical lines represent each sprinting phase.
The phase 1 includes the starting blocks pushing phase and lasts until the maximal antero-posterior power
(Ps—p max). The phase 2 spans from the P,_p yax to the maximal antero-posterior velocity (Va_p uax). The
phase 3 corresponds to the V,_p yax Phase. Finally, the phase 4 corresponds to the deceleration phase.

Based on personal unpublished data using wearable global positioning systems (GPS),
we found that the same 4 phases can be found during 200- and 400-m sprints (see
figure 3).

Within the present manuscript, we have decided to focus our analysis over the first
three phases of the sprint. Thus, in the following literature review, the experimentations
discussing the V,_p, the GRF, the joints’ kinematics as well as the muscular activity within
these first three phases of a 100-m dash in the straight and in the curve will be
discussed. For clarity’s sake, when experimentations refer to multiple instants of the
sprint that include the phases 1 and 2, we will refer to the “transition phase”.
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Figure 3. Sprinting velocity measured with a Global Positioning System device during a 100-, 200- and 400-
m sprints by the same athlete. The arrows point the instant where the maximal antero-posterior velocity
(Va_p max) is reached. Although the V,_p yax changes between each sprinting distance, the same four
phases are recognizable.

Velocity as a pledge of performance

Strictly speaking, the V,_p is defined as the time taken to cover a given antero-posterior
distance. Thus, the main aim of a 100-m race consists of covering the given distance
over the shortest time. It is pretty straight-forward to acknowledge that the sprinter’s
Va_p mpan OVEr the distance is ultimately the most important parameter for straight-line
sprinting performance. Thereafter, through the three different phases, we will present
the sprinter’'s V,_p-time curve reported in the literature.
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1. The sprinting velocity from the starting blocks to the maximal
antero-posterior power (from ~0 m to ~4 m)

1. The starting blocks pushing phase

i. Straight

In frack and field, all sprint events (i.e., 60, 100, 200 and 400 m) are initiated with a
starting blocks phase. This phase spans from the “On your marks” on to the front block
exit (Bezodis et al., 2019). Before entering into the starting blocks, the sprinter must
setup the plates antero-posterior position and inclination as these eventually influence
the starting blocks pushing phase performance.

According to Slawinski et al. (2012), the best trade-off between the starting block V,_p
exit and the pushing time on the blocks corresponds to a “medium start” (inter-blocks
spacing of 36.8 + 3.5 cm). In addition to that, the blocks inclination is also a key feature
in the sprint start. Guissard et al. (1992) reported a greater V,_p at starting blocks exit
with a front block angle of 30° in comparison to 70° (respectively 2.94 +0.20 m-s' and
2.37 £0.31 m-s7), without any increase in the starting blocks pushing phase duration.

As we will develop in the present manuscript, the V,_p is a central metric in sprinfing.
Therefore, different experimentations evaluated this parameter. The figure 4 presents
the V,_p ci (cOmputed from FP), optoelectronic systems (OS) or manual digitation from
video footage) or V,_p (radar, laser) at the starting blocks exit as reported in the
literature when 100-m dash personal bests (PBs) were also reported. Overall, we can
observe a trend suggesting that the V,_p oy O V4_p atf the starting blocks exit increases
together with the sprinting expertise.

24



Literature review

100 m Personal Best (s)

Ciaccietal. (2016) L

4.2
A
".'m 16 1 ® 1217 ~ 12.54
é ] 80~ 12
3.8 _ 11.80~12.17
2 |
§ 3.6 1 ® 11.43~11.80
o 1 ..0 @
> ] {
3 3.4 o' 0 11.06 ~ 11.43
© 3.2+ o« ® o° -
8 J Py ® 10.69 ~ 11.06
9_ 3.0 H - ©
5 ] e @ @ ® 10.32~ 10.69
‘= 2.8 @
.."c_’ ] °
— 9.950 ~ 10.32
< 2.6 o
24 T . I . T . T : T r T 9.580 ~ 9.950
10.0 10.5 11.0 11.5 120 12.5

100 m Personal Best (s)

Figure 4. Centre of mass’ or sprinter’s antero-posterior velocity (expressed in m-s’!) at the starting blocks
exit with respect to the 100 m personal best (PB; expressed in s) retrieved from the available literature. The
color map corresponds to the 100 m PB.

Slawinski et al. (2010) used an OS and 63 retro-reflective markers positioned on
anatomical landmarks in order to compute the CM V,_p (Va_pcu) OVer the starting
blocks pushing phase. From the reconstructed spatial frajectories of the markers, the
segments’ mass and the CM position (V4_pcy Was computed using the time
differentiation of the CM position) were estimated with scaling equations (Dumas et
al., 2007). The authors reported a greater V,_p oy at the front block exit between elite
(100-m PBs of 10.27 £ 0.14 s5) and experienced (100-m PBs of 11.31 £ 0.28 s) sprinters
(respectively 3.48 £ 0.05 vs 3.24 £ 0.18 m-s1) (Slawinski, Bonnefoy Mazure, Levéque, et
al., 2010).

Ciacci et al. (2016) compared the V4_p ) Of “world-class” (derived from Diamond
League track meets) and *“elite” (derived from the Italian junior athletics
championships) sprinters using 3 video cameras. From the video footage, the authors
computed the partial and global V,_p ¢ through manual digitation of 21 anatomical
landmarks on the three videos and Direct Linear Transformation (DLT) (Abdel-Aziz &
Karara, 1971) was used in order to perform a three-dimensional (3D) calibration and
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segmental data (de Leva, 1996). In their experimentation, world-class male sprinters
(100-m PBs of 10.03 £ 0.14 s) reached greater V,_p -y than their elite (100-m PBs of 10.74
+0.21 s) counterparts (4.16 £ 0.39 vs 4.08 £ 0.08 m-s’!, respectively) and represent the
highest values available in the literature (Ciacci et al., 2016) (see the two highest points
in figure 4).

However, the utilization of an OS or cameras has been criticized as this “inverse
dynamics” methods relies on assumptions regarding the anthropometry and the body
segments’ rigidity (Pavei et al., 2017). In addition, markers movement on the skin as
well as operator errors originating from manual digitation during video footage clicking
on the anatomical landmarks constitute other limitations of this method. In order to
overcome those limitations, other authors have used FP to compute the Vy ¢ Using @
“forward dynamics” approach as none of the above-mentioned assumptions are
needed (Pavei et al., 2017).

Using FP, Rabita et al. (2015) compared the V,_p o af the front starting blocks exit
between elite (100-m PBs ranging from 9.95 to 10.29 s) and sub-elite (100-m PBs ranging
from 10.40 to 10.60 s) sprinters. In their experimentation, the elite athletes reached a
Va—pem Of 3.61 £0.08 m- st which corresponds to a 12.1% higher V,_, ¢y than their less
experienced counterparts (3.17 £ 0.19 m- s') (Rabita et al.,, 2015). Those findings
corroborate with those of Slawinski et al. (2010) postulating that the starting blocks exit
Va_p cu 1S pOsitively associated with the sprinting expertise.

Ciacci et al.’s (2016) values are ~15% greater than those reported by Rabita et al.
(2015) despite that the participants in both studies were at a quasi similar sprinting
expertise. The large discrepancies between the two experimentations could be
twofold. First, the conditions under which the measurements were made differed. In
Ciaccietal.’s (2016) experimentation, the data were retrieved from international track
meets, with opponents next to the athletes. In contrasts, in Rabita et al.'s (2015)
experimentation, those measurements were made during a training session. Thus, the
engagement might have been maximal during the frack meet and could explain the
~15% greater values than the findings of Rabita et al. (2015). In addition to that, the
Va_p cu Processing varied between both studies. While Rabita et al. (2015) used FP,
Ciacci et al. (2016) used video cameras and manual digitation of anatomical
landmarks to reconstruct the body CM after applying segmental parameters.

Two experimentations reported the V,_p oy af the starting blocks exit and at V4_p yax-
Rabita et al.’s (2015) showed that elite and sub-elite sprinters are able to reach ~35%
of their maximal Vy_p e (Va—p cm max) @t the starting blocks exit. On the other hand,
Debaere et al. (2013) found that national level female and male athletes reached a
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Va_p cu Ot the starting blocks exit which correspond to ~31% of their V,_, ey max- In their
study, the female sprinters had a V,_p o)y 0f 2.76 £ 0.40 m- 5! at the starting blocks exit
and 8.88+0.11 m-s1 atVy_p cm max- The male sprinters, on the other hand, had aV,_p ci
of 3.14+0.18 m-s! at the front block exit and 10.01 £0.16 m s at V4_p ey max (DeDCETE,
Jonkers, et al., 2013).

Overall, these two experimentations show that the starting blocks pushing-phase leads
the sprinters to reach ~1/3 of their V4_p ey max ©Ver a short time (~0.35 s (Slawinski,
Bonnefoy Mazure, Levéque, et al., 2010)) and emphasize the major role of this phase.

ii. Curve

To the author’s knowledge, no experimentation investigated the V,_p ¢y during the
starting blocks pushing phase in the curve. In the 200- and 400-m sprint starts, athletes
are usually advised to position their starting blocks on the outside of their lane, pointing
towards the inside of the lane, a few meters ahead, in order to sprint in a straight-line
during the first steps. Thus, based on the coaches’ empirical evidence, it is likely that
small differences if any will be found between the two sprinting conditions during the
starting blocks pushing-phase.

2. The sprinting velocity from the starting blocks exit on to the maximal antero-

posterior power (from ~0 m to ~4 m)

i. Straight

After the starting blocks phase, a sprinter still undergoes a large increase in his V,_p
while in an uprising position (Nagahara et al., 2014). With the increasing V,_p, the
sprinter’s ability fo generate F,_p onto the ground decreases. The antero-posterior
power (P4,_p) can be defined as the product of the V,_p, and the F,_p. Thus, the
maximal P,_p (Ps—pmax) corresponds to the apex of the antero-posterior power-
velocity relationship and is reached at 50% of V,_p, (Samozino et al., 2016).

In treadmill sprinting, the P,_p yax Was typically reached after ~2 s (Morin et al., 2010)
for physically active students, ~2.5 s (Jaskolski et al., 1996) for healthy-male students
and at sprinting V,_p comprised between ~4.5 and ~6.5 m - s with a mixed population
of physically active students and track sprinters (Morin et al., 2012).

In overground sprinting on the other hand, the P4_p yax Wasreached at ~5.5m-s' and
~6m-st (~3-3.3 m) by female and male world-class athletes and at ~6.5 m - s for Usain
Bolt during his .59 s World Record in 2009 which corresponded to ~50% of their V4_p yax

27



Literature review

(Slawinski et al., 2017). Thus, overall, from the starting blocks exit on to the P,_p yax. the
sprinter’s V,_p increases from ~30% to ~50% of the sprinter’s V,_p yax Within 2-to-3 steps.

ii. Curve

To the author’s knowledge, no experimentation investigated the V,_p -y between the
starting blocks exit and the P4_p yax iN the curve. As the initial steps are expected to
be mostly in the straight, little (if any) changes are expected for the V,_p -y between
the straight and the curve.

2. The sprinting velocity from the maximal antero-posterior power
to the maximal antero-posterior velocity (from ~4 m to ~40 m)

1. Straight

After the P,_p yax is reached, the so-called “transition phase” spans on to the instant
of Vy_pemmax OF Va_pmax from ~4 m to ~40 m. This phase’s duration varies with the
athlete’s expertise (Slawinski et al., 2017; Volkov & Lapin, 1979). Throughout this phase,
the sprinter’'s V,_p ¢y inCreases to a lesser extent than during the first phase of the race.

Usain Bolt's V,_p-distance curve from his 9.59 s World Record in 2009 illustrates this (see
Graubner & Nixdorf's (2009) figure A page 27 in their study). Bolt reached a Vy_p ygan
of 9.99 m- s during the 10-20 m interval which corresponds to ~81% of his V,_p pax-
Over the 20-30 m interval, his V4_p yran increased to 11.11 m-s!, corresponding to ~90%
of his V4_p yax- INn the 30-40 m interval, his V4_p ypan further increased to 11.63 m- s,
which corresponds to ~94% of his V,_p yax. Overall, Usain Bolt reached ~50% of his
Va_p max With the starting blocks push-off and the initial 3 steps. From ~50% to ~90% of
his V4_p max. BOlIt needed 16 more steps. Thus, it is clear that once the P,_p yax has been
reached, the increase in V,_p is slower.

Aerenthouts et al. (2012) evaluated the V,_p, of female and male junior and senior
Finish sprinters using a laser during the transition phase. These authors found that,
regardless of the gender, the sprinters with the best sprinting expertise were at a
significantly greater (all p <0.05) V,_p at 5, 10, 15 and 20 m than their less experienced
counterparts (Aerenhouts et al., 2012). Those findings suggest that in addition to the
starting blocks exit and the P4_p yax Phases, the sprinters with a greater expertise are
also able to reach higher V,_p than their less skilled counterparts throughout the
fransition phase.

2. Curve
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Judson et al. (2020) used and OS and applied segment inertial parameters (de Leva,
1996) to compute the V,_p o from maximal effort sprints, both in the straight and in the
curve and at 13 m on a reconstructed lane 1 (r = 36.50 m). These authors reported
similar V4_p ¢ in the curve in comparison to the straight (both p > 0.05). Those findings
mean that the V,_p ¢y is Not affected by the curve at 13 m on lane 1. However, due to
the restricted calibrated volume, these authors focussed their analysis on two steps at
a specific instant of the transition phase which limits the global understanding of how
the curve alters the V,_p ¢ during this phase.

3. The sprinting velocity at the maximal antero-posterior velocity
(from ~40 m to ~70 m)

1. Straight

At the end of the transition phase, a sprinter reaches V,_p yax after ~22 steps in
overground sprinting (Nagahara et al., 2020). Using a linear encoder that measures
the rate at which a 200-m long wire is unrolled, Volkov & Lapin (1979) were the first to
compare the V,_p yax between two groups with a different sprinting expertise. These
authors found that sprinters with 100-m PBs of 11.17 + 0.33 s reached greater V,_p yax
than non sprinters (.01 £ 0.22 vs 7.59 £ 0.57 m - s respectively) (Volkov & Lapin, 1979).
In their study, Rabita et al. (2015) found a significantly greater V,_p yax for the elite
group in comparison to their sub-elite counterparts (respectively 10.24 £ 0.19 vs 9.33 +
0.31 m-s'); thus, confirming the previous findings that sprinters with a greater expertise
are able to reach higher V,_p yax than their least experienced counterparts.

More recently, Slawinski et al. (2017) congregated instantaneous V,_p from laser and
Va_p mean OVeEr 10-minterval retrieved from female and male video footage during 100-
m dash at the World Championships and the Olympic Games finals between 1987 and
2012. Fifty-one races were compiled for the female sprinters and fifty for the male
athletes with mean performances of 10.85+0.15s and 9.82 + 0.15 s respectively in the
100-m dash. Thus, it is clear that this study gathered world class performances for both
female and male sprinters. Slawinski et al. (2017) reported that male sprinters reached
a significantly greater V,_p yax than the females (11.53+0.23 m-s7vs 10.39£0.17 m-s
Trespectively) (Slawinski et al., 2017). In addition to that, the V,_p yax reached during
the race was strongly correlated with the 100-m performance of the female and male
sprinters (r=-0.74 and -0.90; p < 0.001, respectively) (Slawinski et al., 2017).
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The figure 5 gathers the V,_p yax reported through the literature as a function of the
100-m PB. From the figure 5, it is also interesting to note that with a 100-m PB of ~11.00
s or beftter, the increase in the 100-m dash performance and the V,_p yax are almost
linear.
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Figure 5. Centre of mass’ and sprinter’s antero-posterior velocity (in m-s') expressed as a function of the
sprinters’ 100 m personal best (in s) among male and female sprinters. Data retrieved from the available
literature.

The three greatest V,_pyax recorded were reached during the 2009 World
Championships male 100-m final. During this race, Usain Bolt beat his own 100-m World
Record with a time of 9.58 s while Tyson Gay (silver medalist) and Asafa Powell (bronze
medalist) set a time of respectively 9.71 s and 9.84 s. Using lasers positioned behind the
three medalists, Graubner & Nixdorf (2009) assessed the instantaneous V,_p-distance
curve of these three outstanding sprinters. Usain Bolt reached a V,_p pax of 12.34 m- s
I while the other two medalists reached a V,_p yax Of 1220 m-s! and 11.90 m- s
(Graubner & Nixdorf, 2009). As the greatest V,_p yax fOr male was recorded during the
male World Record, any sprinter attempting to beat Bolt's performance would likely
have to reach V,_p yax Qreater than 12.34 m-s-1.
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In addition to the V,_p yax. The fime or the distance taken to reach this Vy_p yax are
also key parameters in straight-line sprinting that are well associated with the sprinting
expertise. Volkov & Lapin (1979) showed that the sprinters reach their V,_p yax later
than the non-sprinters (after 4.66 + 0.36 s vs 4.22 vs 0.21 s for the sprinters and the non-
sprinters, respectively; p < 0.001), meaning that the sprinters are able to accelerate
over a longer duration. More than 30 years later, Debaere et al. (2013), using a laser,
investigated the V,_p of the 20 best performing female and male Flanders sprinters of
the 100-m sprint rankings in 2009. These authors showed that male with better 100-m
PBs reached their V,_p yax at 50.75 £ 5.35 m which was ~20% later than their female
counterparts, who reached their V,_p yax at 42.26 + 5.42 m (Debaere, Jonkers, et al.,
2013). Slawinski et al. (2017) later confirmed Debaere et al.’s (2013) findings with world-
class male sprinters reaching their V,_pyax significantly later than their female
counterparts (after 6.44 +0.86 s and 5.70 + 0.69 s, respectively; p < 0.001) (Slawinski et
al., 2017). Finally, in the 2009 World Championships final, Usain Bolt reached his V,_p pax
at 67.90 m while the other two medalists reached their V,_p yy4x af 55.23 and 53.75 m
(Graubner & Nixdorf, 2009), meaning that all three athletes were able to accelerate
over a large portion of the 100-m dash which can testify their sprinting expertise.

Overall, these experimentations suggest that a) greater V,_p yax are reached by
sprinters with greater expertise; and b) sprinters with better 100-m expertise reach their
Va_p max later than their least experienced counterparts.

2. Curve

Hanon & Gajer (2009) computed the sprinting V4_p ypan Over 50-m segments of
regional-to-international level female and male 400-m races. These authors showed
that regardless the expertise or the gender, the athletes’ greatest V,_p yean Over 50-m
segments were reached within the 50-100 m segment (Hanon & Gajer, 2009). Although
providing preliminary insights, Hanon & Gaijer’s (2009) study presents limitations as the
V,_p was averaged over 50-m intervals and sprinting with maximal effort is
characterized by step-by-step changes. As the 0-50 m interval encompasses the early
transition phase and the very low V,_p associated with it, the V,_pypan IS
underestimated during the 0-50 m interval. Thus, it is possible that the V,_p yax Was
reached before the 50-m mark, as it could be the case in the straight. For that sake, it
would be of great interest to seek for the V,_p yran Over smaller intervals (i.e., 10 m) or
directly for the instantaneous V,_p. This would in turn provide unique information
regarding the instant at which the V,_p y4x is reached during 200- and 400-m races.

Churchill et al. (2015) were the first authors who investigated the Vy ), at a distance
that could correspond to V4_p ey max iN the curve (i.e., 40 m). The authors used two
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cameras, manual digitation and the DLT (Abdel-Aziz & Karara, 1971) in order to create
a 16-segment kinematic model, o combine body segment inertia (de Leva, 1996) and
to determine the CM using the segmental approach (Eng & Winter, 1993).

Thereafter, the authors compared the V,_p oy max OETWeen straight-line and curve
sprinting at 40 m on lane 2 (r = 37.72 m) averaged during both left and right steps.
Churchill et al. (2015) reported a significant ~4.7% decrease of the V4_p ey max AdUring
both left and right steps in the curve in comparison to the straight (from ~92.83 m-s'in
the straight to ~9.37 m-s1in the curve). However, these authors only investigated the
Vi_p ey Qveraged over one single step on each limb. In addition to that, the 3-D
kinematic analysis was realized using video cameras and manual digitation and this
methodology can yield several errors as previously discussed (section 1.1.i.). Thus, the
understanding of how the curve affects the V,_p or V,_p o remains limited and further
experimentations should be led.
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Part | - Summary

~ The V,_p over the different sprinting phases strongly predicts the sprinting
performance during a 100-m dash. In addition, sprinters with a greater expertise
reach their V,_p y4x later on during a 100 m making the deceleration phase
shorter.

“~ Thus far, only a few experimentations investigated the V,_p in the curve. These
studies either averaged the V,_p over large intervals which makes almost
impossible any attempt in comparing both sprinting conditions, or analyzed the
Vi_pcm at 13 and 40 m into the curve, making the understanding of V4_p in the
curve rather limited and challenge anyone attempting to draw conclusions.

* Recently, technologies more broadly used (MIMU-based system, GPS) could
help to investigate the V,_p throughout the curve. Therefore, investigating the
V,_p from the starting blocks pushing phase onwards during maximal effort
sprinting in the curve is required to better understand the V,_p-time kinetics in
the curve.

Based on Newton'’s Second Law of Motion, the change in the V,_p results from
the magnitude and the direction of the GRF vector during the stance phase.
Thus, investigating the GRF in the curve would provide a deeper understanding
of the V,_p-time kinetics.
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Part Il - Ground Reaction Forces and impulse

The V,_p cy-time kinetics -hence, performance- can be examined through Newton's
second law of motion:

F=m-d (2)

Where F corresponds to the net forces acting on the body, m to the body mass and a
to the body acceleration. The ability to reach higher V,_p 3 4x later during a 100-m dash
corresponds to one’s aptitude to keep accelerating despite the increasing V,_p and
eventually reflects the ability to keep producing F,_p at very high V,_p, (Morin et al.,
2011). Thus, investigating the GRF in sprint running is mandatory to understand how the
change in V,_p occur at the CM.

The CM motion of someone sprinting is determined by three external forces:

e The GRF;
e The BW;
e Airresistance;

A representation of the GRF (Fror, Fy, F4—p and Fy_;) and the acceleration due to
gravity (g) (dark blue arrow pointing downwards) are represented in figure 6. Although
not represented in this figure 6, the air resistance acts backward.
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Figure 6. Graphical representation of the ground reaction forces (GRF) a) in the straight and b) in the
curve. On each panel the gravitational acceleration (g) is in dark blue and is directed at the centre of
mass (dark blue circle), downwards. The GRF components are represented as follow: in blue, the resultant
force (Fror); in green, the vertical component (Fy); in light green, the antero-posterior component (F,_p)
and in yellow, the medial-lateral component (Fy_;). In the panel B, the centripetal acceleration (a¢) is
directed towards the centre of the radius. Finally, the air resistance is not represented but acts backwards.
The figure was reproduced from Chang & Kram (2007).

Considering their role for understanding the CM motion, researchers are often seeking
to investigate the GRF. Historically, the GRF in running and sprinting were studied within
a laboratory using instrumented treadmills (Morin et al., 2010, 2011, 2012; Weyand et
al., 2000, 2010) or FP (Fenn, 1930; Kawamori et al., 2013); or directly within in-field
environment using FP embedded underneath the frack surface (Cavagna et al., 1971;
Hunter et al., 2005; Morin, Slawinski, et al., 2015; Nagahara et al., 2018b, 2020; Rabita
et al., 2015; Samozino et al., 2016).

The norm of the resultant GRF (Fror) applied to the body at the centre of pressure can
be broken down within three orthogonal components and corresponds to the sum of
each of the three orthogonal components (see figure 6):

Fror = JFVZ + Fy_p® + Fy_® (3)
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Where F,, F,_p and Fy_, correspond to the vertical, the antero-posterior and the
medial-lateral components of the Fryr, respectively (see figure 6).

Someone sprinting forward (either in the straight or in the curve) must generate F;, in
order to counteract the g directed to his CM. In addition to that, in straight-line sprinting
a sprinter must translate his body from the starting blocks to the finish line in the antero-
posterior direction, making F,_p, a mandatory feature. Thus, F, and F,_p are the two
greatest GRF components of the Fyop in the straight. Additionally, most of the
experimentations that investigated the GRF in the straight focussed their analysis on F,
and F,_p.In contrasts, in the curve, a sprinter must adopt a curvilinear motion, meaning
that Fy,_, cannot be ignored anymore and must be analyzed. Thus, this sprinfing
condition diverges from the straight and this part Il will discuss, to a certain extent how
the straight and the curve diverge from a GRF aspect.

1. The ground reaction forces and impulses from the starting
blocks to the maximal antero-posterior power (from ~0 m to ~4
m)

1. The ground reaction forces and impulses during the starting blocks pushing
phase

i. The resultant force & impulse in the straight

During the starting blocks phase, in the “set” position, the sprinter has to maintain an
unstable position. For that sake, the sprinter exerts force onto the ground through the
hands and the feet. The two starting blocks plates are usually positioned such that the
“preferred” leg is on the front block. An example of the GRF during the starting blocks
pushing phase is presented in the figure 7. The first peak on the Fror, the F, the and
F,_p is produced mainly by the rear leg while the second peak corresponds to the
front leg’s push-off which approximately lasts twice longer (Otsuka et al., 2014;
Slawinski, Bonnefoy Mazure, Levéque, et al., 2010).

Otsuka et al. (2014) compared the 3D GRF of the rear and the front legs during the
starting blocks pushing phase between well-trained (100-m PBs of 10.87 = 0.41 s),
trained (100-m PBs of 11.31 + 0.42 s) and non-trained (no 100-m PBs history) athletes.
These authors found that the well-frained athletes produced respectively ~17% and
~11% greater mean Fror on the rear and the front legs in comparison to the non-
trained athletes.
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A few years later, Bezodis et al. (2019) found that the ability to produce a large Fror
on the rear block was the best performance predictor during the starting blocks
pushing-phase, followed by the ability to produce a large Fror on the front block.
Consequently, overall, the ability to produce larger Fror on the blocks appears of
great importance in order to improve the starting blocks performance.
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Figure 7. Example of the resultant force (Fror) and its 3 orthogonal components during the starting
blocks pushing phase. Fy_,: medial-lateral force; F,_p: antero-posterior force and Fy,: vertical force.

i. The resultant force & impulse in the curve

In the curve, no experimentation investigated the GRF over the starting blocks pushing
phase. The 200- and 400-m races differ from the 60- and 100-m dash as the starting
blocks are positioned in the curve. However, among coaches and sprinters, it is well
admitted that athletes should position their starting blocks on the outer part of their
respective lane. In addition to that, the starting blocks should be pointing out towards
a point, tangent to the inner part of their lane, so the starting blocks push-off phase
and the initial steps that follow are roughly in straight-line.
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This was visually confirmed with qualitative video analysis by Judson et al. (2020).
However, these authors questioned this strategy and stated that “sprinting with the
aim of maintaining a straight path during the transition phase may not be an effective
strategy” (Judson, Churchill, Barnes, Stone, Brookes, et al., 2020). Yet, this assumption
remains to be investigated as it goes against the common statement and strategies
adopted during 200 and 400 m races. Overall, in the curve, as the sprinter is expected
to sprint in a linear fashion for the first steps, we hypothesize the mean Fy,_, to be low,
yet, this remains to be evaluated.

ii. The vertical force & impulse in the straight

Regarding the F,, well-trained and trained sprinters produced a similar mean F, over
the starting blocks pushing phase (Otfsuka et al., 2014). In addition to that, no
differences were reported at the front and rear legs’ level between groups. On the
other hand, the front leg produced a mean F, ~33% greater than the rear leg (Otsuka
et al., 2014), meaning that a greater CM rising in the vertical direction is explained by
the front leg in comparison to the rear leg. As the front leg pushing-time duration was
~2 times longer than that of the rear leg, the front leg vertical impulse (IMP,) was ~3
times greater than that of the rear leg. Finally, despite a significantly longer pushing-
time for the trained participants and a similar mean F,, no differences were found for
the IMP, between the well-frained and trained groups (Otfsuka et al., 2014).

iv. The antero-posterior force & impulse in the straight

Rabita et al. (2015) showed that the F,_p is at its maximum (Otsuka et al., 2014; Rabita
et al., 2015) in this phase of the sprint. Additionally, the elite sprinters (100-m PBs ranging
between 9.95 and 10.29 s) produced a greater mean F,_p when the F,_p was
averaged over the starting blocks pushing phase than their sub-elite (100-m PBs
ranging between 10.40 and 10.60 s) counterparts (Rabita et al., 2015). These authors
also reported that producing a large magnitude of mean F,_p over the starting blocks
strongly predicted the starting blocks clearing V,_p (r = 0.873), the measured 40-m
Va_p max (r = 0.836) and the 40-m performance (r = 0.850) among elite and sub-elite
sprinters (Rabita et al., 2015). Thus, those findings attest the necessity to produce a
large mean F,_p over the starting blocks pushing phase.

Rabita et al.’s (2015) findings are in line with those of Otsuka et al.’s (2014) as the well-
trained sprinters produced a greater mean F,_p during the starting blocks than the
trained group (9.72 £ 0.36 vs 8.41 £ 0.49 N- kg, respectively). On the other hand, the
trained group had longer pushing fime (which is detrimental for performance),
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meaning that the mean antero-posterior impulse (IMP,_p) did not differ between the
well-trained and the trained groups (Otsuka et al., 2014).

v. The medial-lateral force & impulse in the straight

Only one experimentation reported the Fy,_; during the starting blocks pushing phase
(Otfsuka et al., 2014). These authors showed that the mean Fy,_; in this phase of the
sprint could be neglected and that no differences were reported between well-
frained and trained groups of sprinters (-0.27 + 0.49 vs -0.36 + 0.20 N - kg!, respectively)
which might explain why most studies did not report the mean Fy,_; .

2. The ground reaction forces from the starting blocks exit on to the maximal

antero-posterior power

i. The resultant force & impulse in the straight

In the literature, many studies investigated the GRF from the first stance after the
starting blocks exit on to the P4_p yax. During this phase, the mean Fryr increases in a
linear fashion with the V,_p (Rabita et al., 2015). This was mainly associated with an
increase in the mean F, and despite a linear concomitant decrease in the mean F,_p
(Nagahara et al., 2020; Rabita et al., 2015).

i. The resultant force & impulse in the curve

Thus far, no experimentation investigated the GRF in the curve from the starting blocks
exit on to P4_p yax. However, as the initial steps that follow the starting blocks exit are
expected to be run in the straight, it is likely that the no differences in the mean Fryr,
Fy, F,_p and Fy,_;, between the straight and the curve would be observed.

ii. The vertical force & impulse in the straight

Among the three orthogonal Fro,r components, the F, is the greatest in magnitude
during both treadmill (Morin et al., 2011) and overground (Nagahara et al., 2020;
Rabita et al., 2015) sprinting since the CM undergoes the g in the vertical direction.
Thus, the F, contains the BW and must be subtracted to the F, to have the “effective
F, and IMP," (see the general methodology for more details). In order to make the
sprinting motion possible and raise the CM, a sprinter must generate a F, magnitude
larger than the BW. In sprinting, a typical stance starts with a downward displacement
of the CM (F, lower than BW), followed by an upward displacement of the CM (F,
greater than BW). If the averaged F, over a stance exceeds BW, this will result in an
elevation of the CM during the stance, if not, the CM will lower.
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During the P,_p yax Phase, the mean F, over a stance increases linearly from ~10 N+
kg at the first stance to ~15 N-kg' at P,_p yax (Nagahara et al., 2018b). Otsuka et al.
(2014) reported significant differences between the non-trained and the trained
groups in the mean F, applied at the first stance (13.59 £ 0.82 vs 12.23 + 1.03 N- kg,
respectively; p <0.05). However, these differences between both groups disappeared
at the second stance (13.22 £ 1.15vs 12.94 £ 0.79 N- kg, respectively; p > 0.05). Thus,
it is not clear whether applying greater mean F, over a stance from the starting blocks
exit on to P,_p yax Necessarily demonstrates better sprinting abilities during this phase.

iv. The antero-posterior force & impulse in the straight

The F,_p determines the CM motion in the antero-posterior direction. In sprinting, after
the starting blocks exit, a stance is composed of a braking phase (F4_p_ i.e., backward
orientation of the F,_p vector) at the beginning of the stance, followed by a propulsive
phase (F4_p, i.€., forward orientation of the F,_p vector). Averaged over the stance,
the mean F,_p corresponds to the sum of the F,_p_ and the F,_p,. Overall, when the
air resistance is retfrieved, if the mean F,_, over a stance is positive, the sprinter is
accelerating, otherwise, the sprinter decelerates. From the starting blocks exit on to
the Py_p max. the mean F,_p decreases due to a concomitant decrease in F,_p, and
anincrease in F4_p_ (Nagahara et al., 2018b).

In addition to that, the braking phase duration increases while the propulsive phase
duration decreases (Nagahara et al., 2020). This eventually results in a decreased
IMP,_p due to an increase in the IMP,_p_ concomitantly with a decrease in IMP4_p,
(Nagahara et al., 2018b).

v. The medial-lateral force & impulse in the straight

The magnitude of the Fy,_;, applied onto the ground determines how the CM willmove
medially or laterally. Usually, during the left and right stances, the F),_, are opposite in
direction and have approximately the same magnitude so that they cancel up and
the athlete can sprint in a more or less linear fashion (Nagahara et al., 2017).
Nonetheless, the Fy_; are usually neglected or not investigated at all in straight-line
walking (Cavagna et al., 1963), running (Cavanagh & Lafortune, 1980; Kyrdldinen et
al., 1999) or sprinting (Cavagna, 1975; Matsuo et al., 2019; Rabita et al., 2015).
Nagahara et al. (2017) were amongst the rare studies that investigated the medial-
lateral impulses (IMPy_,) from the first stance on to the Py_p yax. These authors showed
that the IMP,,_;, were limited during this phase (0.2? + 0.11 m-s'), meaning that the
sprinters leave the ground at take-off (TO) with a slight IMPy,_; and sprint in a more or
less linear fashion.
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2. The ground reaction forces from the maximal antero-posterior
power to the maximal antero-posterior velocity (from ~4 m to
~40 m)

1. The resultant force & impulse in the straight

In overground sprinting, Rabita et al. (2015) reported alinear increase in the mean Fror
throughout the transition phase among both elite and sub-elite sprinters. However, the
mean Fror over a stance expressed relative to body mass was not correlated neither
with the sprinting expertise nor the sprinting performance (Rabita et al., 2015).
Therefore, the best sprinters were actually not the one who were able to produce the
largest mean Fror during the entire fransition phase.

2. The resultant force & impulse in the curve

No experimentation investigated the mean Fror in the curve during the fransition
phase.

3. The vertical force & impulse in the straight

In treadmill sprinting, when the V,_p increases between different steady-states V,_p,
the mean F, increases concomitantly in a linear way (Weyand et al., 2000, 2010).
Similar findings were reported in overground sprinting whereby the mean F,, increased
from P,y_p max QN until V,_p pax in the straight (Nagahara et al., 2018b, 2019).

The figure 8 presents the F,-time curve of the 8™, 12, 16" and 20™ stances. In this
example, we can visually see that the peak F, increases through this phase, which is
in line with Nagahara et al.’s (2018) findings, yet this peak F, is reached approximately
at the same time through the fransition phase. On the other hand, despite the
decreasing stance time after the P4_p yax. the effective mean IMP, keeps increasing

until Vy_p yax-
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Figure 8. Graphical representation of a participant’s vertical force-time curves over different stances (8™,
12th, 16" and 20" stances after the starting blocks exit) during the transition phase of a sprint with maximal
effort. The horizontal dashed line corresponds to the participant’s body weight. The effective vertical
impulse corresponds to the area under the curve above this horizontal dashed line.

During the transition phase of overground sprinting, no evidence regarding the
association of F, and performance were found (Rabita et al., 2015). Therefore, it seems
that although mandatory for the sprinting motion in order to overcome the negative
vertical acceleration due to the g, the sprinting performance over the transition phase
does not rely on the sprinter's ability to produce large magnitude of F, and this
parameter is not itself a performance determinant in this phase of the sprint.

4. The vertical force & impulse in the curve

No experimentation investigated the F, in the curve from the Py_p yax ON 10 Va_p yax.
phase. However, Greene (1985) followed by Usherwood and Wilson (2006) postulated
that F, would be altered in the curve. According to the authors’ hypotheses, the peak
Fror in the curve would remain similar to that of the straight. However, due to the
additional requirement to produce Fy,_; in the curve in order to maintain a curvilinear
motion, the F, would inevitably decrease (Greene, 1985; Usherwood & Wilson, 2006).
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5. The antero-posterior force & impulse in the straight

In maximal effort sprinting, we saw that the mean F,_p is maximum during the starting
blocks pushing phase and started to decrease from the first stance on to the Py_p yax
(Otsuka et al., 2014; Rabita et al., 2015). For the rest of the transition phase, the F,_p
keeps decreasing linearly with the increasing V,_p and eventually corresponds to the
F-v relationship that was described in many multi-joints activities (Giroux et al., 2014;
Rahmani et al., 2001; Samozino et al., 2016; Vandewalle et al., 1987). Thus, at the end
of the fransition phase, (i.e., when the athlete’s antero-posterior acceleration is almost
null) the mean F,_p is almost null.

When the V,_p increased successively between different steady-states V,_p, the mean
F,_p increased concomitantly (Hamner & Delp, 2013; Nilsson & Thorstensson, 1989), thus
strengthening the assumption that the sprinting demand should not be investigated
with successively increased steady-states V,_p but rather with maximal effort
accelerated sprinting.

In overground sprinting, after the P,_p yax has been reached, the decrease in this
mean F,_p results from an increase in the mean F4_p_, from ~-3 N- kg to ~-4 N- kg
while the F,_p, plateaus concomitantly (see figure 9 and Nagahara et al., 2018),
meaning that more braking occurs at greater V,_p (Morin, Slawinski, et al., 2015).
Interestingly, the time at which the peak F,_p_ occurs does not vary (see figure 9).

Similar to what was observed between the starting blocks exit on to the Py_p yax
(Nagahara et al., 2020), we can see on the figure 9 that the braking phase duration
increases while the propulsive phase duration decreases. This eventually results in a
decreased IMP,_p due to an increase in the IMP,_p_ concomitantly with a decrease
in IMP,_p, (Morin et al., 2015; Nagahara et al., 2018; see figure 10). The IMP,_p_
undergoes a threefold increase (from -0.06 £ 0.02 m-s't0-0.18 £ 0.03 m-s') that results
from both the increase in the mean F,_p,_ and in the braking time (Nagahara et al.,
2017 and see figure 10). In contrast the twofold decrease of the IMP,_p, from 0.49 *
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0.083 m- s to 0.26 £ 0.04 m- s results from a decrease in the propulsion time as the
mean F,_p, plateaus at P,_p yax (Nagahara et al., 2020).

Anterior-posterior ground reaction force-time curves
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Figure 9. Graphical representation of a participant’'s antero-posterior force (F4_p)-time curves over
different stances (8™, 12, 16t and 20 stances after the starting blocks exit) during the transition phase
of a sprint with maximal effort. The data below the horizontal dashed line correspond to negative values
of the F,_p (i.e., the braking phase). On the other hand, the data above the dashed line correspond to
positive values of the F,_p (i.e., the propulsive phase).

During the past decade, several experimentations reported the major role of the
mean F,_p generated over a stance in maximal effort sprinting either in freadmill
(Morin et al., 2010; Morin & Seve, 2011) and overground (Mero, 1988; Morin et al., 2011,
2012; Rabita et al., 2015) straight-line sprinting.

In overground sprinting, elite sprinters produced greater mean F,_p than the sub-elites
when mean F,_p was averaged over the fransition phase (Rabita et al., 2015). In
addition to that, the authors found that a sprinter’s ability to produce large magnitude
of mean F,_p over 40 m was strongly associated with the 40-m performance (r=0.816)
and 40-m V,_p yax (r=0.904) (Rabita et al., 2015).
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Similarly, both the IMP,_p, and the IMP,_p, were significantly correlated with sprinting
performance at 8 m (Kawamori et al., 2013), 16 m (Hunter et al., 2005), when averaged
over the 0-20 m distance (Morin et al., 2015) or over 40 m (Morin et al., 2015). As these
experimentations gathered heterogeneous populations with both sprinters and non-
sprinters and as the IMP,_p were computed at different instants of the transition phase,
these studies confirm the high relevance of producing the largest IMP,_p and IMP,_p,
from the Py_p yax ON 10 V4_p yax- Since increased stance times would in turn result in
decreased SF, it is likely that the greater IMP,_p and IMP,_p, with better sprinting
expertise would result from increased F,_p applied over the corresponding time-period
rather than the same F,_p production applied aver a longer time.
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Figure 10. Net (filled circles), propulsive (friangles) and braking (empty circles) relative antero-posterior
impulses for the 17 stances analyzed over the 40-m sprints. Starting blocks push-off data are not presented.
Figure reproduced from Morin et al. (2015).

6. The antero-posterior force & impulse in the curve

The understanding of whether the curve impacts the F,_p is limited as a single
experimentation compared the F,_p between the straight and the curve during the
transition phase of the sprint at 13 m on a reconstructed lane 1 (Judson et al., 2019).
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However, rather than investigating the mean F,_p or IMP,_, over a stance, the authors
performed Statistical Parametrical Mapping (SPM) in order to compare the point-by-
point “force production across the entire stance phase between conditions” (Judson
et al., 2019). Using this statistical approach, the authors reported a main effect for
condition between 37 and 44% of the stance duration, with the F,_p being lower in the
curve than in the straight (o < 0.001). However, not only the authors investigated a
single stance during the transition phase which limits the understanding of the whole
phase, but also the statistical approach utilized cannot be used to compare the mean
F,_p between both sprinting conditions. Thus, overall, this study lacks details and further
experimentations should be led in order to better understand whether the mean F,_p
is modified in the curve; and whether both the left and right limbs are impacted in the
curve.

7. The medialHateral force & impulse in the straight

After the P,_p yax. Nagahara et al. (2017) reported a decrease in the net IMP,,_; that
resulted from both anincrease in the medial-lateral IMPy,_;, (IMPy_,_) and a decrease
in the medial IMPy,_;, (IMPy_.,) (see figure 11). The net IMPy,_, progressed from 0.17 +
0.10 m- s when averaged over the 5" to 8™ stance, to 0.00 + 0.08 m- s when
averaged over the 215t and 229 stances (Nagahara et al., 2017). Thus, at the end of
the transition phase in the straight, while in an upright posture, sprinters have a null
change in the Vy_, through the stance. This means that the medial-lateral motion
decreases through the transition phase.
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Figure 11. Graphical representation of the medial-lateral force curves during different stances (214, 8,
12th, 16" and 20t stances after the starting blocks exit) of a 40-m sprint with maximal effort.

8. The medialHateral force & impulse in the curve

In their experimentation, Judson et al. (2019) reported a significant main effect for
condition between 3 to 96% of the stance duration, whereby the F,,_;, was greater in
the curve than in the straight in the mean period (Judson et al., 2019). Thus, although
it is unclear whether the trajectory is linear over the initial stances, Judson et al. (2019)
showed that their participants were following a curvilinear motion at 13 m after the
starting blocks.

Unfortunately, these authors did not provide the magnitude of the F,,_, neither in the
straight norin the curve. In addition to that, a single stance was analyzed at 13 m after
the starting blocks. In the straight we saw that IMP,,_;, decreases after the P,_p yax. IN
the curve, it might be opposite, whereby the IMP,,_, increases with the increasing V,_p
in order to cope for the additional F; requirement. However, further experimentations
should be conducted to confirm this hypothesis.
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3. The ground reaction forces and impulses at the maximal
antero-posterior velocity (from ~40 m to ~70 m)

1. The resultant force & impulse in the straight

Mero & Komi (1986) compared the mean Fror during the braking and propulsive
phases of the stance in overground sprinting at V,_p yax between two groups of male
sprinters with different expertise. The male sprinters with the greatest sprinting expertise
were able to produce a significantly greater mean Fror during both the braking and
propulsive phases of the stance than their less experienced counterparts.

In addition to that, the authors reported significant correlations between the V,_p yax
and the mean Fpop during the braking (r = 0.65, p < 0.01) and propulsive phases (r =
0.84, p < 0.001). Thus, these authors assumed that the sprinters able to produce the
largest Fror during both the braking and the propulsive phases would, to some extent,
reach higher V,_p pax-

2. The resultant force & impulse in the curve

Chang & Kram (2007) compared the GRF of five recreational men obtained in the
straight at V,_p yax to the GRF at radii of 1, 2, 3, 4 and 6 m. At these extremely tight
radii, the authors did not report any significant difference in the right leg’s peak Fror
between the straight and the curve. On the other hand, the left leg peak Fror was
reduced in the curve (Chang & Kram, 2007) which refutes the “constant limb force”
stipulating that the peak Fror in the curve would remain similar to the straight
(Usherwood & Wilson, 2006). However, Chang & Kram'’s (2007) study was conducted
at radii of curvature far from representing the track sprinting conditions. In addition to
that, the statistical power was small and this could have hidden some statistical
differences between the two sprinting conditions.

A decade later, Churchill et al. (2016) confirmed Chang & Kram's (2007) findings on a
reconstructed lane 2 (r = 37.72 m) using two FP positioned 40 m after the starting
blocks. The seven male experienced sprinters involved in this experimentation
performed two 60-m sprints in the straight and in the curve. Churchill et al. (2016) did
not report modifications on the right limb peak or the mean Fryr, which confirms
Chang & Kram’s (2007) findings. For the left limb, on the other hand, the peak Fror
decreased by ~6% in the curve in comparison to the straight which rejects the
“constant limb hypothesis” for the left limb in the curve. However, the mean Fror
remained similar to the straight; consequently, due to the additional requirement to
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generate the F., alterations would likely be observed on either or both the mean F,
and the mean F;_p.

3. The vertical force & impulse in the straight

In overground sprinting, at V,_p yax. the mean F, over a stance reaches its greatest
magnitude (Nagahara et al., 2018a; Nagahara & Girard, 2021). On a treadmill, the
IMP, decreases at V,_p yax due to a larger decrease in stance times in comparison to
the concomitant increase in F, applied onto the ground (Weyand et al., 2000). In
overground sprinting, on the other hand, the IMP, keeps increasing at V,_p yax
(Nagahara et al., 2018b, 2020), further indicating that sprinting analyses should not be
conducted on a treadmill as the sprinting demands vary with overground sprinting.

4. The vertical force & impulse in the curve

On lane 2 in the curve, Churchill et al. (2016) reported a ~5% decrease on the left leg
mean Fy. As the mean Fror did not change concomitantly, this reduction in the mean
Fy likely results from the necessity to apply the F. in the curve. In contrast, no
modifications were found for the right limb’s F, between the two sprinting conditions.
Thus, overall, only the left limb mean F, was affected at V,_p yax in the curve at typical
radii of frack events (Churchill et al., 2016).

Since the GRF were collected at V,_p yax in this experimentation, it is expected that
sprinting performance would be related -to some extent-, to the sprinter’s ability to
exert large mean F, onto the ground (Nagahara et al., 2018a; Weyand et al., 2000).
Considering that the mean F, was reduced on the left leg in the curve, this further
raises the question of whether the mean F, remains related to the performance at
Va_p max in the curve. If so, this suggests that the 2.5% reduction in the left leg’s sprinting
Va_p (Churchill et al., 2016) could be -at least partially- related to the reduced mean
Fy.

5. The antero-posterior force & impulse in the straight

The distance at which a sprinter reaches his V,_p y4x partially depends on his expertise
as discussed in part | and his ability to produce F,_p despite the increase in V,_p. At
Vi_p max. the mean F,_p and the IMP,_p, become almost null, just slightly positive to
overcome airresistance (Nagahara & Girard, 2021) and the athlete is not accelerating
in the antero-posterior direction anymore.

As these metrics are close to zero during the V,_p yax Phase, the mean F,_p and the
IMP,_p have not been thoroughly examined in the literature. For instance, Weyand et
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al. (2000) postulated that the F,_p produced at V,_pyax could not explain the
differences in the V,_p yax reached and in turn “were not included in the analysis”.
Indeed, it is likely that the authors postulated that other parameters would be of
greater importance during this phase.

6. The antero-posterior force & impulse in the curve

As Churchill et al.’s (2016) study was conducted at V,_p yax. the mean F,_p was also
expected to be close to zero. Unfortunately, the authors did not report the mean F,_p.
Yet, it is likely that, as the mean Fror was unchanged on the left limb and due to the
additional requirement of Fy,_; in order to maintain a curvilinear motion, the mean F,_p
would be reduced in the curve, similarly to the mean F.

7. The medialHateral force & impulse in the straight

Similar to the transition phase, the Fy,_; at V,_p yax has not received a major attention
in straight-line sprinting in the existing literature. The work of Nagahara et al. (2017)
suggests that the F,,_; is rather small during this phase.

8. The medialdateral force & impulse in the curve

Atradiiof 1, 2, 3, 4 and é m, both the peak and mean Fy,_;, were systematically greater
in the curve than those obtained in the straight (Chang & Kram, 2007). On the other
hand, the authors did not report any radius effect on the peak Fy,_; suggesting that at
extremely tight radii, the Fy_;, magnitude is not impacted by the radius of curvature.
As the stance duration was longer in the curve, the IMP,,_, was also greater in the
curve in comparison to the straight.

At 40 m on lane 2, at the sprinter’s V,_p yax a@nd with a F, expected to be large,
Churchill et al. (2016) showed that the peak Fy,_; increased by ~161% on the left limb
and ~110% on the right limb. Those findings contrast with those previously reported by
Chang & Kram (2007) at radii <6 m stipulating that the right leg’s peak F,,_, exceeded
the left peak Fy_;.

In addition to that, Churchill et al. (2016) reported an elevenfold increase on the left
leg IMPy_; while the right IMP,,_; underwent a fourfold increase in comparison to the
straight (Churchill et al., 2016). These extremely large increases in the left and right
IMP,,_;, were mainly explained by a large increase in the mean F),_, (even though this
parameter was not reported). Indeed, the left leg’s ST only underwent a significant
~9% increase while the right leg’s ST did not change. Thus, in the curve, both the mean
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Fy_, and IMP,,_, over a stance largely increase and likely explain the unchanged Fror
despite the decreased F;,.

In addition to that, the leftleg’s Fy,_;, and IMP,,_;, were ~60% greater than the right Fy,_,.
and IMPy,_,. Consequently, the sprinters’ CM turned 1.6% more during the left stance
than during the right stance (Churchill et al., 2015, 2016).
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Part Il - Summary

¢ Inthe straight, the GRF were mainly approached throughout the F;, and the F4_p
components and both limbs are assumed to perform symmetrically. The
available literature well emphasized the importance to produce large F,_p from
the starting blocks pushing phase on to the end of the transition phase to
improve the sprinting performance in the straight.

¢ In the curve, the peak Fy,_; and the IMP,,_; largely increase in comparison to
the straight. In turn, the mean F;, and so does the mean Fr,; in the curve.
However, to date, no experimentation clearly investigated the mean F,_p in the
curve and whether this metric changes in comparison to the straight remains to
be studied.

¢ Furthermore, the only analysis that investigated these metrics focussed on two
steps at V4_puax- Since the F. increases with the increasing V4_p, it is likely that
the sprinting V ,_p directly affects the GRF in the curve. Thus, it seems mandatory
to carry out a comprehensive analysis of the GRF in the curve, from the starting
blocks on to the V,_p yax, at the same radius of curvature in order to better
understand how the curve alters the GRF in comparison to the straight and how
the increase in V4_p within the curve modifies the GRF.

With the increasing V,_p, the GRF change. These modifications in the sprinting GRF are
eventually the consequences of modifications in the sprinting technique from the
starting blocks on to the V,_p yax With the sprinter being progressively in a more upright
posture. The sprinting technique can be described with a kinematic analysis of the
sprinter. In the curve, the mean Fy,_, largely increases together with a decrease in the
mean F, to maintain a curvilinear motion. Changes in the sprinting technique are likely
to be observed such as the athlete lean into the curve. Thus, it is of interest to
investigate which modifications in the sprinting technique lead to these changes in
the GRF.
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Part Il - Sprinting kinematics

1. The sprinting kinematics from the starting blocks to the
maximal antero-posterior power (from ~0 m o ~4 m)

1. The sprinting kinematics during the starting blocks pushing phase

i. The spatiotemporal parameters & joint kinematics in the straight

In the starting blocks, the spatiotemporal analysis can be considered as the pushing
phase duration and was discussed in part I. The starting blocks pushing phase is a key
phase of the sprint which requires specific technical abilities of the whole body. As
previously discussed, the starting blocks setup (i.e., the antero-posterior distance
between the front and rear blocks and the plates inclination) strongly influences the
starting blocks Vy exit, but also the joints’ kinematics and thus the position in which the
sprinter produces force.

In the “set” position, the sprinters raised their CM and adopted an unstable position
that has to be maintained. Slawinski et al. (2010) showed that the elite sprinters were
able to sustain a more unstable position than their less experienced counterparts by
increasing their rear knee angle, positioning their CM closer to the starting-line in the
antero-posterior direction and with the shoulders above the hips (see figure 12).

The figure 12 presents examples of the lower limb joint kinematics in the “set” position
retfrieved from the literature. In the “set” position, both the rear and front ankles have
a similar dorsiflexion angle (Debaere, Delecluse, et al., 2013; Mero & Komi, 1990).
However, the other lower limb joint show more discrepancies between the rear and
front limbs. As such, both the front knee and hip are more flexed than the respective
rear joints (see figure 12).
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Figure 12. Body schematic denoting joint and segment angles measured in the set position retrieved from
the literature (N. E. Bezodis et al., 2015; Ciacci et al., 2016; Debaere, Delecluse, et al., 2013; Mero & Komi,
1990; Slawinski, Bonnefoy Mazure, Levéque, et al., 2010).

After the starting-gun fires, the hips and knees start to extend and greater extension
velocities are observed at the front joints in comparison to the rear joints (see table 1).
The rear hip reaches its peak extension velocity (~200 °-s1) around the middle of the
rear block push-off, approximately when the hands leave the ground (2010).
Afterwards, the rear hip extension velocity decreases and the rear hip starts to flex
slightly before rear block exit. In contrast, the front hip reaches its peak extension
velocity at around 80% of the starting blocks pushing phase (~400 °- s') and is
extending through the entire pushing-phase (Slawinski, Bonnefoy Mazure, Ontanon, et
al., 2010).

Table 1. Peak hip and knee extension and ankle plantarflexion velocities (expressedin °-s!) reported from
the first to the fourth stance. Data retrieved from Bezodis et al. (2010); Brazil et al. (2016); Charalambous
et al. (2012).

Bezodis et al. 2014 Brazil et al. 2016 Charalambous et
al. 2012
Hip (°-s7) ~200 ~150 ~200
Knee (°-s7) ~200 ~150 ~150
Ankle (°-s7) ~400 ~300 ~300

The rear knee reaches its peak extension velocity at ~35% of the rear block pushing
phase (~100 °-s1) and keeps extending afterwards until ~60-70% of the rear block
pushing phase then flexes unftil the rear block exit. In contrast, the front knee is

54



Literature review

exclusively extending and reaches its peak extension velocity at approximately 80-
90% of the front leg push-off (~700 °-s7).

At the ankle joint, a brief dorsiflexion at both ankles is observed at the beginning of the
starting blocks pushing phase, directly followed by a plantarflexion, showing a stretch-
shortening cycle (Brazil et al., 2016; Debaere, Delecluse, et al.,, 2013; Slawinski,
Bonnefoy Mazure, Ontanon, et al., 2010). The rear ankle reaches its peak plantarflexion
velocity ~2/3 into the rear block pushing phase (~100 °-s'). The front ankle on the
other hand reaches its peak plantarflexion velocity at ~90% of the starting blocks
pushing phase (~700 °-s7).

i. The spatiotfemporal parameters & joint kinematics in the curve

In the curve, no experimentation investigated the starting blocks kinematics. However,
we assume that little difference would be observed in comparison to the straight as
the starting blocks pushing phase in the curve is assumed to be performed in an almost
linear fashion as discussed at different occasions in this manuscript.

2. The sprinting kinematics from the starting blocks exit to the maximal antero-

posterior power

i. The spatiotemporal parameters & joint kinematics in the straight

In sprinting, the V,_p can be expressed as the product of the step frequency (SF) and
the step length (SL) (which are also further determined by subsequent parameters)
(Hunter et al., 2004). Hence, increased V,_p can result from endless combinations of
increase in either one (as long as the other parameter does not undergo a
concomitant similar or larger decrease), or both parameters. In maximal effort
accelerated overground sprinting, the SL increased from ~0.9 m at the first step after
the starting blocks exit to ~1.4 m at the 3 step (Debaere, Jonkers, et al., 2013; Rabita
etal., 2015).

Regarding the SF, on the other hand, ~80 and ~90% of the maximum SF were reached
at the 1st and 2nd steps after the starting blocks exit, respectively (~4.0 Hz) and then
plateaus around Py_p yax. @t the 39 step (~4.3-4.5 Hz) (Debaere, Delecluse, et al., 2013;
Nagahara et al., 2014; Rabita et al., 2015). Thus, in maximal effort overground sprinting,
the increase in V,_p from the front block exit and until the P,_p pax almost exclusively
relies on the sprinter’s ability to increase his SL.
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Figure 13. Spatiotemporal characteristics of a) the stance and the swing fimes in the starfing blocks
(diamonds) and after the starting blocks (circles); and b) the step frequency and the step length in the
starting blocks (diamonds) and after the starting blocks (circles). Figure reproduced from Rabita et al.
(2015).

Rather than performing a 3D analysis, the available literature focussed on the lower
limb flexion-extension angles and flexion-extension velocities which are deemed to
conftribute the most to the forward displacement. Some experimentations investigated
the hip, knee and ankle angles and angular velocities at the first (N. E. Bezodis et al.,
2014; Brazil et al., 2016; Charalambous et al., 2012; Debaere, Delecluse, et al., 2013)
and second (Debaere, Delecluse, et al., 2013; Jacobs & van Ingen Schenau, 1992)
stances after the starting blocks exit, while King et al. (2023) averaged the angular
velocities over the first four stances.

Overall, these experimentations mostly agreed regarding the pattern of the lower limb
joint angles and angular velocities and the peak extension and plantarflexion
velocities reported (see table 1). For the first two stances, the hip and knee were
extending through the majority of the stance duration (N. E. Bezodis et al., 2014; Brazil
et al., 2016; Charalambous et al., 2012). The ankle on the other hand was dorsiflexing
for the first 40-50% of the stance and then plantarflexing through the end of the stance.
The peak extension and plantarflexion velocities were reached in average at ~80, ~80
and ~90% of the stance duration respectively for the hip, knee and ankle.
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Steady-state velocities vs maximal effort sprinting

When running at a steady-state V,_p below 7 m-s1, several studies reported that
anincrease in V,_p between two steady-states results from an increase in both the
SF and the SL (Dorn et al., 2012; Mero & Komi, 1986; Schache et al., 2014). In
confrast, above 7 m- s, an increase in V,_p between two steady-state V,_p only
results in a SF increase in both overground (Dorn et al., 2012; Mero & Komi, 1986;
Schache et al., 2014) and treadmill (Weyand et al., 2000) sprinting. Thus, the
increase in V,_p is not explained by the same parameters whether the V,_p
increases from one steady-state V,_p to the following one or whether it is maximal
effort sprinting. Therefore, aftention should be paid to the protocol used when
investigating the spatiotemporal parameters responsible for the increase in V,_p.

To summarize, kinematic analyses aiming to investigate the spatiotemporal
parameters associated with the increase in V,_p should be analyzed in overground
sprinting, with maximal effort sprints.

At the fourth stance, King et al. (2023) reported a clear change in comparison to the
first three stances whereby the knee flexes until ~50% of the stance duration. These
findings coincide with those previously reported by Nagahara et al.’s (2014) regarding
the so-called “first transition”. Indeed, these authors found that the change in the
average CM height during the stance (see the white dots in figure 14) increased
differently from the starting blocks on to V,_p yax. With two fransitions (see the vertical
lines in figure 14). According to the authors, the “first transition” occurred at the ~4th
step which could correspond to the P,_p yax. INdeed, from the starting blocks exit to
the “first transition”, these authors reported a rapid rise up of the CM in the vertical
direction with a knee strictly extending through the stance. After the “first fransition”,
“the CM rises up more gradually” and “the knee flexes during the early stance phase”
before extending (Nagahara et al., 2014). Therefore, it seems that from the starting
blocks exit on to the P,_p yax. The knees only extend through the stance, causing the
CM torise up rapidly. Afterwards, the CM rises up more gradually as the knee flexes in
the early-stance phase.
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Figure 14. Change in the centfre of mass height and indication of the first breakpoint at the fourth step.
The figure was reproduced from Nagahara et al. (2014).

i. The spatiotemporal parameters & joint kinematics in the curve

In the curve, no experimentation investigated the spatiotemporal parameters in this
phase of the sprint despite being easily accessible with a camera sampling at 120 Hz
during competitions. However, based on the assumption that a sprinter adopts alinear
path for the inifial steps, we would assume that these metrics in the curve would be
similar to the straight.

In addition to that, no experimentation investigated the lower limb joint kinematics
from the starting blocks exit on to the P,_p y4x @t radii typical of track events. Based on
the assumption postulating that a sprinter would adopt a linear path during the initial
steps in the curve, we can assume that the lower limb joint kinematics in the curve
would be similar to that of the straight. The first modifications between both sprinting
conditions would likely occur when the sprinter begins to adopt a curvilinear motion
and to lean inward.
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2. The sprinting kinematics from the maximal antero-posterior
power to the maximal antero-posterior velocity (from ~4 m to
~40 m)

1. The spatiotemporal parameters & joint kinematics in the straight

After the Py_pyax (i.€.. first breakpoint in figure 14), the CM rises up in the vertical
direction more gradually unftil the second breakpoint (Nagahara et al., 2014) (see
figure 14) suggesting that changes in the body kinematics are more ftrivial. This second
breakpoint corresponds to the 14th + 2 step, where the sprinter has reached an upright
posture (Nagahara et al., 2014). Through the fransition phase of overground sprinting,
the stance times slightly decrease from ~130 ms to ~100 ms concomitantly with a similar
increase in the swing times from ~10 ms to ~130 ms (Debaere, Jonkers, et al., 2013;
Rabita et al., 2015). Thus, the SF plateaus at Py y4x and does not meaningfully change
during the fransition phase, meaning that the increase in the V,_p through this phase
exclusively depends on the sprinter’s ability to increase his SL (Debaere, Jonkers, et al.,
2013; Rabita et al., 2015).

In the transition phase, only a single experimentation described the lower limb joint
sagittal plane kinematics (Johnson & Buckley, 2001). The authors investigated the hips,
knees and ankles angular velocities at 14 m after the starting blocks during the stance
and swing phases. However, this analysis was conducted with manual digitation from
video footage at 50 Hz, which is a low sampling rate for rapid movements such as
sprinting.

During the transition phase, the authors showed that the hip is extending through the
stance which is similar fo what is seen during the P,_p yax Phase. The knee, on the other
hand, slightly flexes during the early stance phase and then extends through the
stance. Finally, the ankle is dorsiflexing through the entire braking phase and the
beginning of the propulsive phase (~50% of the stance duration) and plantar-flexes
afterwards. The peak extension and plantarflexion velocities in this fransition phase are
displayed in table 2 and are reached respectively at ~65%, ~75% and ~90% of the
stance duration for the hip, knee and ankle.
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Table 2. Peak hip and knee extension and ankle plantarflexion velocities (expressed in °-s!) during the
stance and swing phases at 14 m by Johnson & Buckley (2001).

Peak extension

velocity
Stance hip (°-s7) ~750
Stance knee (°-s7) ~450
Stance ankle (°-s7) ~1150
Swing hip (°-s7) ~600
Swing knee (°-s7) ~900
Swing ankle (°-s7) ~900

2. The spdatiotemporal parameters & joint kinematics in the curve

In the curve, the only experimentation that investigated the spatiotemporal alterations
in comparison to the straight during the transition phase focussed on a specific instant
of this phase (i.e., at 13 m). In confrast to the straight, where a certain symmetry is
thought between both limbs, the left and right limbs behave differently in the curve as
we will discuss in the rest of this manuscript. Although they should rather be referred as
“inside” and “outside” limbs, we will keep the “left” and “right” designation in the rest
of this manuscript for clarity sake.

In their study, Judson et al. (2020) analyzed two steps at 13 m and found a significant
reduction on the left leg SF, caused by an increased left leg stance time, while the
right leg SF did not change in comparison to the straight (Judson, Churchill, Barnes,
Stone, Brookes, et al., 2020). On the other hand, no differences were observed for the
SL between the straight and the curve (Judson, Churchill, Barnes, Stone, Brookes, et
al., 2020).

Thus, the curve results in asymmetrical alterations in the spatiotemporal parameters
during the fransition phase in comparison to the straight. Overall, the left leg seems
more altered by the curve than the right one. However, Judson et al.'s (2020)
experimentation only provides a partial understanding of the spatiotemporal
alterations in the curve at a very specific instant. In the curve, whether the SF plateaus
after Py_p yax Qs itis the case in the straight and whether both limbs’ SF follow the same
trend within the curve remain to be investigated.

In the curve, a major kinematic modification in comparison to the straight occur and
can be experienced by anyone attempting to sprintin the curve: the body lateral lean
(BLL) (see figure 15) info the curve. Judson et al. (2020) reported a significant increase
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in the BLL at touchdown in the curve, in comparison to the straight, during both left
and right stances 13 m after the starting blocks exit. This BLL facilitates the Fy,_, as
previously discussed and induces in-series modifications in the sprinting kinematics that
are worth mentioning.

Figure 15. Graphical representation of the body lateral lean (08) in the curve. The figure was reproduced
from Chang & Kram (2007).

Among those modifications, the left foot touchdown kinematics is directly affected by
the BLL. At the Metatarsophalangeal (MTP) joint, two axes exist about which the foot
can push off: the transverse (solid black line on figure 16) and the oblique (dashed
black line on figure 16) axes. The tfransverse axis runs through the heads of the first and
second metatarsals whereas the oblique axis runs through the second to fifth
metatarsal heads (see figure 16). In the straight, the transverse axis was found to be
more effective for the propulsion in comparison to the oblique axis (Bojsen-Magller,
1978). In the curve, the transverse axis was used for the right foot push-off axis (i.e.,
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fransverse) whereas the oblique axis was used for the left foot push-off axis (Judson et
al., 2019), suggesting that the propulsion is less effective on the left foot in the curve.

T2

Transverse axis

Oblique axis

Figure 16. Right foot graphical representation of the fransverse (solid) and oblique (dashed) push-off axes
of the foot. The T2 marker represents a marker at the second toe. The MTHI, MTH2 and MTH5 markers
represent a marker at the first, second and fifth metatarsal heads, respectively. The figure was reproduced
from Judson et al. (2019).

Those modifications at the left foot push-off axis resulted in increased touchdown
distance (Judson, Churchill, Barnes, Stone, Brookes, et al., 2020) that can result from a
restricted “pawing” action before the touchdown. Areduction in the left hip extension
velocities just before touchdown could be caused by the BLL intfo the curve and the
inability to produce rapid hip extensions before touchdown while in this position.
Unfortunately, Judson et al. (2020) did not report the sagittal plane kinematics and the
hip extension velocities during the late swing phase.

Thus, overall, the curve mainly has an impact on the left leg spatiotemporal
parameters and kinematics, likely resulting from the sprinter leaning into the curve.
However, to date a single experimentation investigated a few kinematic features
specifically at 13 m after the starting blocks exit. In addition to that, the authors did not
report any findings regarding the sagittal plane kinematics. Despite the changes in the
CM posture evolve in a slower fashion during the transition phase until the “second
breakpoint (Nagahara et al., 2014), the joints’ kinematics should be investigated
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through the whole transition phase in the curve, in order to better understand which
meftrics are the most affected when sprinting in the curve and with the increasing V,_p.

3. The sprinting kinematics during the maximal antero-posterior
velocity (from ~40 m to ~70 m)

1. The spatiotemporal parameters & joint kinematics in the straight

When sprinting at V,_p yax. the stance times are minimum: ~100 ms (see figure 13)
(Rabita et al., 2015) and become slightly inferior to the swing fimes. Yet, the stance
times hardly become inferior than 100 ms since one must produce the necessary
IMP,_p and IMPy, over a stance to maintain an adequate sprinting motion. At V4_p yax.
male national level sprinters have a SF of 4.43 + 0.18 Hz while their female counterparts
have a SF of 4.28 £+ 0.17 Hz (p > 0.05) (Debaere, Jonkers, et al., 2013). As no statistical
differences were found in the SF between genders, the male reached greater V,_p yax
thanks to SL ~11% greater (Debaere, Jonkers, et al., 2013).

During the female and male 100-m dash finals at the 2017 World Championships, a
kinematic analysis studied the spatiotemporal parameters over the 47.0-55.5-m section
of the race (which approximately corresponds to the V,_p yax Phase). Both genders
had a similar SF (~4.80 Hz), however, the 8 male finalists had a ~11% greater SL than
their female counterparts.

Thus, between genders with a similar expertise (World Championship finalists), higher
Va_p max Qre reached by the male sprinters with longer SL only as the SF were similar
between groups. On the other hand, within a gender, a better sprinter reaches higher
Va_p max OY having both higher SF and SL.

At V4_p max INn overground sprinting, Bezodis et al. (2008) described the hip, knee and
ankle joint kinematics during the stance phase with four well-trained sprinters. The
authors showed that at V,_p y4x. the ankle dorsiflexed and the knee flexed through the
entire braking phase and the beginning of the propulsive phase (~60% of the stance
duration). Afterwards, the ankle plantarflexed and the knee extended through the
end of the stance phase. On the other hand, the hip extended through the stance.
The peak extension velocities retrieved from the literature in this V,_p yax Phase are
displayedin table 3 and were reached at ~80%, ~?0% and ~?5% of the stance duration
for the hip, knee and ankle respectively (Belli et al., 2002; I. N. Bezodis et al., 2008).

Belli et al. (2002) also investigated the lower limb joint angular velocities at V,_p yax-
Although the pattern of the joints angular velocities through the stance were similar to
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those reported by Bezodis et al. (2008), Belli et al. (2002) found lower peak extension
velocities than the other group (see table 3). The differences between the two
experimentations’ findings likely originate from the different V,_p yax reached in the
two experimentations. Nine middle-distance runners participated to Belli et al.’s (2002)
study while four sprinters were recruited in Bezodis et al.’s (2008) experimentation. In
Bezodis et al.’s (2008) study, the four male sprinters reached a V,_p yax CcOmprised
between 9.06 and 10.37 m- s, while the nine middle-distance runners from Belli et al.’s
(2002) study reached a V,_p pyax Of 8.86 + 0.56 m- s'. Therefore, those findings further
suggest that the greater the V,_p yax. the greater the peak extension velocities at the
lower limb joint in overground sprinting.

Table 3. Peak hip, knee and ankle extension velocities (expressed in °-s!) reached during the stance

phase at V4_p yax- The data were retried from two experimentations (Belli et al., 2002; I. N. Bezodis et al.,
2008).

Bezodis et al. 2008 Belli et al. 2002

Rear hip (°-s7) ~850 ~550
Rear knee (°-s7) ~550 ~450
Rear ankle (°-s7) ~1450 ~950

2. The spdatiotemporal parameters & joint kinematics in the curve

At V,_pmax. In the curve, the left and right legs’ spatiotemporal parameters are
asymmetrically altered as it is the case during the transition phase. At this point of the
curve, the left leg SFis 2.5% lower than in the straight, due to an increased stance time
and unchanged swing time (Churchill et al., 2015).

In contrast, the right limb SF was unchanged at V,_p yax despite this limb had to travel
a greater distance during the swing phase in the curve. However, the right limb SL
decreased by 4.5% and this confirms the asymmetrical impact of the curve on the
spatiotemporal parameters. Eventually, the decreased left leg SF and right leg SL
conducted to a significant 4.5% decrease of the V,_p yax in the curve in comparison
to the straight (Churchill et al., 2015).

In the curve, the BLL at touchdown during the V,_pyax Phase was greater in
comparison to the straight (Churchill et al., 2015). Additionally, as the values reported
at V4_p max Py Churchill et al. (2015) are greater than those reported by Judson et al.
(2020) at 13 m, we can assume that this metric increases in the curve with the
increasing V,_p. Since the BLL facilitates the Fy,_,, the increase in BLL with the increasing
V,_p could result from the requirement to apply greater F, magnitude with the
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increasing V,_p. Eventually, the increased BLL also likely induces more alteration in
sagittal plane kinematic metrics.

During the late stance phase, the left hip peak extension velocity was reduced by
~11% in the curve in comparison to the straight (Churchill et al., 2015). Those findings
suggest that during the left stance in the curve, the hip extensors function could be
altered. This alteration could potentially result from the greater BLL and the restricted
ability to quickly extend the hip while in this position.

In contrast, the right hip extension velocity was unchanged during the stance phase
in the curve. However, the timing of the right hip peak extension was delayed from
50.7 + 3.1% of the step duration in the straight to 55.0 + 1.9% in the curve. Similarly, the
right hip peak flexion was delayed from 45.2 + 6.5% of the step cycle in the straight to
50.9 £ 5.2% in the curve (Churchill et al., 2015). A delayed right hip peak extension and
hip flexion could result from delayed onset of muscle activation of respectively the
right hip extensors and right hip flexors in the curve in comparison to the straight.
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Part lll - Summary

~ In overground sprinting in the straight, after the starting blocks exit, the SF
reaches its maximum, around the 3 step (i.e., around P4_p y4x)- Thereafter, the
increase in V,_p almost exclusively results from an increase in the SL.

“~ In the curve, the existing literature reported asymmetrical alterations of the
spatiotemporal parameters: the left leg’s SF and the right leg’s SL being reduced
in the curve in comparison to the straight. In addition to that, whether the SF
plateaus after P,_p y4x in the curve as it is the case in the straight and whether
the SL in the curve keeps increasing from the starting blocks onwards remain
unknown and should be investigated to better comprehend how the V,_p
increases in the curve.

~ In the straight, the sagittal plane hip, knee and ankle angles and angular
velocities during the stance and swing phases are well-known. In the curve, as
the BLL affects the sagittal plane kinematic, it seems mandatory to investigate
the hip, knee and ankle angles and angular velocities during the stance and
swing phases through the transition phase in the curve as this has not been
realized yet.

Any potential kinematic modifications in the cuve would have a muscular
origin. According to Kyréldinen et al. (1999): “The movements of the body
segments determine GRF and their directions. Therefore, the roles of muscle
actions are important determinants of running mechanics” (Kyréldinen et al.,
1999). Thus, investigating the muscular activity in sprint running is @ mandatory
requirement for a comprehensive analysis of the motion and its underlying
factors. In the curve, little - if any - is known regarding the muscular activity of
the lower limbs’ muscles. Therefore, conduction a muscular analysis in the curve
would likely help better understand the factors affecting the kinematic
modifications in this sprinting condition.
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Part IV - The use of surface electromyography
to understand the sprinting technique

1. The muscle activity from the starting blocks to the maximal
antero-posterior power (from ~0 m to ~4 m)

1. The muscle activity during the starting blocks pushing phase

i. The muscle activity in the straight

Otsuka et al.’s (2014) showed that the rear leg starts to produce GRF shortly before the
front one. Therefore, it is expected that the rear leg muscles become active first. Mero
& Komi (1990) were the first to describe the sEMG activity of the rear and the front
Gastrocnemius Lateralis (GL), Vastus Lateralis (VL), Biceps Femoris long head (BFIh),
Rectus Femoris (RF) and Gluteus Maximus (GMax) during the starting blocks pushing
phase with 8 experienced male athletes. Confrary to what was expected, Mero &
Komi (1990) found that the front leg GL was the first muscle active, followed shortly
after by the rear leg GMax. In addition to that, it is interesting to note that none of
these muscles were active while in the set position, meaning that other muscles should
be active to maintain the set position.

Guissard et al. (1992) studied how different front blocks angles would impact the Soleus
(SOL), the Gastrocnemius Medialis (GM) and the Vastus Medialis (VM) sSEMG activity of
both the rear and the front legs during the starting blocks pushing phase. With a front
block and of 30°, the starting blocks exit Vy was increased (see part 1 section 1.1.i.)
and this was likely related to a significantly earlier onset and a greater sSEMG activity
of the front GM in comparison to a front block angle of 70°.

i. The muscle activity in the curve

In the curve, no experimentation investigated the sEMG activity during the starting
blocks phase. However, as already highlighted in the previous sections of this
manuscript, the sSEMG activity of the hip and the knee extensors, the ankle dorsiflexors
and plantar flexors during the starting blocks pushing phase are expected to be close
to the sEMG in the straight as the CM frajectory is expected to be linear.
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2. The muscle activity from the starting blocks exit to the maximal antero-posterior

ower

i. The muscle activity in the straight

Mero & Komi (1990) also showed that after the starting blocks exit, the front leg RF was
the only muscle active to reposition the front thigh forward during the swing phase
(see figure 17). In contrast, the other muscles investigated by the authors (GMax, VL,
BFIh and GM) were inactive in the corresponding period and started to become
active at the end of the swing phase (see figure 17) (Mero & Komi, 1990).

During the first stance phase, the GMax, the VL, the RF and the GM showed a peak
SEMG activity during the braking phase (Mero & Komi, 1990). Afterwards their SEMG
activity decreased until the take-off. In contrast, the BFlh sSEMG activity remained high
through the stance and peaked by the end of the propulsion phase (Mero & Komi,
1990). Based on the sEMG activity timings of the GMax and the BFlh, it can be
hypothesized that the GMax is the main (among the muscles investigated) hip
extensor during the early stance phase, with a lower hip angle, while the BFih is the
main hip extensor during the late stance phase, with a greater hip angle (i.e., with a
hip being more extended).

However, Mero & Komi (1990) did not report the sEMG activity timings and the
amplitude was not normalized to a reference value. Unfortunately, this annihilates any
attempt to compare the sSEMG activity found across studies. Indeed, in order to enable
between muscle, between study and between subject comparisons, and to provide
“a basis of comparison among the differing force capabilities of the subjects’ muscles”
(De Luca, 1997), sEMG signals are often expressed as a normalized value which
necessitates a rescaling to a percentage of a reference value (Ball & Scurr, 2013). In
the literature, several normalization methods exist and have been discussed at
different occasions (Albertus-Kajee et al., 2011; Ball & Scurr, 2013; Burden, 2010; Burden
& Bartlett, 1999; Halaki & Gi, 2012). Overall, it seems that normalizing to a Maximal
Voluntary Isometric Contraction (MVIC) would be more accurate for low-velocity
movements (Ball & Scurr, 2013; Burden, 2010) while high-velocity movements should
be normalized to the task under investigation (Ball & Scurr, 2013).
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Figure 17. The muscle activation timings of the lower limbs during sprinting across the gait cycle as a
percentage of time. Timings gathered from Chumanov et al.(2007); Higashihara et al. (2010); Kuitinen et

al. (2002) ; Kyréldinen et al. (2005) ; Mero & Komi (1987) ; Novachek (1998) ; Pinniger et al.(2000) ; Thelen
et al. (2005); and Yu et al. (2008). The green areas represent the mean (£ SD) periods where the muscles
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are active. The figure was reproduced from Howard et al. (2018).

After normalizing their sSEMG signal to a reference value, Jacobs & van Ingen Schenau
(1992) demonstrated a proximal-to-distal sequencing onset of SEMG activity of the
lower limb muscles investigated at the second stance. A hip extensor (GMax) became
active first during the stance, following by two knee extensors (VL and VM) and two
plantar flexors (GM and SOL) (Jacobs & van Ingen Schenau, 1992). Those findings
seem consistent with the kinematic analyses reported by Brazil et al. (2016) and King
et al. (2023), stipulating that the peak extension velocities at the lower limb joints were
reached in a similar order: the hip first, followed by the knee and finally the ankle.

i. The muscle activity in the curve

No experimentation investigated the sEMG activity in the curve from the starting
blocks exit to Py_p yax- AS the sprinting motion for the first steps is expected to be linear,
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no modifications are expected in the SEMG activity amplitude and timings of hip and
knee flexors/extensors and ankle dorsiflexors/plantar flexors.

2. The muscle activity from the maximal antero-posterior power
to the maximal antero-posterior velocity (from ~4 m to ~40 m)

1. The muscle activity in the straight

As the hamstrings are the most frequently injured muscle group in sprinting (Askling et
al., 2007; Koulouris & Connell, 2003), they have been studied at two occasions during
the transition phase of maximal effort sprinting (Higashihara et al., 2018; Yu et al., 2008).
Yu et al. (2008) investigated the BFIh and the Semimembranosus sEMG activities 10 m
after the start with 20 male runners (sprinters or middle-distance runners), lacrosse or
soccer players. In this study, the participants reached a V,_p of 7.77 £ 0.11 m-s1. On
the other hand, Higashihara et al. (2018) investigated the BFIh and Semitendinosus
SEMG activity 15 m after the start with 13 college male sprinters sprinting at a v, of 8.52
+0.20m-s.

Both studies showed that the hamstrings were active during the stance phase (see
figure 17).In addition to that, their sSEMG activity peaked during the early stance phase
and decreased afterwards (Higashihara et al., 2018; Yu et al., 2008). Those findings
contrast with those previously reported by Mero & Komi (1990) during the first stance
phase as these authors reported a BFIh peak sEMG activity at the end of the stance
phase (Mero & Komi, 1990). The differences between those experimentations can be
explained by the different sprinting postures between the first stance and the early
transition phase (Nagahara et al., 2014). In the transition phase, with the sprinter being
in a more upright posture, the hamstrings are strong hip extensor muscles starting from
the touchdown. This could be related to the hip angle at the touchdown. Indeed, from
Mero & Komi's (1990) study, we can hypothesize that the BFIh becomes a strong hip
extensor at a greater hip angle. Through the fransition phase, as the sprinter straightens
up, it is likely that the hip angle at tfouchdown increases which in turn conducts the
hamstrings to actively extend the hip earlier in the stance.

During the early swing phase, the hip is flexed to reposition the thigh forward and the
knee flexes concomitantly, conducting to a shortening of the hamstrings’ muscle-
tendon unit (MTU) length (Nagano et al., 2014). In this phase, both the BFlh, the
Semitendinosus and the Semimembranosus have a low activity (Higashihara et al.,
2018; Yu et al., 2008). Starting from the mid-swing phase onwards, their activity began
to increase (see figure 17), with the hamstrings’ MTU being lengthened as the hip
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flexed and the knee extended (Nagano et al., 2014). The hamstrings’ sEMG activity
peaks by the late swing phase, just before the following touchdown (Yu et al., 2008). It
is also interesting to note that the hamstrings’ activity during this late swing phase
exceed that of the stance (Higashihara et al., 2018; Yu et al., 2008). This could result
from the greater hamstrings’ MTU lengthening velocity during the swing phase in
comparison to that of the stance (Yu et al., 2008). Overall, the greater BFlh sEMG
activity together with the greater BFlh MTU lengthening velocity could partially explain
the underlying reasons for the greater hamstring risks of injuries in this phase of the sprint
(Chumanov et al., 2012). Therefore, these studies provide knowledge regarding the
hamstrings’ sEMG activity during the transition phase. Unfortunately, to date, no
experimentation investigated the sEMG activity of other lower limb muscles in
overground sprinfing with maximal effort during the transition phase.

The sEMG activity should be analyzed with maximal effort sprints

Several experimentations investigated how the increase in V,_p would affect the
SEMG activity either during treadmill (Cappellini et al., 2006; Chumanov et al., 2007,
2011; Hegyi et al., 2019; Nilsson et al., 1985) or overground (Mero & Komi, 1986, 1987;
Schache et al., 2013) sprinting. However, the protocol of these studies was designed
such as the participants were running at successively increased steady-states V,_p
either on a treadmill (Hegyi et al., 2019) or in overground sprinting (Kuitunen et al.,
2002; Kyroldinen et al., 1999, 2001, 2005; Mero & Komi, 1987). For this reason, we
decided not to discuss the findings of these studies in the theoretical claim of this
manuscripft.

Indeed, as previously discussed in the earlier sections of this manuscript (see page
57), sprinting with maximal effort is an un-steady activity by nature whereby
characterized by step-by-step V,_p. GRF and kinematics changes (Nagahara et al.,
2014). Therefore, the sEMG activity demand would likely differ whether the sprinting
V,_p increases between different steady-states or whether this increase in V,_p
follows a maximal effort and overall the sEMG analysis in sprinting should be done
by investigating maximal effort sprinting.

To date, only a few experimentations reported the muscle activity in overground
sprinting with maximal effort at 10 (Yu et al., 2008), 15 (Higashihara et al., 2018) and
40 m (Higashihara et al., 2018; Pinniger et al., 2000; Simonsen et al., 1985). Thus,
further studies should be conducted in order to befter comprehend how the
increase in V4_p within a maximal effort sprint affects the sEMG activity.

2. The muscle activity in the curve

In the curve, no experimentation examined the SEMG activity at radii typical of track
events during the transition phase. On a soccer pitch, Filter et al. (2020) positioned
SEMG electrodes on the left and right GMed, Semitendinosus, BFIh and Adductors
(ADD) of nine semi-professional soccer players that sprinted in the straight and in the
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curve around the penalty arc of an official soccer field (r = 9.15 m) (Filter et al., 2020).
The authors reported a significantly greater sSEMG activity of the right leg’s GMed and
BFIh in comparison to the left leg in the curve. According to the authors, this increased
SEMG activity was found “to counter the applied valgus and hip internal rotation
moments” (Filter et al., 2020). On the other hand, the left Semitendinosus and ADD had
a greater sEMG activity in comparison to the right leg in the curve “to counter the
applied varus and hip external rotation moments at the knee” (Filter et al., 2020),
confirming the asymmetrical impact of the curve on the left and right limbs, this time
with SEMG activity. Despite this study sheds light regarding how the muscles behave in
the curve, this experimentation was conducted at a radius far from representative of
track events, with non-sprinters and on an artificial grass. Thus, additional studies
investigating the sEMG activity on a track, at radii typical of track events and with
sprinters would improve the underlying reasons of the asymmetrical nature of the

curve.

3. The muscle activity at the maximal antero-posterior velocity
(from ~40 m to ~70 m)

1. The muscle activity in the straight

In the late 80's, Mero & Komi (1986) investigated the SEMG activity of the right leg’s VL
and Gasfrocnemius (the authors did not mention whether it was the GL or GM) at
Va_p max. after a 35-m flying start. These authors reported a greater VL and
Gastrocnemius SEMG activity during the braking phase in comparison to the propulsive
phase of the stance, which is similar to what the same authors reported at the first
stance after the starting blocks exit (Mero & Komi, 1990). Thus, both at the first stance
and at V4_p uax. the sEMG activity of a knee extensor and an ankle plantar flexors
decrease during the late stance phase despite the knee keeps extending and the
ankle keeps plantarflexing during this phase of the stance (Belli et al., 2002; I. N. Bezodis
et al., 2008).

Kakehata et al. (2021) investigated the RF and BFIh sEMG activity timings (i.e., when
the muscle switches from inactive to active and from active to inactive) at V,_p yax
during the swing phase. All the 18 well-frained sprinters enrolled in this study showed a
clear switching between the BFIh activity in the late stance and the RF sSEMG activity
at the beginning of the swing. Afterwards, in the mid/late swing phase, 10 out of the
18 participants showed a clear switching between the RF and the BFIh sEMG activities,
meaning that the RF activity ceased before its antagonist’s activity begun (Kakehata
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et al., 2021). However, the authors reported co-contractions for the remaining 8
sprinters. For these sprinters, the BFIh became active in the late swing phase while the
RF was still active as well. In other words, a hip extensor became active while its
antagonist (i.e., a hip flexor) was still active and these co-contractions were found to
be deleterious at V,_p yax Whereby a clear switching between the RF offset and the
BFIh onset in the mid/late swing phase seems more appropriate in order to reach
higher SF in this phase (Kakehata et al., 2021).

To the author’s knowledge, only Higashihara et al. (2018) compared the BFIh and
Semitendinosus SEMG activity between the transition phase (i.e., at 15 m) and at
Vi—p max following two maximal effort sprints. These authors did not report any increase
in the sEMG activity, despite a significantly increased V,_p, between the two phases.
As the hamstring injury risks apparently increase with the increasing V,_p, it is likely
metrics other than the sEMG can be responsible for these increased injury risks.
Nonetheless, Higashihara et al. (2018) studied two muscles from the hamstring muscle
group. Thus, further studies investigating additional muscles should be conducted in
overground sprinting with maximal effort in order to better comprehend whether the
increased V,_p affects the sEMG activity.

2. The muscle activity in the curve

In the curve Pietraszewski et al. (2021) evaluated the peak sEMG activity of the GM,
BFIh, GMax, TA and VL during 200-m sprints at the inner and outer lanes of an indoor
banked track (i.e., smaller radii than outdoor fracks). The authors compared the sSEMG
peak activity reached between the straight and the curve portions of the two 200-m.
The authors eventually reported a greater peak SEMG activity of the right GM and left
and right VL in the curve in comparison to the straight.

However, the confusing data processing description in both experimentations
challenges to understand how the curve impacts these muscles sSEMG activity. Indeed,
the authors reported the peak sSEMG amplitude over 50-m sections which, in indoor
track venues includes both curve and straight sections. In addition to that, these 50-m
sections also gather successive phases of the sprint which we attempted to dissociate
in the present manuscript (see Part 1) and this means that the sEMG activity was not
specifically investigated at V,_p yax. Overall, the multiple limitations highlighted above
indicate that the sEMG activity in the curve at radii typical of track events is rather
unknown.

Thus, overall, no experimentation with a sufficiently robust experimental design
investigated the sEMG activity of lower limb muscles in the curve. We have previously
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seen in the Part 3 of the manuscript that the left hip peak extension velocity during the
stance was reduced in the curve in comparison to the straight (Churchill et al., 2015).
This could in turn result from alterations of hip extensors muscle activity during the
stance phase and hip extensors SEMG activity should be investigated in the curve.

Finally, as we have previously discussed in the Part 3, the left leg’s SFis reduced in the
curve in comparison to the straight during the transition phase (Judson, Churchill,
Barnes, Stone, Brookes, et al., 2020) and at V,_p yax (Churchill et al., 2015). As we have
discussed, co-contractions between BFlh and RF in the late swing phase in turn reduce
the SF (Kakehata et al., 2021). In the curve, the left leg SF is reduced due to an
increased left stance time as developed in the Part 3. Therefore, investigating the
SEMG activity timings and amplitude of these muscles in the curve could help
understand the underlying reasons of the increased stance times. For instance, hip or
knee extensors or ankle plantar flexors might show a lower sEMG activity or these
muscles could be active for a longer duration, which could in turn induce lower hip or
knee extension or ankle plantarflexion velocities and consequently longer stance
times.
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Part IV - Summary

~ Only a few experimentations investigated the sEMG activity in overground
sprinting with maximal effort. As the sprinter straightens up during the transition
phase, it seems that the hip extensors’ sSEMG activity changes as well. However,
to date neither study investigated the change in the sEMG activity with the
sprinting kinematics.

“~ In addition to that, these studies focussed their analysis on specific timestamps
of the sprint. Therefore, an analysis from the starting blocks exit onward would
help better understand how the muscle activity impacts the sprinting technique.

“ To date, a single experimentation compared the sEMG activity of the BFlh and
Semitendinosus at 15 m and at V4_p yax. These authors did not report any
increase in the sEMG activity with the increasing V,_p, suggesting that it is not
the sEMG activity that is responsible for the greater risks of injuries as the V,_p

increases.

“ In the curve, to date, two studies explored the sEMG activity and compared it
to the sEMG activity obtained in the straight. However, one showed large
methodological limitations while the other was realized on a soccer pitch with
soccer players, meaning that the sEMG activity in the curve at radii typical of
track events remains rather limited. Thus, a clear investigation of the sEMG
activity timings and amplitude at radii typical of track events with sprinters is still
lacking.
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RESEARCH QUESTIONS AND AIMS OF THE THESIS

From a biomechanical aspect, the sprinting performance can be thoroughly
characterized through the V,_p oy, the GRF, the kinematics and the sEMG features.
These parameters have been well detailed in the straight in the existing literature.
However, the straight only represents a minor portion of the performance in curve
sprinting events (200, 400, 400-m hurdles, 4*100, 4*400, 4*400 mixed relay) and a clear
gap remains in the literature regarding the V,_p oy, the GRF, the kinematics and the
SEMG in the curve. Consequently, the sprinting performance in the curve is not well
understood hitherto.

¢ Thus, the first main aim of the present thesis was to compare the sprinting activity
between the straight and the curve using the different metrics that we
mentioned.

In addition, we have seen in the literature review that overground straight-line sprinting
with maximal effort is an un-steady activity by nature. With the increasing V,_p cu.
several mechanical and kinematic changes are observed as a sprinter progresses into
the sprint and straightens up. In the curve, neither experimentation reported whether
the mechanical and the kinematic parameters undergo similar changes throughout
the transition phase. Furthermore, as the F, magnitude is strongly influenced by the
sprinting V,_p, additional changes between the curve and the straight could result
from the increasing F.

o Therefore, the secondary main aim of the present thesis was to investigate
whether the CM, the GRF, the kinematics and the sEMG activities modifications

in the curve change with the increasing V,_p through the transition phase.

As this PhD thesis was conducted at the French Institute of Sport and with the French
Athletics Federation, in a context of sport performance, we paid special attention to
the parameters that could eventually a) alter the sprinting performance and b)
increase the injury risks in the curve in comparison to the straight.

In addition, the sprinting activity must be studied in overground sprinting with maximal
effort with in-field experimentations. In addition to that, as the curve requires specific
technical abilities in itself, we wanted to investigate those parameters among
experienced curve sprinters.

In the literature review, we saw that the V,_p -y Was a key feature of the sprinting
performance in the straight and directly provides information regarding the sprinting
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expertise. In the curve, only a few studies investigated the V,_p o). Moreover, these
studies were limited to a specific portion of the curve due to technological limits which
aftests the challenge to assess the V,_py in the curve, especially within in-field
conditions. Nevertheless, investigating the V,_p ) in the curve throughout the transition
phase seems of great importance. Considering their portability, their convenience
and their range, full-body MIMU-based systems have become popular over the past
decade. Yet, to our knowledge, no study compared the stance-averaged Viy
computed from a MIMU-based system to a reference system.

Thus, the aim of the study #1 was to compare the stance-averaged V., computed
from a MIMU-based system to the V-, measured with a reference system (i.e., FP) over
the starting blocks pushing phase and the initial 1-to-4 stances both in the straight and
in the curve.

It was hypothesized that this MIMU-based system would provide comparable data for
the Vg in comparison to the PF. If this system is found to be suitable for in-field
computation of the V., this would provide the unique opportunity to easily and
rapidly access the V¢, in the curve over the entire transition phase.

Based on Newton Second Law of Motion the V), can be described using the GRF and
several experimentations have used the GRF approach in the straight. Numerous
studies showed that the mean F,_, over a stance was a key feature in straight-line
sprinting performance. In the curve, the additional requirement of the Fy,_, in order to
maintain a curvilinear motion likely affects the F,_, which would in turn alter the
sprinting performance. In addition, mathematical models hypothesized that the F,
would be altered as well. Overall despite the ability to produce a similar Fryr in the
curve would not be affected, the sprinter would need to increase the stance times in
order to produce an IMPy similar to the straight.

Thus, the main aim of the study #2 was to compare the GRF from the starting blocks
pushing phase to the V,_p y4x between the straight and the curve. A secondary aim
was to investigate how the GRF evolve in the curve with the increasing V4_p.

It was hypothesized that the mean Fpor would remain similar to the straight.
Concomitantly, we would observe a substantially increase in the mean Fy,_;, meaning
that the mean F, and F,_p would decrease in comparison to the straight. A second
hypothesis of the present study was that the mean F),_; over the first stances in the
curve would be similar to the straight as the first steps are thought to be performed in
the straight.
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Anyone sprinting in the curve will automatically lean in order to exert the Fy,_,.. As it has
been previously suggested, those changes in the frontal plane likely yield changes in
the sagittal plane kinematics as well and these changes in the sagittal plane must be
investigated. Additionally, the reduced F,_p in the curve likely results from alterations
in the hip, knee and ankle extension/plantarflexion during the stance phase.
Furthermore, we saw that the BLL increased with the increasing V,_p, meaning that the
sagittal plane kinematic modifications in the curve in comparison to the straight could
potentially increase with the increasing V,_p.

Thus, the main aim of this study #3 was to compare the peak hip, knee and ankle
extension and plantarflexion angles and angular velocities during the stance and the
swing phases through the transition phase. During the swing phase, as the hip and knee
flexions are meaningful in terms of performance, they will also be investigated.

Based on the previous literature and due to the BLL, it was hypothesized that the left
limb sagittal plane kinematics would be the most affected by the curve. Specifically,
we are expecting a lower left hip extension velocity during the stance phase.

The modifications in the sagittal plane kinematics are eventually originating from
changes in the SEMG activity of the muscles surrounding the joints. For instance, a
lower left hip extension velocity can result from a lower sSEMG activity of a hip extensor
(i.e., the BFIh), or this muscle being active over a shorter period in comparison to the
straight. Consequently, investigating the sEMG activity of muscles directly involved in
sagittal plane movements would likely provide meaningful knowledge regarding the
changes in the sagittal plane kinematics.

Thus, the main aim of this study #4 was to compare the sSEMG activity of hip flexors and
extensors, knee flexors and extensors and ankle plantar flexors during both the stance
and the swing phases. A secondary aim was to investigate whether the sEMG activity
of these muscles change with the increasing V4_p.

Based on the GRF changes and the kinematics modifications expected in the curve,
it was hypothesized that the sEMG activity of a left hip extensor would be decreased
in the curve. Moreover, based on the BLL, we expect the left limb muscles to undergo
the greatest changes.
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GENERAL METHODOLOGY

This chapter outlines the general methodology for the experimentations conducted
within the Halle Maigrot of the French Institute of Sport (INSEP, Paris, France). These
experimentations were in accordance with the Declaration of Helsinki and have been
approved by the Ethical Committee for Research in Sport Sciences (n° IRB00012476-
2021-29-04-107). The four studies that will be detailed thereafter all emerge from the
same experimentations.

1. Participants

The participants’ characteristics are presented in table 4. Four female and fiffeen male
sprinters, experienced-to-elite 200- and 400-m specialists were enrolled in these
experimentations. Four of them recently participated to international competitions
(2016 Olympic Games, 2021 Paralympic Games as a guide, 2021 under 20 European
and World Championships).

Table 4. Mean * SD characteristics of the participants recruited for the four experimentations.

Age (years) Height (cm) Body mass Personal best 200 m (s) Personal best 400 m (s)
(kg)
Female 23.75+29 170.25+ 4.2 65.87 £ 4.03 26.30 (range 24.85-27.75)  57.67 (range 57.40 — 57.93)
Male 23.93+3.9 17880+ 5.7 76.10 £ 6.78 22.89 (range 20.45-23.83)  49.56 (range 47.60 — 53.31)

2. Protocol

1. Participants' amival and informed consent

The recordings took place on an indoor frack facility between June and July 2021,
which corresponded to the frack competition period. Upon the participants’ arrival,
they were informed of the aims, risks and benefits of the experimentation and signed
the informed consent (see figure 18, panel A).
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Straight and curve in P
randomized order = ====

© Isabelle Amaudry - INSEP

Figure 18. Graphical representation of the experimental protocol. A. the participant is signing the
informed consent; B. the surface electromyography electrodes are positioned on the middle of each
muscle’s belly following the SENIAM recommendations; C. the participant warms-up for at least 45
minutes; D. the Magneto-Inertial Measurement Unit (MIMU)-based system is positioned on the participants;
E. with the MIMUs and the straps on, the participant familiarize for an additional 10-to-15 minutes; and F.
the data collection begins with 10-, 15-, 20-, 30- and 40-m sprints in the straight and in the curve with the
sprinting condition (straight or curve) order being randomized.

2. Material detecting and recording the muscles’ surface electromyography

In order to compare the sEMG activity of four muscles in the curve, to that of the
straight, we positioned 8 single sEMG electrodes (Trigno, Delsys INC. Boston, USA, see
figure 19) sampling at 2148 Hz on the muscle belly of 4 muscles on each leg (see figure
18 panel B) following the SENIAM recommendations (Hermens et al., 2000).
Considering the previous kinematics and sEMG activity literature that analyzed the
sprint, we have chosen to collect the sEMG activities of the following four muscles: the
BFlh, the RF, the VL and the GM. Once accurate positioning of the muscles was
identified, a black pencil was used to mark its location. Thereafter, the participants
were asked to gently isomeftrically contract the different muscles to ensure correct
electrode positioning. Afterwards, the surface was shaved and abraded (Merletti et
al., 2001). Finally, the sEMG electrodes were positioned longitudinally to the muscle
fiber in order to guarantee the detection of the maximum muscle activity amplitude
(Merletti et al., 2001); and firmly attached to the skin using straps (see figure 18, panel
C).
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In sprinting, the four muscles analyzed have the following anatomical characteristics

and functions:

The BFIh is a bi-articular muscle and is the longest portion of the Biceps Femoris.
The BFIh has a conjoined tendon proximally with the Semitendinosus on the
ischial tuberosity (Stepien et al., 2019). The distal tendon is common with the
Semimembranosus on the styloid process of the fibula (Terry & LaPrade, 1996).
This muscle works as a knee flexor before the touchdown (eccentric
confraction during the late swing phase) and a hip extensor through the stance
(concentric contfraction).

The RF is bi-articular and is located in the anterior part of the thigh. Proximally,
its tendon origin is on the anterior inferior iliac spine. Distally, the RF tendon
terminates on the patella with the quadricipital tendon. During the stance
phase, the RF has “an important role in tolerating impact loads in running”
(Nummela et al., 1994). In the swing phase, this muscle works as a hip flexor to
reposition the thigh ahead of the trunk (Kakehata et al., 2021, 2022; Mero &
Komi, 1987).

The VL is mono-articular. Its proximal tendon origin is on the lateral lip of the linea
aspera and the distal fendon terminates on the Patella with the quadricipital
tendon. In sprinting, this muscle contracts concentrically to extend the knee
before the touchdown and controls the knee flexion while eccenftrically
confracted during the stance.

Finally, the GM is the medial head of the bi-articular Gastrocnemius muscle. Its
origin is above the medial femoral condyle and terminates on the calcaneal
tuberosity on the Calcaneum through the Achilles tendon. This muscle works
mainly as an ankle plantar flexor in sprinting and has a minor role of knee flexor.

Overall, these muscles have major roles in sprinting and were found to be solicited in

running and sprinting (Hanon et al., 2005; Higashihara et al., 2010, 2018; Howard et al.,
2018; Kakehata et al., 2021, 2022; Pinniger et al., 2000; Slawinski et al., 2008; Yu et al.,
2008). Due to the asymmetrical nature of curve sprinting between the left and right

legs as presented in the literature review, we analyzed both the left and right leg’s

muscles in either sprinting condition. In addition to that, as we wanted to specifically

investigate how these muscles mainly involved in sagittal plane movements would

perform in the curve in comparison to the straight, we considered the straight as the

“reference condition”.
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Figure 19. Representation of the surface electromyographic electrodes positioned on a participant.

Amaudry - INSEP

3. Sel-managed warm-up

After the electrodes were positioned, the participants began with a self-managed
warm-up (= 45 min) that comprised jogging, drills and accelerated sprints with
increasing intensity (see figure 18, panel C).

4. Material detecting and recording the joints’ kinematic

The sprinting kinematic was computed using a MIMU-based system (MVN Link Xsens
Technologies, Enschede, Netherlands, 240 Hz). This MIMU-based system is composed
out of 17 individual MIMUs (36 x 24.5 x 10 mm: 10 g) connected through wires Each
MIMU contains a 3D gyroscope (+ 2000 °-s'), a 3D accelerometer (scale: = 160 m - s2)
and a 3D magnetometer (£ 1.9 Gauss). The MIMUs were fixed to the participants’
segments with straps (see figure 18, panel D) following the manufacturer
recommendations (see figure 20 for a representation of the MIMUs' location) after the
warm-up.

Afterwards, in order to “estimate the dimensions/proportions of the person being
tracked, as well as the orientation of the sensors with respect to the corresponding

82



General methodology

segments” (Schepers et al., 2018), a calibration procedure must be done. This
calibration starts with the computation of the anthropometrical model.

i. The anthropometrical model

For that sake, the participants’ height and foot length were measured and input info
the MIMU-based system software which estimates segments’ lengths with regression
equation (Drillis et al., 1966; Roetenberg et al., 2013; Yeadon & Morlock, 1989) in order
to define the MIMU-based anthropometrical model. The MIMU-based system
anthropometrical model is defined by 23 segments: pelvis, L5, L3, T12, T8, neck, head,
left and right shoulders, upper arms, fore arms, upper legs, lower legs, feet and toes
and is based on the International Society of Biomechanics (ISB) biomechanical model
(Roetenberg et al., 2013). These 23 segments are linked through 22 joints and the Euler
representation of those joints follows the ZXY Euler sequence. In addition to that, the
segments’ movements that do not have sensors attached on are “estimated by
combining the information of connected segments and the anthropometrical model”
(Roetenberg et al., 2013; Schepers et al., 2018). Unfortunately, the whole computation
is based on the manufacturer’s proprietary sensor fusion algorithm and scaling model;
and thorough information regarding its processing cannot be accessed.

Robert-Lachaine et al. (2017) have estimated the differences attributed to the MIMU-
based system anthropometrical model in comparison to the ISB anthropometrical
model. The authors showed that, depending on the joint, small-to-large differences
due to the biomechanical model used can be observed for the joint angles. The most
affected joints were the shoulder and the elbow (root mean square errors up to 41.3°)
(Robert-Lachaine et al., 2017). In confrasts, the hip, knee and ankle joints “were the
least affected by the model component” (Robert-Lachaine et al., 2017). As the errors
due to the technology were rather small, the anthropometrical model represents the
main limitation of this system.

Although the errors associated with the technology were rather small (Robert-
Lachaine et al.,, 2017) an accurate recording using this technology is strongly
influenced by the sensors positioning on the segments and the calibration procedure
that follow. Consequently, in the present study, the calibration procedure was
performed according to the manufacturer instructions (Schepers et al., 2018) and to
general guidelines (Camomilla et al., 2015, 2018; Hughes et al., 2021) to generate
sensor-to-segment alignment (Roetenberg et al., 2013).
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The calibration steps

Sensor-to-segment calibration: This step consists on an estimation of the
segments’ kinematics based on the sensors’ orientation on the body segments.
For that sake, the participants were asked to stand in a reference, known
position (N-pose, see figure 20), in which the segments’ orientation is assumed
to be known. Then, the participants were asked to walk back and forth for ~5
m. Thus, a high-quality calibration procedure also strongly relies on the quality
of the N-pose adopted by the participant.

In the N-pose, the participant’s body is assumed to be a rigid body and the
homogeneous matrices between the segments and the MIMU-based system
Global Coordinate System (GCS) are computed. From that point on, we can
follow the segments’ motion based on the MIMU's GCS motion (Roetenberg et
al., 2013; Schepers et al., 2018).

Axes definition: Finally, the calibration was applied with the participant
standing in the N-pose and facing the direction of the measurement
environment. The forward axis, as well as the local coordinate system'’s (LCS)
origin (corresponding to the right heel position) were in turn defined. In our
experimentations, the participants positioned their right heel at the origin of the
FP GCS (see figure 30, bottom left corner, position (0,0,0)) in order to align the
FP and the MIMU-based systems’ GCS. Unfortunately, due to sensors drift, the
MIMU-based system LCS is unlikely to be perfectly aligned with the FP GCS (see
section 6.2. of the general methodology).
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Front view Rear view

Figure 20. Position of the magneto-inertial measurement units (in gray) with a participant standing in the
N-pose.

iii. Familiarization with the electrodes and the sensors on

After the participants were fully equipped with the MIMU-based sensors, they were
given an additional 10 minutes to familiarize with the sensors on (see figure, 18 panel
E).

5. How to investigate the ground reaction forces in the curve?

Following the familiarization period, the participants performed 10-, 15-, 20-, 30- and
40-m sprints (see figure 18, panel F). The 5 sprints were performed with maximal effort,
in the straight and in the curve with a randomized sprinting condition (straight & curve)
order. The participants were given 3, 4, 5, 6 and 8 min of rest after the 10-, 15-, 20-, 30-
and 40-m sprints, respectively, in order to avoid the onset of fatigue. The participants

followed the “on your marks”, “set” and "go” instructions using starting blocks and
were wearing their own spikes.

For this experimentation we had access to an indoor track facility (the Halle Maigrot
of the French Institute of Sport, Paris, France) where é FP are connected in-series and
embedded within the frack (see figure 21, the FP apparatus will be detailed in the
general methodology section 3.3.). In order to compute the GRF over multiple stances
in both the straight and in the curve, we adapted a protocol based on the original
work of Cavagna et al. (1971) and later replicated by Rabita et al. (2015) (see figure
21 for a graphical representation of this protocol). For the 10-m sprints in either the
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straight or the curve, the starting blocks were positioned on the first FP (see figure 21).
For the subsequent sprints, the starting blocks were progressively positioned further
away from the FP so that the GRF of consecutive stances could be computed (see
the moving positions of the starting-lines in comparison to the FP). This methodology
permitted to collect the GRF of ~17 stances in average in the straight and ~15 stances
in average in the curve.

The GRF obtained during the 10-, 15-, 20-, 30- and 40-m sprints correspond to the GRF
at the following distances for each sprint. For the 10-m sprints, the GRF were collected
at 0-6 m. For the 15-m sprints, the GRF were collected at 8-14 m. For the 20-m sprints,
the GRF were collected at 14-19 m. For the 30-m sprints, the GRF were collected at 24-
29 m. Finally, for the 40-m sprints, the GRF were collected at 34-39 m (see figures 21 &
22 for graphical representations).

—— Starting-line for curve sprints
= === Finish line for curve sprints
——> Direction of curve sprints
e Starting-line for straight-line sprints
~ = == Finish line for straight-line sprints

—— Direction of straight-line sprints
J 30m
Sy 20m 10-15-20-30-40 m
15m 10m
——
i e s
1 \

[ 1 3

[30m | [20m | [15m | [40m | [iom] 40m

10-m sprints: 0-6 m
* 15-msprints: 8-14 m
¢ 20-m sprints: 14-19 m
* 30-m sprints: 24-29 m
* 40-m sprints: 34-39 m

[

Figure 21. Graphical representation of the protocol used to collect the ground reaction forces (GRF) at
different instants of the race. Overall, with the increasing distance, the starting blocks position was
positioned further away from the force platforms in order to collect the GRF of the subsequent stances.
Note that for the 40-m sprints, the starting blocks were positioned on the other side and the participants
were sprinfing on the opposite way due fo the indoor facility organization. The dimensions are not at a
correct scale.
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Figure 22. Typical signals of instantaneous vertical (F,), antero-posterior (F4_p) and medial- lateral (Fy_.)
components of the ground reaction force obtfained during the 10-, 15-, 20-, 30- and 40-m sprints in the

straight, and that correspond to the following location of the force platforms area: a) 10-m sprints: Zone
1 (0 to 6 m; 0 corresponding to the starting line); b) 15-m sprints: Zone 2 (8 to 14 m); c) 20-m sprints: Zone 3
(14 to 19 m); d) 30-m sprints: Zone 4 (24 to 29 m) and 40-m sprints: Zone 5 (34 to 39 m).

6. How to reconstruct a curve on a straight-line of an indoor track facility?

In order to investigate the GRF within the curve, we had to reconstruct a curve on the

straight-line of the indoor track facility, where the 6 FP are embedded within the track

(see figure 23).
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)
&

Figure 23. Location of the 6 force platforms (FP) in the straight-line of an indoor track facility. In yellow is
the 2-m long template corresponding to the lane 5 of a standard athletics frack (radius (r) = 41.58 m) was
positioned on the FP in order to reconstruct a curve overlapping the 6 FP.

For the reconstruction of the curve, we used a 2-m long template with a radius of
curvature of 41.58 m (Sartorius, la Ferté-sous-Jouarre, France, see figure 23),
corresponding to the lane 5 of a standard athletic track. This template was positioned
on the inner edge of the FP (see figure 23), in order to reconstruct a curve overlapping
the FP area such that the participants were the most likely to hit the FP while sprinfing.
With this template, we drew the curve onto the track using chalk (see figure 24) and
moved the template successively along the track in order to reconstruct a 40-m long
lane in the curve (see figure 24). For each experimentation, we positioned two white
bands (DimaSport, Ozoir-la-Ferriere, France; see figure 24) on the track to replicate the
inner and the outer lanes of a 1.22-m wide lane 5.
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© Isabelle Amaudry - INSEP

Figure 24. The two experimenters installing the two white bands (B arrows) on top of the chalk line (A
arrow) in order to replicate alane 5 (radius =41.58 m) of a standard athletic track over the force platforms
(FP) area. The reproduced lane was 1.22 m wide.

3. Materials

1. Video cameras

One of the main concerns with the FP data is to make sure the participants’ feet made
contact strictly within the FP. For that sake, each sprint was filmed using two video
cameras (120 Hz, iPhone 11, Apple, California, USA) positioned on either side of the FP
(represented in grey and mounted on tripods in the figure 25) in order to make sure
each foot was fully within the FP. A stance was considered “valid” when the foot fully
landed within the FP.

2. Timing gates

Two pairs of timing gates (Witty, Microgate, Bolzano, Italy) were positioned at the
beginning and at the end of each sprinting distance (represented in dark grey in figure
25) to compute the elapsed time between the starting and the finish lines over each
sprint. The first pair of timing gates was placed ~10 cm ahead of the starting-line such
that the participants were not obstructing the beam while on the starting blocks (see
figure 25).
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3. Material detecting and recording the ground reaction forces

In the present experimentation, the instantaneous F,, F,_p and Fy_, were measured
by a 6.60-mlong FP (see figures 21, 22 & 23), composed out of six individual FP (5 length-
wise and 1 sideways; 1.2 x 0.6 m each sampling at 1000 Hz; KI 9067; Kistler, Wintherthu,
Switzerland) connected in-series and embeded within the tfrack surface. The second
FP was oriented perpendicularly so that the participants’ hands were positioned on
the FP during the starting blocks phase (see figures 21, 23 & 25).

Curve (radius: 41.58 m)

/

“~—— Force platfforms

-
-
-

7 Timing gate

Straight-line e k / T Camera

Figure 25. Graphical representation of the experimental sef-up for the curve sprinting condition showing
the force platforms, the straight-line and the curve lanes, two video cameras (light grey on the tfripods)
and the timing gates (dark grey on the fripods). For the straight-line condition, the top right corner timing
gate was moved outside of the sfraight-line lane and placed such at 10 m from the starting timing gates.

4. Synchronization

The data originating from the FP, the sSEMG and the MIMU-based systems were all time-
synchronized to the nearest MIMU-based system frame (thus = 1/240 s) using a
customized cable. With this setup, the FP were the masters while the MIMU-based and
the sEMG systems were the slaves. Using this methodology, 2 new channels were
added to the FP in complement to the 6 already existing on the 6 FP. The FP recordings
began first, with the MIMU-based system and sEMG softwares following (see figure 26;
steps 1, 2, 3 & 4).
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1. Synchronization between kinematics and kinetics

In order to synchronize the FP and the MIMU-based systems, we connected a BNC
cable to the Awinda, sync station (Xsens Technologies, Enschede, Netherlands) on
one hand and to the 7t FP channel on the other hand. The beginning and the end of
the MIMU-based system recordings both emitted a falling edge to the Kistler software,
temporally indicating when the MIMU-based system was initiated (see figure 26, steps
2 & 4).

2. Synchronization between electromyography and kinetics

In order to synchronize the FP and the sEMG systems, we connected a second BNC
cable to the Delsys Trigno Module (Delsys INC. Boston, USA) on one hand and to the
8 FP channel on the other hand. The beginning of the sEMG system recordings
emitted a falling edge, temporally indicating when the sEMG system was initiated (see
figure 26 steps 3 & 5).
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Figure 26. lllustration of the synchronization setup used in the present study. 1. The force platforms’
recording is initiated; 2. The magneto-inertial measurement units’'(MIMU)-based system recording is
initiated. On the top figure, we can see the dark purple faling edge of the synchronization pulse
originating from the MIMU-based system; 3. The surface electromyography (sEMG) system recording is
initiated. On the top figure, we can see the light green falling edge of the synchronization pulse originating
from the SEMG system; 4. At the end of the sprint, the MIMU-based system recording is ferminated. On the
fop figure, we can see the second dark purple falling edge of the synchronization pulse. 5. The sEMG
recording is terminated, yet, this does not send any falling edge to the Kistler soffware.
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Synchronization between devices was confirmed during pilot testing by gently pressing
on one MIMU positioned over the FP and by checking the temporal events of the F,
and the vertical MIMU acceleration.

5. Data processing

The entire data processing described in the following paragraphs was realized using a
customized Matlab (R2017b MathWorks Inc. Natick, MA, USA) script.

1. Timing gates

Sprinting performance (expressed in s) over the different sprints corresponded to the
elapsed time over each distance measured with the two pairs of timing gates.

2. Conversion to .c3d file

With the fime-synchronization between each system, we created .c3d files that
gathered the GRF, the kinematics and the sEMG raw signals using the Biomechanial
toolkit github (0.3.0). After the 3 systems were time-synchronized, we analyzed each
system’s data from each sprint that correspond to the stances that were on the FP. For
example, according to the figure 26, the GRF were recorded for the starting blocks
pushing phase and until the 4% stance. Thus, for this sprint, we analyzed the GRF, the
kinematics and the sEMG from the starting blocks pushing phase and until the 4t
stance.

3. How to choose the filtering cut-off frequency: an example with the ground

reaction forces

Usually, when a raw data is recorded, it necessitates appropriate filtering in order to
remove the signal noise (see figure 27). The cut-off frequency chosen for the filter can
strongly influence the signal and the processing that follows (see figure 27). Thus, it is of
great importance to appropriately decide which cut-off frequency to choose.

In order to illustrate the impact of the cut-off frequency chosen, we provide an
example detailing the different steps to choose the cut-off frequency using the GRF
data collected in the present experimentation (see the figures 27 and 28). We can see
on the figure 27 that the filtered signals strongly differ depending on the cut-off
frequency used for the filter applied to the raw signal. With a 10-Hz cut-off frequency,
the signal is completely changed and looks like a sine wave (see the yellow curve on
the figure 27). On the other hand, with a cut-off frequency of 200 Hz (the dark blue
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curve on the figure 27), the signal nature of the raw data is unchanged, yet the signal
noise is smoothed (see figure 27, panel B).
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Figure 27. The panel A shows an example of the raw antero-posterior signal and the filtered antero-
posterior signals with cut-off frequencies of 10, 30, 50 & 200 Hz with a third-order Butterworth filter. The
arrows point out the signal noise on the raw data. The panel B zooms in around the signal noise area.

Nonetheless, the signal shape is not the only indicator to follow for an appropriate cut-
off frequency choice. According to Winter (2009), one of the most common method
requires a “residual analysis of the difference between the filtered and the unfiltered
signals over a wide range of cut-off frequencies”. This method was used for the choice
of the cut-off frequencies that were applied to the raw data refrieved from the MIMU-
based system, the FP and the sEMG. With this method, the residuals were calculated
for a signal of N sample points in time at each cut-off frequency, as follows:

N
1 -
RUD = |3 ) (K= R @
i=1

Where f_ is the cut-off frequency of the 39 order dual-pass filter, X; is the raw data at
the ith sample and X; corresponds to the filtered data at the ith sample using a 3
order zero-lag filter.
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The left panels of the figure 28 show the residuals (in N) of a participant’s F,, F,_p and
Fy_, (averaged over 3 successive stances) depending on the cut-off frequency
chosen with a 10-Hz step. From those charts, we can visually see that the change in
the residuals from one cut-off frequency to the following one (with a 10-Hz step)
becomes frivial after respectively ~120 Hz, ~150 Hz and ~200 Hz for the F,, F,_p and

FM_L-

The right panels of the figure 28 on the other hand display the comparison of the mean
F,, F,_p and Fy,_; over the same 3 stances depending on the cut-off frequency chosen
with a 10-Hz step. The mean raw F, was 830.12 N. On the other hand, the mean F,, with
cut-off frequencies of respectively 50, 100 and 200 Hz were 829.58, 830.14 and 830.10
N, respectively. This means that, the differences in the mean F, between the raw data
and each of the cut-off frequency became trivial starting from ~50 Hz. Consequently,
starting from ~50 Hz, an increase in the cut-off frequency will result in trivial changes in
the mean F,. For the F,_p, the differences between the raw and the filtered signals
became <0.50% after a cut-off frequency of ~100 Hz. Finally, for the Fy_;. the
differences between the raw and the filtered data droped below <0.50% at a cut-off
frequency of ~200 Hz.

Overall, both the residuals and the mean F,, F4,_p and Fy,_, differences became trivial
between one cut-off frequency and the subsequent one starting from ~200 Hz. Those
findings mean that, a cut-off frequency of 200 Hz or higher will not affect neither the
residuals nor the mean GRF. Consequently, either cut-off frequency starting from 200
Hz can be chosen. Thus, in the present experimentation, we decided to filter the GRF
raw signals with a low-pass, third-order zero-phase, Butterworth filter with a cut-off
frequency of 200 Hz which is also consistent with previous experimentations utilizing the
same FP (Morin, Slawinski, et al., 2015; Rabita et al., 2015; Samozino et al., 2016).

The same methodology was applied to the other variables computed from the other
systems and the table 5 shows the cut-off frequencies chosen for all the parameters
analyzed in the studies #1, #2, #3 & #4.
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Table 5. Cut-off frequencies chosen after residual analysis for the filters applied to the raw signal in the
different studies.

Study #1 Studies Study #3 Study #4
#1 & #2
Hip, knee and ankle
VV MIMU>» VA—P MIMU FV; FA—P A“
Parameters angles & angular
VM- mimu & Fy-y - muscles
velocities
Cut-off 20 Hz 200 Hz 15 Hz 20-450 Hz

frequency

4. Events detection

The beginning of the starting blocks pushing phase was defined as the instant when
the change in F, rose above 15 N of the BW (Rabita et al., 2015). The end of the starting
blocks pushing phase was defined as the instant when the F;, first dropped below 20
N (Morin et al., 2019). After the starting blocks exit, the sprint events (touchdown and
toe-off) were determined using a 20-N threshold on the F, (Millot et al., 2023; Morin et
al., 2019).

5. Stance times

The starting blocks pushing time (expressed in ms) was computed as the elapsed time
between the beginning of the starting blocks pushing phase and the starting blocks
exit. Afterwards, the stance times (expressed in ms) were computed as the elapsed
time from the ipsilateral touchdown to the ipsilateral following take-off. The swing times
(expressed in ms) on the other hand corresponded to the elapsed time from the take-
off to the following ipsilateral touchdown. The SF (expressed in Hz) was defined as the
number of steps per second and was computed as follow:

1
Stance time + Swing time

Step frequency = (5)

Finally, we averaged the stance times, the swing times and the SF over each distance
(see figure 21) by making difference between the left and the right steps.
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Figure 28. The left panels correspond fo the plots of the residuals between the raw vertical, antero-
posterior and medial-lateral ground reaction forces (GRF) and the filtered signals over 3 stances as a
functfion of the filter cut-off frequency. For each panel, the horizontal dotted line corresponds
approximately to the “stability point”. This means that starting from this cut-off frequency, choosing a
higher cut-off frequency will result in negligible changes in the residuals. The right panels show the change
in the mean vertical, antero-posterior and medial-lateral GRF over 3 stances as a function of the filter cut-
off frequency. The horizontal dotted line also corresponds to the “stability point”, meaning that an
increase in the cut-off frequency will not affect the mean GRF starting from this point.
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6. Study 1: Comparison of the centre of mass velocity between a
reference system and a MIMU-based system

1. Protfocol

For the study #1, we only processed the 10-m sprints (corresponding to the 0-6 m
distance on the FP; see figure 21) as we wanted to compare the V., between the FP
and the MIMU-based system when the initial velocity was null and did not require an
integration constant (i.e., when the participants started from the starting blocks on the
FP, with a stationary position). Indeed, for the 15-, 20-, 30- and 40-m sprints, the
parficipants began their sprint outside of the FP and the initial conditions when
entering the FP were not O which required an integration constant. In addition to that,
for the analysis, the stances kept corresponded to all the consecutive “valid” stances.
For example, if the participant A had the first four stances “valid”, they were all kept
for analysis. In contrast, if the participant B had the first two stances “valid”, the third
stance landed outside the FP and the fourth was “valid”, only the first two stances were
kept for further analysis. The fourth stance was discarded as an integration constant
was needed.

2. Global and local coordinate systems

Despite both the FP and the MIMU-based system axes were supposed to be aligned,
it is very unlikely that they remain perfectly aligned due to sensors drift (Millot et al.,
2023). Consequently, we computed the norm of the horizontal plane of the FP and the
MIMU-based systems (Vg gp and Vy yimu. S€E below for the computation details).

3. CM velocity computation using the force platforms

The instantaneous F,, Fi_p & Fy_, (in N) were low-pass filtered, 200-Hz cut-off
frequency, third-order zero-phase Butterworth filter chosen after residual analysis
(Winter, 2009). Based on Newton's Second Law and according to previous literature
(Cavagna, 1975; Elfftman, 1939; Eng & Winter, 1993; Maus et al., 2011; Pavei et al., 2017,
2020; Rabita et al., 2015; Samozino et al., 2016) the three CM orthogonal instantaneous
acceleration components (Ay, A4_p and Ay, respectively, in m-s?2) were calculated
by dividing the GRF by the body mass (- m- g for the Ay ). Thereafter, we computed the
instantaneous antero-posterior (V,_p rp) and medial-lateral (Vy,_. gp) velocities (inm-s
') by integration of A4,_p and Ay,_,. respectively, over each stance:
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B Fyp

Va-prp = Voa-prp + m dt (6)
Fy-p

Vm-rrp = Vom-Lrp + f - dt ()

with- m the participant’s body mass (in kg), Voy pp. Voa—p rp ONA Voy—p pp the initial
velocity conditions (in m- s') taken as integration constants and set to 0 since the
starting blocks were placed over the FP and the participants started from a stationary
position. Afterwards, we computed the norm of the horizontal plane of the FP V.
(Vg pp, iInmM-s1):

Virp = \/VA—P rp° + V- rp” (8)

Finally, the instantaneous vertical velocity (Vy gp, in m-s1) was computed as follows:

F,p—m-g

% =V, —dt 9
VFP 0VFP+f - €©))

The norm of the horizontal plane Vi, (Vy pp) and the vertical Ve (Vy pp) Were averaged
over each “valid” stance.

4. MIMU-based CM velocity computation

The MIMU-based system'’s vertical, antero-posterior and medial-lateral instantaneous
Vem (respectively Vy mimu: Va—p vy ONA Vi—p pumu. in M-s1) were retrieved directly from
the MVN software. After data extraction, the Vi yimu. the Va_p ymy @nNd the Viy_p vimu
were low-pass filtered, 20-Hz cut-off frequency, third-order zero-phase Butterworth filter
chosen after residual analysis (Winter, 2009). The whole process followed to determine
the cut-off frequency was similar to that described in section 5.3.

Thereafter, we computed the norm of the horizontal plane of the MIMU-based system

Vem (Vi mimp. inm-s):

VHMIMU = \/VA—PMIMUZ + VM—LMIMU2 (10)

Similar to the FP computation, the norm of the horizontal plane V., computed with the
MIMU-based system (Vy yimu) and the vertical Ve (Ve vimy) Were averaged over each
“valid” stance.
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5. Data analysis

The mean Vygp and Vy yymuy ©N one hand and the mean Vg pp and Vg yme ©ON the
other hand were computed over the same stances and compared between systems
in the straight and in the curve.

The analysis was split within two conditions: a) the starting blocks (from the beginning
of the starting blocks pushing phase to the starting blocks exit) and b) the 0-6 m phase
(from the first touchdown after the starting blocks pushing phase to the take-off of the
last stance computed).

7. Study 2: Are the ground reaction forces altered by the curve
and with the increasing sprinting velocity through the transition
phase?

1. Protocol

For the study #2, the GRF from the 10-, 15-, 20-, 30- and 40-m sprints were used for the
data processing.

2. Global coordinate system rotation

In the straight, the experimentations generally assume that the antero-posterior
component (Yer on the panel A of figure 29) of the FP GCS is aligned with the straight-
line lane (dark blue lines on the panel A of the figure 29) (Colyer et al., 2018; Hunter et
al., 2005; Kawamori et al., 2013; Morin, Slawinski, et al., 2015; Morin et al., 2019;
Nagahara & Salo, 2018; Rabita et al., 2015; Samozino et al., 2016). In our study, the
antero-posterior component of the FP used was also aligned with the straight-line lane
(figure 29 panel A). In the curve, we applied the same assumption and aligned the
antero-posterior component of the GCS (Y’rr on the panel B of figure 29) to the curve
lane. For that sake, we calculated the angle between the straight-line lane and the
curve along the FP area every 10 cm using the DLT method (Abdel-Aziz & Kararg,
1971).
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b i
FPn
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Figure 29. Panel A. In the sfraight, the force platforms’ (FP) antero-posterior axis (Yre) is aligned with the
straight-line lane (in dark blue). Panel B. In the curve, the FP’s Yee (Y'er1, Y'er2, ..., Y'rrn) Was also aligned with
the lane. For that sake, the FP's global coordinate system was rofated at each FP’'s areas (dashed lines)
about the vertical axis.

3. Determination of the angle between the straight and the curve

The DLT technique is a video analysis method that consists on reconstructing points in
space based on their 2D position in at least two different planes. In our study, these
two planes correspond to two different camera views (see figure 30). This fechnique
has been theorized by Abdel-Aziz & Karara (1971) and consists on two successive
steps.

e Cadlibration: For the calibration, we positioned 18 retro-reflective markers (dark
blue dots on figure 30 panels A & B) on known position corresponding to each
corner of the 6 FP (see the points’ coordinates between brackets next to each
dark blue dot in figure 30 panel A & B). These positions were known thanks to
the FP dimensions. Afterwards, each retro-reflective marker’s LCS was obtained
with manual digitation in each camera view (using Kinovea 0.9.5). This made it
possible to compute the 11 relevant DLT parameters defining our DLT set up and
calibration (Abdel-Aziz & Karara, 1971).

e Analysis: Following the calibration process, 78 retro-reflective markers (small
dark blue dots in figure 30 panel B) were positioned at each ~0.10 m on the
inside lane of the reconstructed curve (see figure 30 panel B) and filmed using
two cameras (iPhone 11, Apple, California, USA). Each marker coordinate was
then manually digitized on each camera view using Kinovea (0.9.5).
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After the manual digitation, the angle 6 between a vector following the FP
antero-posterior axis (the black arrow) and the reconstructed curve (the blue
arrow) with a radius of 41.58 m for each 0.10-m segment (see figure 31) was
computed.

The angle evolution was approximatively ~0.2° for each 0.10 m. As each FP is
1.20-m long (except the second FP positioned perpendicularly that is 0.60-m
long), each FP was then sub-divided within three 0.40-m long areas (except for
the FP positioned perpendicularly, divided within two 0.30-m long areas), with
an angle variation between two subsequent areas < 0.8°.

Within an areaq, as the angle change between the proximal and the distal 0.10
m sub-areas was < 0.8° and as this will have small effects on the cosine and sine
functions in the rotations matrices used to compute the GRF (Glaister et al.,
2007), we decided to gather 4 successive 0.10 m areas.

(X,Y) . (Xv.Yv) ,
/ 4

(-0.6,6.60) , 4

(-0.6,0,0)

Figure 30. Representation of the setup used for the Direct Linear Transformation method. The panel A
shows the calibration step where 18 retro-reflective markers (dark blue) are positioned on know
coordinates and filmed by two cameras (light grey on tripods). The panel B shows 78 retro-reflective
markers (blue) positioned along the inner lane (radius = 41.58 m) and filmed by the two same cameras.
On each panel, the dark dashed lines correspond to the separation of each force platform’s areas.
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Figure 31. Graphical representation of the angle between the force platforms’ (FP) global coordinate
system and each zone's vector. The right-hand side of the figure is a zoom in of the first FP. The angle 6
corresponds to the angle between the Y-axis of the FP (black arrow) and the curve (blue arrow). On each
panel, the dark dashed lines correspond to the separation of each force platform’s areas.

4. Rotating the global coordinate system

For each participant, the area of the FP on which the foot landed was checked with
the video footages. Afterwards, at each stance, the FP GCS was aligned with the
sprinting path by rotating F,_p and Fy_, about the vertical axis (Glaister et al., 2007)
foreach area (see equation 11) using the angle 6 that corresponds to the area where
the foot landed (determined using the two video cameras):

F'A—P]_ cosf sin6 [FA_p]
[F,M—L B [—Sin9 cos 04 [Fy—y (11)

Where F,_p and Fy_, are GRF outputs from the FP, F',_p, and F'y_, correspond
respectively to the rotated F,_p, and F,,_, at each stance. For clarity sake, F',_p and
F'y_, will be referred to F,_p and Fy,_; respectively for the rest of this manuscript. The
same process was applied for each zone, with the angle 8 changing depending on
the zone where the participant’s foot landed.

5. GRF forces

Similar to the study #1, the instantaneous Fror, Fy, F4—p & Fy_, (in N) were low-pass
filtered, 200-Hz cut-off frequency, third-order zero-phase Butterworth filter chosen after

102



General methodology

residual analysis (Winter, 2009). For either sprinting condition, Fror, Fy. F4—p and Fy_;
were averaged over each “valid” stance and expressed relative to the body mass
(thus expressed in N.kg') with distinction being made between the left and the right
limbs. Thereafter, Fror, Fy, F4_p and Fy_; were averaged over each zone. As an
example, a participant performing a 10-m sprint had 4 valid stances after the starting
blocks exit with the left foot in contact with the ground during the stances 1 and 3;
and the right foot in contact with the ground for the stances 3 and 4. Thus, the mean
left Fror, Fy, F4—p and Fy_;, at 0-6 m corresponds to the mean Fror, Fy, Fa_p and Fy_;
over the 2 left stances. On the other hand, the mean right Fror, Fy, F4o_p and Fy,_; at O-
6 m corresponds to the mean Fror, Fy, F4_p and Fy,_;, over the 2 right stances.

6. Stance times

The stance times were computed as the elapsed times between the touchdown and
the following take-off.

7. GRFimpulses

The IMPryr, the IMP,, the IMP,_p, and the IMP,_, were computed over the same
stances as described above by integrating the GRF over each stance duration using
the trapezium rule. IMP, was computed by subtracting the impulse due to BW:

t

IMPTOT = f FTOTdt (12)
0
t
0
t
IMPA_p - f FA_Pdt (14‘)
0
t
IMPM—L - f FM—Ldt (15)
0

Similar to the GRF forces, the impulses were averaged over the different sprinting zones
and distinction was also made between left and right stances. The impulses were
normalized to body mass (thus expressed in m-s7), in order to reflect the changes in
the Ve (Churchill et al., 2016; Hunter et al., 2005; Judson et al., 2019; Kawamori et al.,
2013; Morin, Slawinski, et al., 2015).
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8. Data analysis

The mean sprinting performance, Frgy, Fy, F4_p and Fy,_;, stance times, IMP oy, IMPy,
IMP,_p and IMP,,_; over the starting blocks pushing phase and at 0-é6 m, 8-14 m, 14-
19 m, 24-29 m and 34-39 m were used for further analysis and compared between the
straight and the curve.

8. Study 3: Are the lower limb joint kinematics altered by the
curve and with the increasing sprinting velocity through the
transition phase?

1. Protfocol

For the study #3, the lower body kinematic metrics from the 10-, 15-, 20-, 30- and 40-m
sprints were selected based on the previous literature discussed in the literature review
of this manuscript. With the synchronization between systems and using the .c3d files,
we have analyzed separately the different variables over respectively the stance and
the swing phases.

2. Joint angles and angular velocities

Robert-Lachaine et al. (2017) showed that the hip, the knee and the ankle joints were
less sensitive to the errors due to anthropometrical model used. Thus, in the present
study, the hip, the knee and the ankle joint angles (in °) and angular velocities (in ©-s-
1) were directly retrieved from the MVN software. Both the raw joint angles and angular
velocities were low-pass filtered, 15-Hz cut-off frequency, third-order zero-phase
Butterworth filter chosen after residual analysis (Winter, 2009) following the process
developed in the section 5.3. of the general methodology. For the present study, we
investigated the sagittal plane of motion (see the joint angles’ definition in figure 32)
only. Indeed, a recent study showed low correlation coefficients of the hip, the knee
and the ankle angles between the MIMU-based system and an OS system in the frontal
and the fransverse planes during jumping and change-of-direction tasks (Nijmeijer et
al., 2023).
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Figure 32. Graphical representation of the hip, the knee and the ankle joint angles’ definition.

3. Data analysis

During the late stance phase, the hip peak extension, the knee peak extension, the
ankle peak plantarflexion angle and angular velocities were identified (see figure 33).
We chose these angles and angular velocities as they are meaningful in terms of
performance as they result from the end of the extensions and plantarflexions during
the stance (N. E. Bezodis, Willwacher, et al., 2019).

During the mid-swing phase, the hip and the knee peak flexion angles and angular
velocities were determined as they relate how the thigh is repositioned forward during
the swing. Finally, during the late swing phase, where the hamstrings are most
susceptible to injury risks (Chumanov et al., 2007, 2012), the hip and the knee peak
extension and the ankle peak plantarflexion angles and angular velocities were
identified (see figure 33). The mean swing times and step frequencies were also kept
for further analyses.

The hip, knee and ankle peak angles and angular velocities as well as the swing times
and step frequencies were compared between the straight and the curve. Similar to
the GRF, distinctions were made between the left and right limbs.
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Figure 33. Graphical representation of the hip and knee peak extension and ankle plantarflexion angles
and angular velocities (blue circles) and the peak flexion angles and angular velocities (dashed blue

circles) computed.

9. Study 4: Are the muscular activities altered by the curve and

with the increasing sprinting velocity through the transition

phase?

1. Protfocol

For the study #4, the sSEMG from the 10-, 15-, 20-, 30- and 40-m sprints were used for
data processing. In order to remove the low-frequency noise associated with

electrode movement on the skin; and high-frequency noise associated with baseline
drift, the sEMG signals were offline band-pass (20-450 Hz) filtered with a fourth-order
zero-lag Butterworth filter and full-wave rectified (Hegyi, Goncalves, et al., 2019;

Higashihara et al., 2018). After visual inspection of each signal, a few channels were

excluded from the analysis when clear detection of the event was challenging due to
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poor signal detection and baseline noise (see the figure 34 showing an example of a
high-quality signal and a low-quality signal).

High-quality sEMG signal a Low-quality SEMG signal —— Rectified sEMG activity|
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Figure 34. Example of a high-quality surface electromyographic (SEMG) signal (left panel) and a low
quality sSEMG signal (right panel). In this example, the low-quality sEMG signal would be discarded from
the analysis.

2. How to determine whether a muscle is active or not2

Determining whether a muscle is active is a challenge that has engaged numerous
debates in the EMG literature. While some experimentations determined the bursts
onsets with visual inspection (Clancy et al., 2004; Pinniger et al., 2000), others
aftempted to reduce the operator-dependent errors by creating computerized
algorithms (Hodges & Bui, 1996; Li et al., 2007; Li & Aruin, 2005; Staude et al., 2001;
Staude & Wolf, 1999).

After being developed in the early 1990’s, the Teager-Kaiser energy operator (TKEO)
(Kaiser, 1990, 1993) has been applied to the sEMG signal processing (Li et al., 2007; Li
& Aruin, 2005). In 2010, Solnik and his colleagues (Solnik et al., 2010) compared several
methods to detect EMG bursts with and without applying the TKEO : *“visual detection”,
“threshold-based” and “approximated generalized likelihood ratio” (AGLR). Overall,
the accuracy of the onset detection clearly improved in all methods when the TKEO
was applied during the signal processing. In the end, the AGLR method applied to the
TKEO was found to yield the more robust burst detection on the EMG signal in
comparison to the other methods and should preferentially be used to identify the
muscle activity timings.

Thus, in the present study, the onset and offset of each muscle activity during arunning
cycle, were determined by applying the TKEO method on the rectified sEMG signall
(Solnik et al., 2010) (equation 16) with the discrete TKEO ¢ defined as:
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Ylx)] =x*(n) —x(n + Dx(n — 1) (16)

where x is the EMG value and n is the sample number. Afterwards, the AGLR was
applied on the TKEO signal to detect the sEMG bursts whereby two hypotheses were
tested using a log-likelihood ratio test b(n):

k
_ p1(xn)|Hy | >
b =in <n1 pO(xn)|H0><h a7

Where In represents natural logarithm, x,, represents series of EMG samples, p; and p,
represent probability density functions associated with hypotheses H; and H,
respectively. When the log-likelihood b(n) becomes higher than the pre-set threshold
h, then the hypothesis H; is more probable and a signal change is detected. The AGLR
algorithm performs hypothesis testing on a sliding window of a size L, over the series of
SEMG data. The log-likelihood ratio is calculated from L samples for every window step.
After a signal change is detected, the estimated onset time t; is found by maximizing
the likelihood estimators for each sample from the last window position (Solnik et al.,
2010).

In order to choose the best window size and the best threshold, false detections (see
the red arrows on the left panel of the figure 35) must be avoided. In the example of
the “threshold too low” (see the left panel of the figure 35), the window size should be
increased as well as the threshold in order to remove the false detections. However, if
the window size is too high, the detection will resemble to the middle panel of the
figure 35. By adjusting the window size and the threshold, the detections eventually
look like the *good threshold” as depicted on the right-hand side of the figure 35. In
the present study, the window size was set at L = 43 ms and the detected threshold
was setat h = 15.
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Figure 35. Examples of a) a window size and a threshold set too low inducing false detection (left panel);
b) a window size and a threshold set too high; and c) a correct window size and a correct threshold.
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After the onset and the offset detections (light green shaded areas in the figure 35),
each signal was visually checked to ensure a correct identification was completed.
Each muscle was analyzed separately and was considered active from the ith onset
to the ith offset of the corresponding muscle. Inversely, each muscle was considered
inactive from the it offset, to the i + 1" onset of the same muscle.

3. Normalization

As previously discussed in the literature review, the sEMG signals are often expressed
as a normalized value (in %) in order to enable between muscles, between studies and
between subjects’ comparisons (De Luca, 1997). Such process requires a rescaling to
a percentage of a given value (Ball & Scurr, 2013). According to Ball & Scurr (2013),
high-velocity movements should be normalized to the task under investigation. Thus,
in the present experimentation, we decided to use the straight-line 40-m sprints as the
“reference condition” since we compared the curve to the straight.

Further, in order to reduce any potential impact of an outlier on the detection of the
greatest muscular activity, we identified the three greatest mean sEMG bursts over the
40-m sprint (dark purple shaded areas in figure 36). Afterwards, we averaged these
three greatest mean sEMG bursts. Therefore, in both the straight and the curve, we
normalized each burst of SEMG activity to the average of the three greatest mean
SEMG bursts (i.e., the reference value) from the 40-m sprints in the straight.

After normalization to the reference value, the mean sEMG activity of the BFIh, the RF,
the VL and the GM over each burst duration was computed in the straight and in the
curve during both the stance and swing phases and distinction was made between
left and right stances.
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Figure 36. The left panel represents an example of the Approximated Generalized Likelihood Ratio (AGLR)
signal from the Gasfrocnemius Medialis used to idenfify each burst of muscle activity. The right panel
shows the corresponding rectified surface electromyographic (SEMG) signal. From each identified burst
(the light green shaded areas) during the 40-m sprint in the straight, we highlighted the 3 bursts with the
greatest mean sEMG activity (dark purple shaded areas) through the 40-m sprint. Finally, the “reference”
value was determined as the mean of the 3 greatest mean bursts.

4. Data analysis

After the onset and the offset of each muscle activity were identified, the sSEMG
activity durations were computed for the BFIh, the RF, the VL and the GM by
computing the elapsed times between the onset and the offset of each muscle
activity with distinctions made between the stance and swing phases. In addition to
that, the SEMG activity amplitude were computed as the mean sEMG activity over
each burst both during the stance and swing phases.

10. Statistical analyses

For the studies #1, #2, #3 and #4, the statistical analyses were performed using JASP
(0.15.0.0).

In the study #1, the V,_; and the 1}, obtained with the FP and the MIMU-based system
were compared using a) mean bias (mean differences between systems expressed in
% in comparison to the FP) and 95% limits of agreement (Bland & Altman, 1986); and
b) Pearson’s correlation coefficients (r) with threshold values of 0.3, 0.5, 0.7 and 0.9
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representing respectively low, moderate, high and very high relationships (Hopkins et
al., 2009; Mukaka, 2012). For all statistical analyses, the alpha level was set as a = 0.05.
Values are reported as means = SD unless otherwise stated.

In the study #2, the normal distribution of the data was checked for each variable
using the Shapiro-Wilk normality test. During the starting blocks pushing phase, the
starting blocks pushing phase duration and the mean Fpgor, Fy, Fy_p, Fy_1, IMPror,
IMPy, IMP,_p and IMP,,_; were compared between the straight and the curve using
paired t-tests. After the starting blocks exit, the effects of the condition (straight vs
curve), the effects of the distance (0-6 m, 8-14 m, 14-19 m, 24-29 m & 34-39 m) and the
condition x distance interactions of the mean Fror, Fy, F4_p, Fy_p. stance
times, IMPyor, IMPy, IMP,_p aond IMPy_; were tested using two-way analyses of
variance (ANOVAs) with repeated measures. The homogeneity and the sphericity
(Mauchly’s test) were also checked and a Geisser-Greenhouse correction applied
when necessary. The effect sizes were described with the omega squared (w?, with ?
<0.01; @?>0.01; @?> 0.06 and w? > 0.14 indicating respectively frivial, small, medium
and large effect sizes). For all the statistical analyses, the alpha level was set as a =
0.05. The values are reported as means + SD unless otherwise stated.

In the study #3, the normal distribution of the data for each variable was checked
using the Shapiro-Wilk normality test (p > 0.05). Afterwards, a) the hip and the knee
peak extension and the ankle peak plantarflexion angles; and b) the hip and the
knee peak extension and the ankle peak plantarflexion velocities during the stance
and the swing phases, the swing times and the step frequencies were compared
between the straight and the curve using two-ways ANOVAs with repeated measures
where condition (straight vs curve) and distance (0-6 m, 8-14 m, 14-19 m, 24-29 m &
34-39 m) effects and the condition x distance interaction were evaluated. The
homogeneity and the sphericity (Mauchly's test) were also checked and a Geisser-
Greenhouse correction applied when necessary. The effect sizes were described with
the omega squared (w?, with @? < 0.01; @? > 0.01; ©w? > 0.06 and w? > 0.14 indicating
respectively trivial, small, medium and large effect sizes). For all the statistical analyses,
the alpha level was set as a = 0.05. The values are reported as means + SD unless
otherwise stated.

In the study #4, the normal distribution of the data for each variable was checked
using the Shapiro-Wilk normality test (o > 0.05). Afterwards, the sEMG activity timings
and amplitude of the BFIh, RF, VL and GM during the stance and the swing phases
were compared between the straight and the curve using two-ways ANOVAs with
repeated measures where condition (straight vs curve) and distance (0-6 m, 8-14 m,
14-19 m, 24-29 m & 34-39 m) effects and the condition x distance interaction were
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evaluated. The homogeneity and the sphericity (Mauchly’s test) were also checked
and a Geisser-Greenhouse correction applied when necessary. Effect sizes were
described with the omega squared (w?, with ©? < 0.01; ©?> 0.01; @w? > 0.06 and w? >
0.14 indicating respectively frivial, small, medium and large effect sizes). For all the
statistical analyses, the alpha level was set as a = 0.05. The values are reported as
means = SD unless otherwise stated.
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sprinting

Associated publication

Millot, B., Blache, P., Dinu, D., Arnould, A., Jusseaume, J., Hanon, C. & Slawinski, J.
(2022). Centre of mass velocity comparison using a whole body magnetic inertial
measurement unit system and force platforms in well frained sprinters in straight-line
and curve sprinting. Gait Posture. https://doi.org/10.1016/j.gaitpost.2022.11.002

Associated communication

Millot, B., Blache, P., Dinu, D., Arnould, A., Jusseaume, J., Hanon, C. & Slawinski, J.
(2022). Centre of mass velocity comparison using a whole body magnetic inertial
measurement unit system and force platforms in well frained sprinters in straight-line
and curve sprinting. 27t European College of Sport Science, Sevilla, Spain. Oral
communication.

115


https://doi.org/10.1016/j.gaitpost.2022.11.002

Study 1

1. Results

The number of valid stances for each participant varied between two (the starting
blocks pushing-phase and the first stance) to five (the starting blocks pushing phase
and the following four stances) for both sprinting conditions. Overall, 75 and 73 valid
stances were computed respectively for the straight and the curve.

1. Starting blocks pushing phase

The mean Vy yuy during the starting blocks pushing phase was in average 0.26 and
2.03% lower than the Vy gp respectively in the straight and in the curve (see table 6).
On the other hand, the mean Vy, ,,;,y during the starting blocks pushing phase was in
average 2.33 and 4.49% lower than the V,gp in the straight and in the curve,
respectively (see table 6). For the starting blocks pushing phase, the correlation
coefficients between both systems were greater than 0.917.

Table 6. Mean + SD of the cenfre of mass velocity with both systems, the variables retrieved from the Bland
& Altman plots and the Pearson’s correlation coefficients between both systems

MIMU-based FP Bias 95% Agreement Correlation
system (m-s1) (m-sT) (%) limits coefficients
Vy STR 1.28+0.14 1.29+0.14 0.26 (-7.49; 6.97) 0.943
Vy CUR 1.24+0.14 1.27£0.16 2.03 (-10.02; 5.95) 0.957
Starting
blocks v, STR 0.47 +0.06 048+008 233 (-15.72; 11.06) 0917
Vy CUR 0.44 £0.07 0.46 £0.09 4.49 (-19.34; 10.37) 0.938
Vy STR 4,60 £0.90 487 £0.94 5.63 (-11.71; 0.45) 0.990
Vy CUR 4,43 £0.86 4,76 £0.92 7.29 (-13.77;-0.81) 0.971
0-6 m
Vy STR 0.21 £0.09 0.21£0.10 1.44 (-98.63; 95.74) 0.499
Vy CUR 0.20+£0.09 0.24 +0.08 19.95 (-108.62; 68.71) 0.423

MIMU-based system = Magnetic Inertial Measurement Unit system; FP = Force Platforms; SD = Standard
Deviation; STR = Straight-Line sprints; CUR = Curve sprints; Vy = Norm of the horizontal plane of the CM
velocity; V,, = CM vertical velocity.
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2. 0-6m

At 0-6 m, the mean Vy yuy WS in average 5.63 and 7.29% lower than the Vy_; gp
respectively in the straight and in the curve and the correlation coefficients were
greater than 0.971 (see table 6). The mean Vy yy Was in average 1.44 and 19.95%
lower than the V}, pp respectively in the straight and in the curve. However, the random
errors reached 108% and the correlation coefficients between devices were lower
than 0.499.

The figure 37 shows an example of the Vy yuu- and Vy gp-tfime (left panel) and the
Vv mmu- @Nd Vi, gp-time (right panel) over the starting blocks pushing phase (green
area) and the stances between 0-6 m (green shaded area). The mean bias between
the MIMU-based system and the FP was lower in the straight than in the curve (see
table 6). The table 6 presents the mean * SD for the sprint variables as well as the mean
bias, 95% agreement limits and correlation coefficients for both systems within the
straight and the curve conditions for the starting blocks and at 0-6 m.

Velocity MIMU
Velocity FP

,_Norm of the horizontal plane velocity Vertical velocity

~ w o
1 1 1

o
IN)
1

N
|

Velocity (m-s™)
Velocity (m s’

1
I3
N

(]
L

0.4

T T T T T T T T T T T T T T
0.2 0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1 1.2 1.4

Time (s) Time (s)

o

Figure 37. Typical example showing A) the norm of the horizontal plane of the cenfre of mass (CM) velocity
(Vy) and B) the CM vertical velocity (V) computed respectively with the force platforms (FP) (purple) and
the Magneto-Inertial Measurement Units (MIMU)-based system (blue). The light green area on the left of
each panel represents the entire starting blocks phase. The light green shaded areas correspond to the
stance phases between 0-6 m.

The figures 38 & 39 present the Bland & Altman plots of the Vy yimy and Vy iy mMmean
differences in comparison to the Vy, ;p and Vy, gp during respectively the starting blocks
pushing phase (see figure 38) and 0-6 m both in the straight and in the curve (see
figure 39).
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Figure 38. Bland & Alfman plots presenting the mean differences (blue horizontal line) and 95% limits of
agreement (dashed horizontal lines) between the norm of the horizontal plane velocity computed with
the Magneto-Inertial Measurement Units (MIMU)-based system( (Vy yumu) @nd the force platforms (Vy gp);
between the vertical velocity computed with the MIMU-based system (Vy ymy) and the force platforms
(Vi pp) during the starting blocks pushing phase both in the straight (panels on the left) and the curve
(panels on the right). The green line is a linear fit from all individual points.
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Figure 39. Bland & Alfman plots presentfing the mean differences (blue horizontal line) and 95% limits of
agreement (dashed horizontal lines) befween the norm of the horizontal plane velocity computed with
the Magneto-Inertial Measurement Units (MIMU)-based system( (Vy yimy) and the force platforms (Vy gp)
(panels A & B); between the vertical velocity computed with the MIMU-based system (Vy yimu) and the
force platforms (Vy gp) (Panels C & D) for the stances at 0-6 m both in the straight (panels on the left) and
the curve (panels on the right). The green line is a linear fit from all individual points.

2. Discussion

This experimentation compared the stance-averaged V., measured from a
commercially available MIMU-based system to that computed from é FP over the Q)
starting blocks pushing phase; and b) the initial 1-to-4 stances that follow the starting
blocks exit (between 0-6 m). We compared both the stance-averaged V., between
both systems in the straight-line and in the curve among 19 experienced-to-elite curve
sprinters  with different anthropometric characteristics, sprinting expertise and
mechanical capacities. Overall, the MIMU-based system underestimated by 5-t0-7%
the Vy pumu IN comparison to the reference system with narrow random errors (< 14%).
On the other hand, the Vy, yuy Showed larger differences up to ~20% in comparison to
the reference system, with large random errors (up to ~108%).
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1. The starting blocks pushing phase

Norm of the horizontal plane velocity

During the starting blocks pushing phase, the Vy yuy Was close to the Vy gp (Mmean bias
<2.03%). In addition to that, the correlation coefficients were almost perfect (r=0.943)
meaning that a change of the Vy zp magnitude was well associated with a similar
change of the Vy yup Magnitude in both the straight and the curve. However, in the
curve, the mean bias increased with the increasing Vyuymu (see figure 38).
Consequently, we can consider that the Vy y;uy €On be accurately computed using
this MIMU-based system in the straight. In the curve, on the other hand, further
experimentations should probably be conducted in order to assess whether this system
can be used accurately to compute the Vy yimu-

ii. Vertical velocity

The Vy vy Was also slightly underestimated in comparison to the Vy, gp (Mmean bias <
4.49%) during the starting blocks pushing phase and the correlation coefficients were
very large (r=0.917). However, the random errors were higher (up to 19.34%). The figure
38 (boftom panels) also suggests that the mean bias would increase with the
increasing Vy vy (Qs represented by the green linear fit). Additionally, despite the
mean bias was limited at the group level, large random errors can be found at the
individual level and could in turn challenge the data interpretation. Hence, we
question the accuracy of this MIMU-based system to compute the Vi, iy during the
starting-blocks pushing phase, both in the straight and in the curve.

2. 0-6m

i. Norm of the horizontal plane velocity

During the 0-6 m, the Vy yimy Mmean bias was low in comparison to the reference system
(i.e., Vyrp) (5.63 and 7.29% respectively for the straight and the curve). In addition to
that, the correlation coefficients for the stance-averaged vV, were very high (r>0.971)
between systems. These correlation coefficients show that although slightly
underestimated, a change of magnitude of V, zp was very well associated with a
similar change of magnitude of Vy yimu-

In addition to that, we did not find any trend for the mean bias between systems to
increase with the increasing V. In the present study, the Vy reached over the last
stances investigated was ~5-6 m - s7' which correspond to ~60-70% of the participants’
Va_p max- Those findings suggest that differences between systems would not increase
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with velocity although further experimentations evaluating vV, later on during the
transition phase or at V,_p yax are needed to confirm our findings.

i. Vertical velocity

Contrastingly, the Vi ymy Showed a greater mean bias (up to ~20%) with large limits of
agreement (up to ~108%) in comparison to the V;, gp. Additionally, the small correlation
coefficients (r < 0.499) between both systems attest that a change of magnitude in
the Vy, pp Was poorly associated with a similar change of magnitude in the Vy ymu
during the 0-6 m section of the sprint. Consequently, this MIMU-based system should
not be used to compute the Vy, y iy in overground sprinting with maximal effort.

3. Comparison to the literature and in-field application

The present experimentation’s findings for Vy zp over the starting blocks and the first
stances were slightly below those reported by Nagahara et al. (2020) among male
sprinters (100-m time PBs: 11.27 + 0.27 s, corresponding to an average of 808 points at
the IAAF scoring table) (Nagahara et al., 2020). In their experimentation, Nagahara et
al. (2020) found a V,_ppp Of respectively 3.92, 4.93, 5.70 and 6.30 m- s for the first,
second, third and fourth stances following the starting blocks pushing phase
(Nagahara et al., 2020) while we found a V gp Of respectively 3.59, 4.62, 5.36 and 6.02
m- s for the corresponding stances. Hence, considering the participants’ PBs in both
studies (in our study, the mean participants’ PBs corresponded to 823 points at the IAAF
scoring table) and that all the participants were male in Nagahara et al.’s (2020)
experimentation, we can consider that our findings are in line with those of Nagahara
et al. (2020). Regarding the V, gp, tO our knowledge, no experimentation investigated
the stance-average Vy, p over the first stances of a sprint. Slawinski et al. (2010) found
a V, of 0.52, 0.35 and 0.35 m- 5" among elite sprinters using an OS respectively at the
end of the starting blocks exit and at the first and second stances’ toe-off (Slawinski,
Bonnefoy Mazure, Levéque, et al., 2010) while we found a mean Vy, zp of 0.44,0.19 and
0.24 m- s for the corresponding stances.

To the best of our knowledge, only one study compared the step velocity between a
MIMU-based system and FP during a 50-m sprint (van den Tillaar et al., 2021). These
authors found that the MIMU-based system velocity was underestimated for all steps
as these authors reported a mean bias ranging from 0.45 to over 0.60 m- s in
comparison to the FP as opposed to 0.33 m-s'in the present study. The discrepancies
between both studies likely result from the different methods used to compute the
velocity. In our study, Vy v Was computed by retrieving the antero-posterior and the
medial-lateral V¢, from the MIMU-based system software and Vy zp was obtained from
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integration of the GRF (see the general methodology) while. On the other hand, van
den Tillaar et al. (2021) obtained Vyuy from the product of the SL and the SF,
determined from ankle angular velocity to identify the touchdown and the toeoff
using MIMUs placed on both feet, yet based on currently unpublished algorithm (van
den Tillaar et al., 2021). Finally, the Vgzp was also obtained as the product of the SL
(computed from the centre of pressure) and SF. Therefore, the computation methods
differ between the two studies.

Moreover, when comparing the Vy yuu 10 Vy pp. care must be taken with regards to
the coordinate system orientation. The MIMU-based system antero-posterior axis is
likely neither aligned with the FP coordinate system nor with the sprinting path due to
sensors drift and regardless of a thorough calibration procedure. In their
experimentation, Van den Tilaar et al. (2021) might have considered the antero-
posterior axis only which can explain greater differences in comparison to our study.
To ensure accurate computation when using a MIMU-based system, it is therefore
mandatory to compute the norm of the horizontal plane velocity (Vyymy in the
present study) which represents a limitation of this system if someone is wiling to
analyze each axis distinctly on the field.

Overall, the mean bias for the Vy ymu IN comparison to the Vy gp lies within a similar
range to those reported by Samozino et al. (2016) in their field method validation for
the F-v relationship computation. Samozino et al. (2016) found an absolute bias
ranging from ~2 to 8% for the F-v mechanical variables when compared to the
computation using FP (Samozino et al., 2016). These authors concluded that this bias
was “low” and the field method for the F-v relationship computation is now widely
used in sport science and in sprint trainings.

Similarly, differences between two reference systems (FP and OS) compared together
for the CM trajectory reached ~9% when walking at a constant speed (Pavei et al.,
2020). Those results show that even with two “reference systems”, differences -likely
resulting from the anthropometrical assumptions- greater than those reported in the
present study can be found.

Hence, we can consider that this MIMU-based system can be used to compute the
Vy vy ONd the present study provides hints regarding the choice of the optimal
system when researchers and/or sport practitioners are willing to compute the Vy ¢y,
considering each system’s cost, accuracy and easy-of-use ratio that meet the
requirement of the experimental conditions.

The Vy vumu displayed the largest systematic bias (up to ~20%) and the largest random
errors (up to ~108%). Those results are in contrast with the findings of Pavei et al. (2020)
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who reported the lowest bias on the vertical axis (Pavei et al., 2020). However, these
autors compared the point-by-point root mean square distance, range of motion,
minimum and maximum positions on the 3 orthogonal axes (Pavei et al., 2020) while
we analyzed the stance-averaged velocities in the present study. Further, Pavei et al.
(2020) used a different system, sampling at 60 Hz, with wireless MIMUs and this can also
account for some of the variance in the findings (Camomilla et al., 2018). Finally, their
protocol also differed from ours since they analyzed walking strides with constant
velocities of 0.79 + 1.94 m- s (Pavei et al., 2020) while we evaluated maximal effort
accelerated sprints (Vy gp Up to ~6 m=-s1). It is also important to note that since the Vi, gp
values are much lower than the Vy,pp, an error of 0.05 m- s would yield greater
discrepancies when expressed in percentage. Nevertheless, when considering the
large random errors as well as the small correlation coefficients, it must be
acknowledged that this MIMU-based system is not fully mature yet for accurately
computing the Vy ymu in overground sprinting with maximal effort.

3. Limitations

Other points likely conducted to differences between the FP and the MIMU-based
system and are worth discussing. First and foremost, the anthropometrical model used
within the MIMU-based system represents one of the main source of errors (Robert-
Lachaine et al., 2017), as it is also the case when using an OS (Pavei et al., 2017, 2020).
Although not one of the aims of this study, the mean bias was greater for the females
than for the males: 8.23% and 4.64%, respectively, at 0-6 m within the straight. While
this sheds some light on the possibility that this MIMU-based system anthropometric
model is more adapted for males, this must be interpreted cautiously since only 4
females participated in this study.

The differences between the FP and the MIMU-based system should also be balanced
since this experimentation focussed on the early fransitfion phase, where sprinters
produce their greatest acceleration (Slawinski, Bonnefoy Mazure, Levéque, et al.,
2010). In addition, within this phase of the sprint, participants are in a crouched-to-
semi-straightened position which could also challenge the biomechanical model
computation. Therefore, the Vy ymy and Vi e Should also be compared to the FP
latter during the ftransition phase, when the participants have straightened up
(Nagahara et al., 2014).

Discrepancies between devices could also result from the systems’ synchronization
and the different sampling rates. Since the synchronization between systems was at
the nearest MIMU-based system'’s frame, we have tested on two random participants
what could be the differences for the Vy yu With plus or minus 1 frame. We found

123



Study 1

mean discrepancies of ~3.5% and maximum differences reaching ~8.5%, meaning
that the synchronization and the different sampling rates could also account for some
of the variance between systems.

The MIMU-based system sensitivity to magnetic fields has also been widely discussed
in the literature (Camomilla et al., 2018; Hughes et al., 2021). Itis of importance to avoid
ferromagnetic objects nearby the analysis area to limit the sensors drift and to follow
guidelines for the MIMU-based system utilization (Camomilla et al., 2018). Nevertheless,
the experimentations took place in an indoor wooden indoor facility and considering
that the FP were embeded underneath the track surface, we can assume that this
likely resulted in only little disturbances.

Finally, the last source of discrepancy between the MIMU-based system and the FP
could result from the FP measurement errors. Albeit considered a reference system
with pros well detailed by Pavei et al. (2017), FP can also be prone to measurement
errors related mainly to a) integration with errors originating from the initial conditions
and b) long recordings leading up to FP drift (Pavei et al., 2017).

4. Conclusion

Evaluating the CM kinematics within in-field environments is a challenging process,
especially when seeking for portable system that you can use either inside or outside,
with a simple setup and a wide range to capture the entire motion. The present study
brought new insights info the use of this commercially available MIMU-based system
as a valuable alternative of FP or OS for in-field computation of the V; over the starting
blocks pushing phase and the initial stances (i.e., 0-6 m) be it in the straight or in the
curve. Furthermore, considering its range, this MIMU-based system would provide the
unique opportunity to access the V,; over an entire sprint, be it a 200- or 400-m sprint.
Conftrastingly, the Vv, computation is not fully mature yet and further improvements
must be made in the sensor-fusion algorithm in order for this MIMU-based system to
become an alternative to reference systems for the V,, computation.

During this PhD thesis, we had the opportunity to conduct experimentations at the
Japan Institute of Sport Sciences (Tokyo, Japan). From these experimentations, one of
the objectives was to compare the V,,, the V,_p and the V,_, computed with the same
MIMU-based system used in the present study to an OS, a marker less system and FP
both during the first 1-to-4 stances and at V,_p yax. The data processing will begin after
this PhD thesis.
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We saw in the literature review that the V,_, can strongly predict the sprinting
performance (Slawinski, Bonnefoy Mazure, Levéque, et al., 2010; Slawinski et al., 2017).
Based on Newton's Second Law of Motion, the change in the V,_p results from the
magnitude and the direction of the Fror vector during the stance phase. Thus,
comparing the GRF in the straight and in the curve would provide a deeper
understanding of the V,_p-time kinetics in the curve.
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STUDY 2

Are the ground reaction forces altered by the curve and
with the increasing sprinting velocity through the transition
phase?

Associated publication

Millot, B., Pradon, D., Blache, P., Dinu, D., Cecchelli, G., Arnould, A. & Slawinski, J.
(2023). How the increase in the sprinting velocity affects the ground reaction forces in
the curve. To be submitted.

Associated communication

Millot, B., Blache, P., Dinu, D., Arnould, A., Jusseaume, J., Hanon, C. & Slawinski, J.
(2021). Kinetic analysis of curve sprinting in male and female track athletes. 19eme
congres de I'Association des Chercheurs en Activités Physiques et Sportives,
Montpellier, France Oral communication
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1. Results

1. Sprinting performance

In this study #2, the sprinting performance was measured using photocells (see general
methodology 3.2.). The sprinting performance during the 10-m sprints was similar in the
straight and in the curve (see table 7). However, starting from the 15-m sprint onwards,
the sprinting performance in the curve was significantly poorer than in the straight (all
p <0.026, see table 7).

Table 7. Mean (* SD) sprinting performance (in s) in the straight and in the curve from the different
sprinting distances measured with photocells. * indicates significantly different from the straight (p <0.05).

. Sprinting performance in Sprinting performance in the
Sprints (m) .
the straight (s) curve (s)
10m 1.98 £ 0.06 1.99 +0.07
15m 2.63+£0.09 2.65+0.10*
20m 3.22+0.12 3.25+£0.14*
30m 437 +0.19 440+0.21*
40 m 5.47 £0.23 5.52 +0.25*

2. Ground reaction forces

i. The starting blocks pushing phase

During the starting blocks pushing phase in the curve, the mean F,,_; was lower than
in the straight (respectively -0.26 + 0.57 vs -0.06 + 0.53 N-kg'; p = 0.002). In contrast, no
differences were observed for the mean Fror, F, and F4_p (all p 2 0.712) (see figure
40).
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Figure 40. Individual values (each dot represent the mean value of a participant) of the resultant (Fror).
vertical (F,), antero-posterior (F,_p) and medial-lateral (Fy_,) relative to body mass (expressed in N-kg')
averaged over the starting blocks pushing phase. The bold traces connect the mean values of the whole
sample (n =19) in the two sprinting conditions. The box charts correspond fo mean = 1 SD and the dashed
fraces connect individual values between the two sprinting condifions.

ii. Transition phase

FTOT

During the transition phase, the two-way ANOVA with repeated measures revealed a
significant condition effect for the left Fror (Fi, 120 = 5.717, p = 0.034, w? = 0.024). The
post-hoc analysis with the Bonferroni correction indicated a lower left Fpop in the curve
in comparison to the straight (see figure 41).
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Fy

A significant main effect for condition was also reported for the left F, (Fi112 = 8.018,
p =0.015, @?=0.036), with the left F, being lower in the curve than in the straight (see
figure 41).

Fyp

The left (Fpi2 = 45.001, p < 0.001, ? = 0.214) and the right F,_p (F1s) = 24.973, p =
0.001, ©?=0.143)) were lower in the curve in comparison to the straight (see figure 41).
In addition to that, we observed a significant condition x distance interaction for the
left (Fni2 = 7.394, p <0.001, w?=0.145) and the right F,_p (Fi.8) = 2.861, p = 0.039, @? =
0.0585). The post-hoc analyses with the Bonferroni corrections showed that the F,_p was
lower in the curve than in the straight for the left stances starting from 24-29 m onwards;
and for the right stances at 34-39 m (see figure 41).

FM—L

Moreover, the left (Fii0 = 487.54, p < 0.001, ©w? = 0.846) and the right Fy_, (Fne =
438.822, p < 0.001, w? = 0.779) were greater in the curve than in the straight. Finally, a
significant condition x distance interaction for the left (Fii0 = 8.716, p < 0.001, ©? =
0.202) and right Fy,_; (Fpe) = 5.727, p = 0.009, w? = 0.143) were observed at each
distance, showing that within the curve, the Fy,_;, was systematically greater than in
the straight for both the left and right stances (all p <0.003; see figure 41).
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Figure 41. Mean (£ SD) left and right resultant (Fror), vertical (F,), antero-posterior (F,_p) and medial-lateral
(Fy-1) ground reaction forces averaged during the stances in the straight (green) and in the curve
(purple) over each zone. For all panels, * indicates a significant main effect for condition (p < 0.05); a:
different from 0-6 m; b: different from 8-14 m; c: different from 14-19 m; d: different from 24-29 m; e:
different from 34-39 m (p < 0.05).
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3. Stance times
i. Starting blocks pushing phase

No differences were observed between the straight and the curve for the starting
blocks pushing-time (p = 0.556; see figure 42).

- Mean *1SD
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B Individual points straight

460 - e ® Individual points curve
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Figure 42. Mean (x SD) starting blocks pushing times (expressed in ms) in the straight (green) and in the
curve (purple).

ii. Transition phase

After the starting blocks exit, the left stance times were longer in the curve than in the
straight (Fpimy = 42.009, p <0.001, w?=0.112; see figure 43). In contrast, no differences
were observed for the right stance times between the straight and the curve (Fpii2 =
0.224, p = 0.646, w? = 0.000; see figure 43).
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Figure 43. Mean (£ SD) left and right stance times (expressed in ms) over each interval in the straight
(green) and in the curve (purple). For all panels, * indicates a significant main effect for condition (p <
0.05); a: different from 0-6 m; b: different from 8-14 m; c: different from 14-19 m; d: different from 24-29 m;
e: different from 34-39 m (p < 0.05).

4. Impulses

i. Starting blocks pushing phase

During the starting blocks pushing-phase in the curve, the relative mean IMPy,_;, was
greater than in the straight (-0.11 £ 0.23 vs -0.02 £ 0.21 m-s'; p = 0.001; see figure 44).
No other significant differences were observed on the other axes (all p = 0.140; see
figure 44).
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Figure 44. Individual values (each dof represent the value of a participant) of the resultant (IMPror),
vertical (IMPy), antero-posterior (IMP,_p) and medial-lateral (IMP,,_;) impulses expressed relative to body
mass (in N-kg!) over the starting blocks pushing phase. The bold traces connect the mean of the whole
sample (n = 19) between the straight and the curve. The box charts correspond to the mean £ 1 SD and
the dashed traces connect the individual values between the straight and the curve.

ii. Transition phase

IMProp

No significant main effect for condition and no condition x distance interactions were
found for the left (p 20.391) and right (p 2 0.099) IMPor (see figure 45).

IMPy,

Similarly, no significant main effect for condition and no condition x distance
interactions were found for the left (p 2 0.442) andright (p 20.814) IMP, (see figure 45).

IMP,_p

The left (Fu12) = 39.808, p < 0.001, w? = 0.221) and the right IMP,_p (Fi1.8) = 42.257, p <
0.001, w? = 0.165) were lower in the curve than in the straight (see figure 9). In addition
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to that, there was a significant condition x distance interaction for the left IMP,_p (F(1,12)
= 6.945, p < 0.001, ®? = 0.145) indicating that the left IMP,_, was lower in the curve
than in the straight starting from 24-29 m onwards (p < 0.001; see figure 45).

IMP,,_,

The left (F112) = 453.279, p <0.001, ®?=0.861) and the right IMPy,_; (Fi.e) = 341.636, p <
0.001, w? = 0.792) were greater in the curve than in the straight (p < 0.001; see figure
9). Lastly, we observed significant condition x distance interactions for the left (Fj1,12) =
5.080, p < 0.001, ®?=0.112) and the right IMPy_; (Fi.e = 3.975, p = 0.033, ®? = 0.101).
The post-hoc analyses with the Bonferroni corrections showed that at each distance,
the left and right IMP,,_; in the curve exceeded that of the straight (p < 0.001; see
figure 45).
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Figure 45. Mean (x SD) resultant (IMPror), vertical (IMP,), antero-posterior (IMP,_p) and medial-lateral
(IMP,,_.) impulses for the left and right stances in the straight (green) and in the curve (purple) averaged
over each distance. For all panels, *indicates a significant main effect for condition (p <0.05); a: different
from 0-6 m; b: different from 8-14 m; c: different from 14-19 m; d: different from 24-29 m; e: different from
34-39 m (p < 0.05). Finally, @ indicates a significant condition x distance interaction (p < 0.05).

135



Study 2

2. Discussion

1. Are the ground reaction forces affected by the curve?

The core novelty of the present experimentation was the ability to explore the GRF
over 15-to-19 foot contacts in the curve (from the starting blocks on to V4_p yax) While
previous studies investigated the GRF in the curve during a single stance at 13 m
(Judson et al., 2019) or at V4_p yax (Churchill et al., 2016). The main findings were that
the mean F),_; largely increased in the curve on both limbs. On the left limb, this large
increase conducted to a reduction in the mean Fryr, F, and F,_p (see table 8). Thus,
in order to maintain an adequate sprinting motion, the left stance times increased to
produce similar IMPr,r and IMPy, to the straight (see table 9).

i. Starting blocks pushing phase

The mean F,,_, was lower in the curve than in the straight during the starting blocks
pushing phase (respectively -0.26 + 0.57 vs -0.06 + 0.53 N - kg'; see figure 3), meaning
that the participants were heading towards the outside of their lane (i.e., laterally)
after the starting blocks exit. In the present experimentation, 14 out of 19 participants
started with their left foot on the front block. Among them, 13 participants produced
a negative mean Fy,_;, and IMP,,_, over the starting blocks pushing phase in the curve,
meaning that the participants were heading towards the outside of their lane. In
conftrast, 4 out of the 5 participants that started with their right leg on the front block
produced a mean Fy_, and IMPy,_, positive in the curve, meaning that the
parficipants were heading towards the inside of their lane. These findings further
question the choice of the front and rear foot in the starting blocks in the curve as this
choice will in turn impact the sprinter’s direction after the starting blocks exit.

In the present study, the starting-blocks were positioned on the middle of the lane as
the FP were narrower than the lane (0.60 vs 1.22 m, respectively). We are aware that
this represents a limitation in the present study and might have impacted the GRF
during the starting blocks pushing phase for some participants. From this standardized
position and despite the athletes positioned their blocks such that they were heading
towards the inside of their lane. Yet, the participants with the left foot on the front block
headed laterally for the starting-blocks pushing phase, before heading medially in the
following stances, which is unlikely to be optimal for the sprinting performance.
Consequently, the present findings strengthen the idea that, in the curve, the starting-
blocks should be positioned on the outside of the lane.
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ii. Transition phase

Based on female and male 200-m times from the 2004 World Indoor Championships,
Usherwood and Wilson (2006) postulated the “constant limb force” hypothesis. This
model assumes that the peak Fror would not be modified in the curve in comparison
to the straight, however, as the F),_; increases in the curve, the stance times would
increase as well in order to produce the necessary IMP,. Churchill et al. (2016)
previously rejected this assumption for the left imb as the peak Fror was lower during
the left stance in the curve on lane 2 in comparison to the straight.

In the present study, we showed that the left mean Fror was lower in the curve than in
the straight (see figure 41). This was caused by the lower left mean F, and F,_p, and
despite a large concomitant increase in the left mean Fy_,. Therefore, in line with
Churchill et al.’s (2016) findings, we can further reject the “constant limb hypothesis”
for the left limb, this time, throughout the transition phase. Previously, Judson et al.
(2019) showed that the left limb push-off axis switched from fransverse to oblique (see
figure 16 in the literature review). Thus, we can hypothesize that the ability to produce
Fror is altered with the oblique push-off axis.

On the other hand, the mean Fryr was not altered for the right limb (see table 8),
which is consistent with what was previously reported in lane 2 (Churchill et al., 2016)
or at extremely tight radii (i.e., < 6 m) (Chang & Kram, 2007). For the right limb, only the
horizontal plane was affected whereby we observed an increase in the mean Fy,_;
concomitantly with a decrease in the mean F,_p, in comparison to the straight (see
figure 41).

Table 8. Summary of the significant main effects for condition between the straight and the curve on

the resultant (Fror), vertical (Fy,), antero-posterior (F4_p) and medial-lateral (Fy_,) ground reaction
forces.

Left Right
Curve vs straight Curve vs straight
Fror ! —
Fy ! —
Fa-p l !
Frp-1 ) )

2. Are the stance times impacted by the curve?

No changes were observed between the straight and the curve for the starting blocks
pushing phase duration (see figure 42). On the other hand, after the starting blocks
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exit, the left mean stance times in the curve were longer than in the straight while no
changes were reported for the right limb (see figure 43). In the curve, the left limb
stance times were increased due to lower mean F, and in an attempt to produce a
similar IMP, as in the straight in order to maintain an adequate sprinting motion.

3. Are the impulses impacted by the curve?

i. Starting-blocks pushing phase

In the present study, the IMP,_p, were similar both in the straight and in the curve with
a velocity at the starting-blocks exit of ~3 m-s'. Additionally, the present findings are
consistent with the literature with groups of similar expertise (Otsuka et al., 2014) and
slightly below the values of 3.37 m- s reported among elite sprinters (Morin, Slawinski,
et al., 2015).

i. Transition phase

As the left mean stance times increased in the curve in comparison to the straight, the
left mean IMPror and IMP, were similar to the straight (see table 9). Therefore, likewise
Churchill et al. (2016) reported: “The increased stance times enabled maintenance of
the IMP, in the curve compared with the straight in the presence of significantly
reduced F,"” (Churchill et al., 2016).

However, despite the increased left mean stance times, the left mean IMP,_p
remained lower in the curve than in the straight meaning that impulse changes were
only observed in the horizontal plane (see table 9). The IMP,_p, was previously reported
as a major parameter in overground sprinting performance (Hunter et al., 2005;
Kawamori et al., 2013; Morin, Slawinski, et al., 2015). Thus, overall, the sprinting
performance was reduced in the curve due to the decreased left and right IMP,_p
(see table 9).

Table 9. Summary of the significant main effects for condition between the sfraight and the curve on the

resultant (IMPyor), vertical (IMPy), antero-posterior (IMP,_p) and medial-lateral (IMPy_;) impulses as well
as the stance times.

Left Right
Curve vs straight Curve vs straight
IMPror - —
IMP, - -
IMP,_p l l
IMPy_;, ) 1
Stance times 7 —
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4. Are the ground reaction forces and impulses changing with the increasing

velocitye

In the present study, the mean Fpop, IMPror, F, and IMP, increased progressively with
the increasing distance, which is similar to what was previously reported in the existing
literature (Morin, Slawinski, et al., 2015; Nagahara et al., 2018b; Rabita et al., 2015). In
conftrast, the mean F,_p, and IMP,_p, decreased with the increasing velocity both in the
straight and in the curve, which is also consistent with what was previously reported
(Morin, Slawinski, et al., 2015; Nagahara et al., 2018b; Rabita et al., 2015). In the curve,
the mean IMP,_, became negative for both the left and right limbs starting from 34-
392 m while the mean IMP,_, remained positive in the mean time in the straight (see
figure 45). Consequently, the participants reached their V,_p yax €arlier in the curve
although this is detrimental for sprinting performance as we have discussed in the
literature review of this manuscript (Debaere, Jonkers, et al., 2013; Graubner & Nixdorf,
2009; Slawinski et al., 2017).

On the other hand, large discrepancies were observed between the straight and the
curve regarding the mean F,,_; and IMP,_,. Indeed, in the straight, these meftrics
decreased progressively which corresponds to what Nagahara et al. (2017) previously
described. However, in the curve, these metrics strongly differed from the straight (see
figure 5 & ?9) with the left and right limbs responding differently to the curve.

5. Differences between left and right limbs within the curve

Although this was not a direct aim of the present study, the figure 46 illustrates the left
and right mean Fy,_; (left panel) and IMP,,_; (right panel) within the curve. The right
mean Fy_;, was ~2.5 N-kg' at 0-6 m and plateaued afterwards (full line in figure 46).
On the other hand, the left mean F),,_, and IMP,,_, were close to zero at 0-6 m and
increased progressively subsequently. This means that during the first 14 m of the sprint
in lane 5, the CM mainly turned thanks to the right leg’s ability to generate Fy,_;, and
IMPy,_;. At 14-19 m, both the left and right mean Fy,_; and IMP,,_; were almost equal
(represented by the red circles on the figure 46), meaning that both limbs similarly
contributed to the CM rotation. Afterwards, the left mean Fy_, and IMP,,_;, became
visually greater. Although we have not conducted a statistical analysis on this specific
point, we can assume that, starting from 24 m onwards, the left leg apparently made
the CM turn more than the right leg. Those findings are consistent with previous
research stipulating that more turning of the CM occurred during the right stances at
13 m (Judson, Churchill, Barnes, Stone, Brookes, et al., 2020) while more turning of the
CM occurred during the left stances at 40 m (Churchill et al., 2015).
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Figure 46. Mean (£ SD) left (dashed) and right (full) medial-lateral ground reaction forces (Fy_.; left panel)
and impulses (IMPy,_;; right panel) within the curve.

3. Limitations

In the present study, the starting blocks were kept in the middle of the lane for each
partficipant in order to standardize the starting blocks position and to remove any bias
implicated by the medial or lateral positioning of the starting blocks. We are aware
that this represents a limitation and might have impacted the GRF during the starting
blocks pushing phase for some participants. Yet, our findings strengthen a common
statement among coaches postulating that the starting blocks should be positioned
on the outside of the lane. Indeed, by positioning the starting blocks on the outside of
their lane, the participants could avoid to produce a lateral Fy_;, over the starting
blocks pushing phase. Nevertheless, whether this technique is better in terms of
performance remains to be investigated.

4. Conclusion

The present experimentation helped us to better comprehend the kinetic factors
altering the sprinting performance in the curve. Overall, the left limb was the most
affected in the curve and the sprinting performance was reduced in the curve mostly
due to:

e The decreased left and right F,_p and IMP,_, that were likely caused by the
concomitant increased left and right Fy_, and IMPy_,, to adopt a curvilinear
motion. Indeed, as the participants were not able to increase the Fror and due
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to the additional requirement of the Fy,_,, the participants inevitably decreased
their Fy_p.

e The increased left stance times in the curve, likely due to the decreased Fror
and F, and in an attempt to produce a similar IMPror and IMP,, in comparison
to the straight, likely to maintain an adequate sprinting motion and balance.

The GRF and the impulses alterations in the curve eventually result from modifications
in the sprinting technique (i.e., body kinematics). In the curve, one of the most
impacted kinematic metrics is the BLL. Thus, it is likely that changes in the frontal plane
conduct to modifications in the sagittal plane.
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STUDY 3

Are the sprinting kinematics altered by the curve and with
the increasing sprinting velocity through the transition
phase?

Associated publication

Millot, B., Pradon, D., Blache, P., Dinu, D., Cecchelli, G., Arnould, A. & Slawinski, J.
(2023). How the increase in the sprinting velocity affects the lower limbs’ joints
kinematics in the curve. To be submitted
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1. Results

1. Stance phase

i. Peak extension/plantarflexion angles during the stance phase

The two-way ANOVA with repeated measures revealed a significant main effect for
condition for the left knee (Fi118) = 10.982, p = 0.004, ©? = 0.041) and the right ankles
(Fnig = 8.965, p = 0.009, @? = 0.040). The post-hoc analyses with the Bonferroni
corrections indicated a lower left knee peak extension angle (p = 0.004; see figure 47)
and a greater right ankle peak plantarflexion angles (p = 0.009; see figure 47) during
the stance phase in the curve in comparison to the straight (see figure 47).

There was also a significant condition x distance interaction for the right ankle (Fq,18) =
2.629, p = 0.041, @? = 0.021) whereby the right ankle peak plantarflexion angle was
greater in the curve than in the straight at 40 m (p = 0.009) during the stance phase
(see figure 47). The main effects for distance are reported in the figure 47.
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Figure 47. Mean (£ SD) left and right hip and knee peak extension angles and ankle peak plantarflexion
angles reached during the late stance phase. a: different from 0-6 m; b: different from 8-14 m; c: different
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differences reported are p <0.05.
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i. Peak extension/plantarflexion velocities during the stance phase

The two-way ANOVA with repeated measures did not reveal any significant main
effect for condition for the hip and the knee peak extension velocity and the ankle
peak plantarflexion velocity during the stance phase (all p 2 0.215, see figure 48). The
main effects for distance are reported in the figure 48.

2. Swing phase

i. Peak extension/plantarflexion angles during the swing phase

The two-way ANOVA with repeated measures revealed a significant main effect for
condition at the left (Fu.1e) = 6.947, p = 0.017, w? = 0.044) and the right (Fp118 = 7.236, p
= 0.015, @? = 0.043) ankles. The post-hoc analyses with the Bonferroni corrections
showed that the left ankle peak plantarflexion angle during the swing phase in the
curve was lower than in the straight (p = 0.017; see figure 49). On the other hand, the
right ankle peak plantarflexion angle was greater during the swing phase in the curve
than in the straight (p = 0015; see figure 49). The main effects for distance are reported
in the figure 49.

i. Peak flexion angles during the swing phase

The two-way ANOVA with repeated measures showed a significant main effect for
condition at the left knee (Fu.1s) = 5.629, p = 0.029, w? = 0.025). The post-hoc analysis
with the Bonferroni correction indicated that the left knee peak flexion angle in the
curve was greater than in the straight (o = 0.029).
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differences reported are p <0.05.
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3. Pedak angular velocity during the swing phase

Peak extension/plantarflexion velocity

There was a main effect for condition at the left (Fi1s) = 4.772, p = 0.042, &2 = 0.042)
and the right (Fiis = 9.180, p = 0.007, w? = 0.058) ankles. The post-hoc analyses with
the Bonferroni corrections showed that the left ankle peak plantarflexion velocity
during the late swing phase was lower in the curve than in the straight (o = 0.042; see
figure 50). In contrast, the right ankle peak plantarflexion velocity during the late swing
phase was greater in the curve than in the straight (p = 0.007; see figure 50). No
significant condition x distance interactions were observed at any joint (all p = 0.143,
w? <0.002; see figure 50). The main effects for distance are reported in the figure 50.
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Figure 50. Mean (+ SD) left and right hip and knee peak extension velocities and ankle peak plantarflexion
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ii. Peak flexion velocity

No significant main effect for condition were reported for the peak hip and knee
flexion velocities (all p 20.098). A main effect for distance was found for the left (F(i,1g)
=25.269, p <0.001, w? =0.273) and the right (Fi1.18) = 40.393, p < 0.001, w? = 0.189) knee
peak flexion velocities. The post-hoc analyses with the Bonferroni corrections showed
that the left and the right knee peak flexion velocities were greater starting from 8-14
m onwards in comparison to 0-6 m.

4. Swing times

The two-way ANOVA with repeated measures showed a significant main effect for
condition for the right swing times (F.18) = 26.936, p < 0.001, w? = 0.058). The post-hoc
analysis with the Bonferroni correction showed that the right swing times were lower in
the curve in comparison to the straight (p < 0.001; see figure 51).

We also reported a significant main effect for distance for the left (Fp189= 167.778, p <
0.001, w?=0.766) and the right (Fi1,18= 161.492, p < 0.001, w? = 0.779) swing times. The
post-hoc analyses with the Bonferroni corrections showed that the left and the right
swing times increased successively from 0-6 m to 24-29 m and plateaued afterwards
(see figure 51).
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Figure 51. Mean (£ SD) left and right swing times at each distance in the straight (green) and in the curve
(purple). a: different from 0-6 m; b: different from 8-14 m; c: different from 14-19 m; d: different from 24-29
m; e: different from 34-39 m (p < 0.05). The brackets indicate a significant main effect for condition. All
significant differences reported are p < 0.05.
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5. Step frequency

The two-way ANOVA with repeated measures showed a significant main effect for
condition for the left SF (Fn.17)=17.489, p <0.001, ®? = 0.056). The post-hoc analysis with
the Bonferroni correction showed that the left SF was lower in the curve in comparison
to the straight (p <0.001; see figure 52). For the left and the right limbs, the SF increased
from 0-6 m to 8-14 m and plateaued afterwards (see figure 52).
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Figure 52. Mean (+ SD) left and right step frequencies at each distance in the straight (green) and in the
curve (purple). a: different from 0-6 m; b: different from 8-14 m; c: different from 14-19 m; d: different from
24-29 m; e: different from 34-39 m (p < 0.05). The brackets indicate a significant main effect for condition.
All significant differences reported are p < 0.05.

2. Discussion

The core novelty of the present experimentation was the ability to process the hip, the
knee and the ankle sagittal plane kinematics during the stance and the swing phases
in both the straight and the curve from the first stance after the starting blocks exit to
the V4_p max- The main findings of the present study were that, likely due to the BLL, the
partficipants flexed more their left knee and plantar-flexed more their right ankle during
the stance in the curve in comparison to the straight, likely in an attempt to maintain
the ankle-hip-shoulder alignment.

1. Are the lower limb joint kihematics affected by the curve?

The figure 53 shows the group’s mean hip, knee and ankle angles (fop panels) and
angular velocities (bottom panels) over the stance (left panels) and swing (right
panels) phases, both in the straight (full lines) and in the curve (dashed lines) at 34-39
m. This figure is provided to illustrate our findings throughout the discussion. Overall,
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slight changes were observed at the peak extension/plantarflexion angles and the
peak extension/plantar flexion velocities between the straight and the curve (which
will be discussed below). Yet, the hip, the knee and the ankle joint sagittal plane
kinematic curves were mostly similar in the straight and in the curve during both the
stance and the swing phases (see figure 53). The joint angles and angular velocities
reportedin the present study well resembled to those previously reported in the existing
literature at 0-6 m (N. E. Bezodis et al., 2014; Brazil et al., 2016; Charalambous et al.,
2012; Debaere, Delecluse, et al., 2013; King et al., 2023; Slawinski, Bonnefoy Mazure,
Ontanon, et al., 2010), 14-19 m (Johnson & Buckley, 2001) and at V,_p yax (Belli et al.,
2002; I. N. Bezodis et al., 2008).
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Figure 53. Graphical representation of the group’s mean joint angles and angular velocities during the
stance (left panels) and swing (right panels) phases, both in the sfraight (full lines) and in the curve
(dashed lines) at 34-39 m. For clarity sake, we only displayed the left imb in the straight and in the curve.

i. Stance phase
Hip

No differences between the straight and the curve were observed for the left and the
right hip peak extension angles during the stance phase (see table 10 and figure 47).
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In both sprinting conditions, the hip was extending through the stance and reached
the peak extension angle at the end of the stance, with the hip almost fully extended
(see figure 53).

The hip peak extension velocity on the other hand was reached during the late stance
phase (~70% of the stance duration; see figure 53). No differences between the
straight and the curve were found, neither for the left, nor for the right hip peak
extension velocities during the late stance phase (p =2 0.215; see table 10 and figure
48). Therefore, our findings for the left hip contrast with those reported by Churchill et
al. (2015) as these authors found a significantly lower left hip peak extension velocity
during the stance phase in the curve in comparison to the straight at 40 m. The
discrepancies between both studies could be explained by the different radii of
curvature in the two studies. In the present experimentation, we reconstructed a lane
5 (r =41.58 m) while Churchill et al. (2015) reconstructed a lane 2 (r = 37.72 m). Thus, it
is likely that the tighter the radius of curvature, the lower the hip peak extension
velocity during the stance phase.

Knee and ankle

In the curve, the left knee peak extension angle was in average 2° lower than in the
straight during the stance (p = 0.004; see figure 47) while no differences were observed
at the right knee (p = 0.182; see table 10 and figure 47). In contrast, the right ankle
peak plantarflexion angle was in average 3.7° greater in the curve in comparison to
the straight during the stance phase while no differences were observed on the left
ankle (p = 0.226; see table 10 and figure 47). The figure 54 shows a graphical
representation of the distance between the greater frochanter (dark blue circles) and
the ground (horizontal black line) in order to illustrate those findings. From this figure 54,
we can visually see that the distance between the right greater trochanter and the
ground (L2) is greater than for the right limb (L2) (see figure 54, panel A). Thus, in order
to adapt for the BLL in the curve (Churchill et al., 2015; Judson, Churchill, Barnes, Stone,
Brookes, et al., 2020), maintain an ankle-hip-shoulder alignment and reach the ground,
the participants necessarily plantar flexed more their right ankle. For the left limb, on
the other hand, the ankle-hip-shoulder alignment was met by flexing more the left
knee. In the present study, the participants sprinted on a flat track. It is likely that
different results could be observed on a banked frack as the distance L1' is increased
while the distance L2’ is decreased (see figure 54, panel B)), yet this was beyond the
scope of the present study.
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e L2>L1
« L2'5LT
o L2>L2'
o LI<LY’

Figure 54. Graphical representation showing a sprinter leaning into the curve in the frontal plane A. on a
flat frack; B. on a banked track. The two dark blue dots show respectively the left and the right greater
frochanter. L1 and L2 correspond to the distance between respectively the left and the right greater
frochanter and the ground (dark horizontal line). Figure adapted from Chang and Kram (2007).

During the 0-6 m section of the sprint, no knee flexion was observed during the stance
phase either in the straight or in the curve, which is similar to what King et al. (2023)
previously reported during the first four stances in the straight. From 8-14 m into the
sprint onwards, the knee was systematically flexing for the first ~40-70% of the stance
phase (see figure 53). The knee was then extending through the end of the stance
and the knee peak extension angle was reached around the take-off (see figure 53).

No difference in the left and the right knee peak extension velocities during the stance
phase were found between the straight and the curve (p 20.795; see figure 53). During
the 0-6-m section, two peaks of knee extension velocities were reached: at
touchdown and at ~90% of the stance duration (see figure 53). From 8-14 m onwards,
the knee peak extension velocity was reached between ~70 and 90% of the stance
duration (see figure 53).

At touchdown, the ankle was plantar-flexed between 80 and 90° (depending on the
distance; see figure 53). The ankle dorsiflexed during the first ~50-70% of the stance
phase, then plantarflexed afterwards and until the take-off (see figure 53).
Consequently, two peaks of ankle plantarflexion angles were reached during the
stance. In the present study, the second peak of ankle plantarflexion was investigated
and we reported a greater right ankle peak plantar flexion angle in the curve (p =
0.009; see table 10 and figure 47).
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Table 10. Summary of the significant main effects for condition between the straight and the curve on the
hip, the knee and the ankle peak extension/plantarflexion angles and angular velocities.

Left Right
Curve vs straight  Curve vs straight
: : Hip — —
Extension/Plantarflexion
Knee ! —
angle
Ankle — 1
: : Hip — —
Extension/Plantarflexion
) Knee — —
velocity
Ankle — —

i. Swing phase
Hip

After the take-off, the hip confinued to extend during the first ~10% of the swing
duration and the hip peak extension was reached (~180-190° see figure 53).
Afterwards, the hip flexed until ~70-80% of the swing duration (peak hip angle of ~100-
120°; see figure 53) and then extended until the following touchdown. The hip peak
flexion angles during the mid-swing phase were similar in the straight and in the curve
(~105-120°; see table 11 and figure 49). The hip peak flexion velocity occurred during
the mid-swing phase (at ~50% of the swing duration) with the participants reaching a
hip peak flexion velocity of ~500 °- s1. We observed no differences between both
sprinting conditions for the left and the right hip peak flexion velocities (p = 0.098; see
table 11 and figure 53).

Afterwards, the hip extended until the following touchdown where a second hip peak
extension was reached (~120-140°; see figure 53). In the present study, this second hip
peak extension angle was of interest and we did not report any differences neither for
the left, nor for the right hip peak extension angles between the straight and the curve
(p 2 0.150; see table 11 and figure 49). No differences in the left and right hip peak
extension velocities between the straight and the curve were observed during the late
swing phase either (p 2 0.127; see table 11 and figure 50). Two peaks of hip extension
velocities were observed during the swing phase (see figure 53). The first one occurred
at the take-off (~300 °- s') while the second one was reached between 90% of the
swing duration and the following touchdown (~300 °- s as well; see figure 53).
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Knee

After the take-off, almost all the participants started to flex their knee until 50-60% of
the swing duration while the thigh was repositioned forward (see figure 53). In the
curve, the left knee peak flexion angle was in average 1.7° greater than in the straight
(p =0.029; see table 11). On the other hand, no differences between the straight and
the curve were observed for the right knee (p = 0.550; see table 11). Additionally, the
knee peak flexion velocity was mostly observed at ~20% of the swing phase (~1000 ° -
s1). No differences between the straight and the curve were reported in the knee peak
flexion velocity during the swing phase (all p 20.661; see table 11).

From ~60% and until ~98% of the swing duration the knee extended. Thus, two peaks
of knee extension angles were observed during the swing phase (i.e., just after the
take-off and in the late swing phase; see figure 53). In the present study, we compared
the knee peak extension angle between the straight and the curve reached during
the late swing phase as the hamstrings seem to be at a higher injury risk during this
phase of the swing (Chumanov et al., 2012; Thelen, Chumanov, Hoerth, et al., 2005; Yu
et al., 2008). We did not report significant differences in the knee peak extension
angles and angular velocities between the straight and the curve during the late
swing phase (respectively p 2 0.360 and p = 0.249; see table 11 and figure 49-50). The
knee peak extension velocity (between ~700 and 1050 °-s1) was reached at ~70-80%
of the swing phase duration (see figure 53).

Ankle

After the take-off, the ankle kept plantar-flexing for the first ~20% of the swing duration
(see figure 53). Afterwards, the ankle was dorsiflexing with the thigh being repositioned
forward and until ~80% of the swing phase duration (see figure 53). In the late swing
phase, some participants slightly plantar-flexed (~100 °- s1) their ankle before the
following touchdown while others did not (see figure 53). The left ankle peak
plantarflexion angle was in average 2.8° lower in the curve in comparison to the
straight (p =0.017; see table 11 and figure 49) while the right ankle peak plantarflexion
angle was in average 3.5° greater in the curve (p = 0.015; see table 11 and figure 49).
Similarly, the left ankle peak plantarflexion velocity was in average 25 °-s! lower in the
curve in comparison to the straight (p = 0.042; see table 11 and figure 50) while the
right ankle peak plantarflexion angle was in average 31 °- s greater in the curve (p =
0.007; see table 11 and figure 48).
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Table 11. Summary of the significant main effects for condition between the straight and the curve on the
hip, knee and ankle peak extension/plantarflexion/flexion angles and angular velocities, step frequency
and swing times.

Left Right
Curve vs straight Curve vs straight
Peak Hlp — —
extension/Plantarflexion Knee — —
angle Ankle ! )
Peak Hip — —
extension/Plantarflexion Knee — —
velocity Ankle ! 1
. Hip — —
Peak flexion angle
Knee 1 —
: : Hip — —
Peak flexion velocity
Knee — —
Step frequency ! —
Swing time — !

2. Do the joint angles and angular velocities change with the increasing distance 2

Overall, the hip, knee and ankle peak angles and angular velocities followed a similar
time-course pattern with the increasing distance both in the straight and in the curve.

i. Stance phase

During the stance phase, most of the peak angles and angular velocities plateaued
starting from 14-19 m (see figures 47 & 48). This instant was likely concomitant with the
second “breakpoint” identified by Nagahara et al. (2014) whereby the sprinters have
reached an erected posture and the CM vertical position aimost plateaus afterwards.
Thus, we hypothesize that most of the modifications at the lower limb joint angles and
angular velocities during the stance phase are associated with the sprinters
progressing from a crouched position towards an erected posture.

i. Swing phase

To our knowledge, this was the first experimentation to record the knee peak extension
angle and extension velocity during the late swing phase throughout the transition
phase of overground maximal effort sprints. The left and the right knee peak extension
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angles and extension velocities increased progressively until 24-29 m and plateaued
afterwards (see figures 47 & 48). In addition to that, although this was not an aim of
the present study, we investigated the knee angles at the knee peak extension
velocities during the late swing phase as this could relate to the BFIh MTU length and
in turn the injury risks (Chumanov et al., 2012; Schache et al., 2012, 2013; Thelen,
Chumanov, Best, et al., 2005). The left and the right knees were progressively more
extended when they reached their peak extension velocity (from ~97° at 0-6 m to
~108° at 34-39 m, see the general discussion for a more detailed analysis). Therefore,
as the participants progressed into the sprint, straightened up and reached higher 1V,
their knee extended at a progressively higher velocity with the knee progressively more
extended during the late swing phase.

As the BFlh is likely at the highest injury risk during the late swing phase (Chumanov et
al., 2012), we hypothesized that the greater the knee peak extension velocity at a
greater knee extension angle, the greater the BFlh injury risk. Although further
experimentations should be conducted to confirm those preliminary findings, track
and field coaches should pay attention to limit the knee extension angles and
extension velocities when performing sprints = 25 m. For that sake, sprint trainings can
be done in hills or with sleds (Guo et al., 2006; Okudaira et al., 2021). As the BFih is bi-
articular, the hip kinematics should also be discussed in order to have a broader
overview of the BFIh injury risk. This will be debated in the general discussion of the
present manuscripf.

3. Spatiotemporal parameters

In the present study, we reported significantly shorter right swing times in comparison
to the straight which is similar to what was previously reported in the curve at V,_p yax
(Churchill et al., 2015, 2016). Although the SL was not computed in the present study,
we can further assume that the shorter right swing time would in turn reduce the right
SL (Churchill et al., 2015, 2016).

We saw in the study #2 that the left stance fimes increased in the curve in comparison
to the straight. Hence, as the left swing fime was unchanged, the left SF was reduced
in the curve in comparison to the straight (see figure 52), which can further explain the
reduced sprinting performance in the curve.
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3. Limitations

The MIMU-based system used in the present experimentation can be used as an easy-
to-use system. Considering its portability, it can be easily used for in-field
experimentations (Dinu et al., 2020, 2023; Slawinski et al., 2020) to strengthen the
ecological validity. In addition, this MIMU-based system provides valuable data for the
sagittal plane kinematics in comparison to OS (Blair et al., 2018; Nijmeijer et al., 2023;
Robert-Lachaine et al., 2017). However, the frontal and transverse planes kinematics
computed with this MIMU-based system showed lower agreement in comparison to
an OS (Nijmeijer et al., 2023; Robert-Lachaine et al., 2017). Consequently, we limited
our analysis to the sagittal plane kinematics and we might have missed differences
between the straight and the curve on the frontal and the transverse planes. In the
future, other experimentations should target the frontal and fransverse plane
kinematics through the transition phase in the curve.

Finally, in the present study, we investigated the peak joint angles and angular
velocities. However, the peaks only provide a partial understanding of the whole
picture. Thus, investigating the entire joint angle and angular velocity signals during
the stance and swing phases using a Statistical Parametric Mapping (Colyer et al.,
2018, 2019; Hegyi, Goncalves, et al., 2019) would be of great interest in the future.

4. Conclusion

Despite our inifial thoughts based on the study #2 findings, the sagittal plane
kinematics were only slightly affected by the curve. During the stance phase, due to
the BLL and in order to maintain an ankle-hip-shoulder alignment, the left knee peak
extension was reduced and the right ankle plantarflexion was increased in comparison
to the straight. Based on these findings, it is likely that the lower mean F, at the left limb
in the curve were related to the left knee being more flexed during the stance phase
and the inability to produce F, in this position. Conversely, the modifications in the
mean F,_p and Fy,_, likely originate from transverse or frontal plane kinematics that we
could not investigate.

The participants’ knee peak extension velocity increased progressively and was
reached with the knee being more extended during the late swing phase as the
participants were at a progressively higher V,_p. Those findings suggest that extending
the knee more rapidly, with the knee being more extended, could increase the
hamstring injury risk.
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The kinematic differences observed on the sagittal plane likely have a muscular origin.
Consequently, investigating the SEMG activity amplitude and activation timings would
be of valuable interest. For example, as the knee peak extension was reduced in the
curve during the stance phase in comparison to the straight, we can postulate that
knee extensors (i.e., RF and VL among others) stopped their activity earlier in the curve
in comparison to the straight and/or were less activated.

Furthermore, we saw that the knees were extending more rapidly during the late swing
phase with the increasing distance. Was this related to a greater sEMG activity of the
knee extensors as the participants progressed into the sprinte This would suggest that
a greater BFlh activity could also increase the hamstring injury risks during the late swing
phase.
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STUDY 4

Are the muscle activies altered by the curve and with the
increasing sprinting velocity through the transition phase?
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1. Results

After visual inspection of each sEMG raw signal, some participants were removed from
the analysis due to the poor signal quality (see general methodology). For the left and
the right VL, 15 participants were kept for the analysis. For the left and the right GM, 14
and 15 participants were conserved, respectively. For the left and the right RF, 10 and
12 participants were kept for data reduction, respectively. Finally, for the left and the
right BFlh, 18 and 15 participants were kept, respectively.

1. Stance phase

i. Muscle activity duration

The two-way ANOVA with repeated measures (Fp,14 = 3.961, p =0.066, w?=0.041) and
the post-hoc analysis with the Bonferroni correction showed a tendency for the left VL
to be activated longer (in % of the stance duration) during the stance phase in the
curve in comparison to the straight (p = 0.066; see figure 55).

Apart from that, the two-way ANOVAs with repeated measures did not reveal any
significant main effects for condition (all p = 0.324) or condition x distance interactions
(all p 20.157) for the other muscles.

The left VL and RF muscles were activated longer from 0-6 m to 24-29 m in comparison
to 34-39 m (all p £0.044). The right VL remained active for a longer duration activity at
0-6, 14-19 and 24-29 m in comparison to 34-39 m (all p <0.049).

On the other hand, the left BFIh remained active for a longer duration starting from 8-
14 m to 24-29 m in comparison to 0-6 m (all p < 0.010). Finally, the right BFIh sSEMG
activity was longer at 14-19 m and 24-29 m in comparison to 0-6 m (all p < 0.001).

i. SEMG activity amplitude

The two-way ANOVA with repeated measures showed a significant main effect for
condition for the left VL (Fn14 = 5.377, p = 0.036, ©? = 0.042). The post-hoc analysis with
the Bonferroni correction showed that the left VL sEMG activity was lower in the curve
than in the straight during the stance phase (p = 0.036; see table 12 and figure 56). No
other significant differences between the straight and the curve were reported for the
other muscles (all p 2 0.377; see table 12 and figure 56).

162



Study 4

2. Swing phase

i. Muscle activity duration

During the swing phase, the two-way ANOVA with repeated measures revealed a
significant condition effect for the left BFIh duration of activation (Fpi5 = 11.881, p =
0.004, ©?=0.091). The post-hoc analysis with the Bonferroni correction showed that the
left BFIh was active for a shorter duration during the swing phase in the curve in
comparison to the straight (p = 0.004; see figure 55). For the other muscles, no
significant condition effects were reported during the swing phase (all p = 0.088).

The two-way ANOVA with repeated measured showed a significant main effect for
distance for the right GM duration of activation in the swing phase (Fp9 = 5.017, p =
0.003, ®?=0.102). The post-hoc analysis with the Bonferroni correction showed that the
right GM was active for a longer duration at 8-14 m and 34-39 m in comparison to 0-6
m (both p < 0.018). In addition to that, the left BFlh was active for a shorter period
starting from 14-19 m onwards in comparison to 0-6 m (Fp1,15 = 3.939, p = 0.007, w? =
0.090).

|Touchdown ‘ ‘Mid-siunce | ‘Tuke-olf I | Initial swing | | Mid-swing | | End-of-swing I
t 7 TN TN N
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N\ \ » . -
Vi Fill Col
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p= 0.004 Gastrocnemius Medialis
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Figure 55. The mean * SD of the left muscle activation timings during the stance (left panel) and swing
(right panel) phases at 8-14 m. The different full (straight) and dashed (curve) horizontal floating charts
represent the periods where the muscles are active. The error bars represent the standard deviations of
the mean onset and offset of each muscle activity. For clarity sake, we only provide one figure.
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i. SEMG activity amplitude

The two-way ANOVA with repeated measures did not reveal any significant main
effects for condition, or condition x distance interactions for the sEMG activity
amplitude during the swing phase (all p 2 0.066 and w?<0.041; see table 13 and figure
57).

During the swing phase, the left BFIh (Fi116) = 4.982, p = 0.001, ©? = 0.064) showed a
greater sSEMG activity at 34-39 m in comparison to 0-6 m (see figure 57). On the other
hand, the right BFIh showed a greater sSEMG activity starting from 14-19 m onwards in
comparison to 0-6 m (Fp.14) = 4.652, p = 0.013, w? = 0.064) (see figure 57). That being
said, both the left and the right BFIh sEMG activity amplitudes plateaued starting from
8-14 m (see table 12 and figure 57).

For the left VL, the mean sEMG activity was lower between 34-39 m in comparison to
0-6 m (Fpni4 = 2.831, p = 0.033, @? = 0.042; see figure 56). Finally, for the left (Fi112 =
5.712, 0 <0.001, w? =0.064) and the right GM (F1.13) = 8.722, p < 0.001, ®? = 0.122), the
SEMG activity during the stance phase was greater starting from 24-29 m onwards in
comparison to 0-6 m (see table 12 and figure 57).
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Figure 56. Mean (* SD) surface electromyographic activity (expressed relative to the reference) during
the stance phase averaged over each zone for the left and right Biceps Femoris long head, Rectus
Femoris, Vastus Lateralis & Gastrocnemius Medialis. For all panels, * indicates a significant main effect for
condition (p <0.05); a: different from 0-6 m; b: different from 8-14 m; c: different from 14-19 m; d: different
from 24-29 m; e: different from 34-39 m (p < 0.05).
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Figure 57. Mean (+ SD) surface electromyographic amplifude (expressed relative to the reference) during
the swing phase averaged over each distance for the left and right Biceps Femoris long head, Rectus
Femoris, Vastus Lateralis & Gastrocnemius Medialis. For all panels, * indicates a significant main effect for
condition (p <0.05); a: different from 0-6 m; b: different from 8-14 m; c: different from 14-19 m; d: different
from 24-29 m; e: different from 34-39 m (p < 0.05).
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2. Discussion

To our knowledge, this is the first experimentation to investigate the sEMG activity in
the curve at radii typical of outdoor track events. In this study, the main finding was
that the left VL sSEMG activity was lower in the curve in comparison to the straight. This
could in turn explain the lower left knee peak extension (see study #3) which could
itself explain the lower F, in the left limb in the curve (see study #2).

1. Is the muscle activity affected by the curve?

i. Muscle activity duration during the stance phase

In the present study, we did not observe any modifications in the sEMG activity
duration between the straight and the curve during the stance phase (see table 12).
We only found a tendency (p = 0.066; see table 12) for the left VL to be active longer
in the curve in comparison to the straight relative to the stance time. As the left stance
times were longer in the curve than in the straight (see study #2), it is likely that when
expressed in absolute terms, the left VL would be active longer in the curve than in the
straight.

It is worth mentioning that, in the present study, we analyzed separately the stance
and the swing phases in order to maintain the consistency with the studies #2 and #3.
Therefore, the TKEO and the AGLR (see the general methodology) were applied on
the SEMG signals during either the stance or the swing phases, separately. By doing so,
it appeared that some participants had two distinct bursts of SEMG activity through
the stride (i.e., one first SEMG activity during the stance phase and one second sEMG
activity during the late swing phase; see an example on the figure 55). However, it is
likely that if we had applied the TKEO and the AGLR on the entire stride cycle (as a
single sEMG signal), we would have observed a single sSEMG burst starting from the late
swing phase and lasting until the following stance phase. In fact, this is what most of
the participants showed. Indeed, only a few participants deactivated their muscles
during the late swing phase, before the following touchdown, while the maijority of the
parficipants kept their muscles active from the late swing phase into the mid/late
stance phase (see figure 57).

Overall, the SEMG activities were similar between the straight and the curve (see table
12 and figures 56-57) for the four muscles investigated in the present study. During the
stance phase, the left and the right BFlh, RF, VL and GM were active at touchdown for
almost all participants (the figure 55 shows the mean + SD of the left muscle activity at
8-14 m during the stance and swing phases). Afterwards, the left and the right RF and
VL became inactive first among the muscles investigated (between ~50-70% of the
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stance duration), followed by the BFlh (~70-80% of the stance duration) and finally the
GM (~80-95% of the stance duration) (see figure 55). Interestingly, the RF and the VL
(i.e., two knee extensors), became inactive earlier than the knee peak extension
velocity (reached at ~80% of the stance duration, see study #3) (see figure 55).
Consequently, those findings suggest that other knee extensors (i.e., for instance the
VM or the Vastus Infermedius) remained active during the stance, after the VL and the
RF became inactive, to continue to extend the knee.

ii. Muscle activity duration during the swing phase

During the swing phase, both in the straight and in the curve, the RF showed two clear
bursts at 0-6 m for all the participants as it was previously described at Vy_p yax
(Kakehata et al., 2021) or during the deceleration phase (Kakehata et al., 2022) in the
straight. The first burst occurred in the mid-swing phase, with the RF acting as a hip
flexor (Mero & Komi, 1987) to reposition the thigh forward (Kakehata et al., 2021). In
confrast, we did not observe a systematic activation of the RF during the mid-swing
phase starting from 8-14 m onwards (see figure 55), both in the straight and in the
curve, and this RF activation was apparently more participant-dependant. Indeed,
some participants presented a clear activation of the RF (~1/39 of the participants)
while the others did not (~2/3 of the participants). Those findings suggest that, while
in a crouched position (i.e., from 0 to 6 m) all the participants solicited their RF to flex
their hip during the mid-swing phase. In contrast, as the sprinters straightened up, the
hip flexion during the mid-swing phase resulted from individual muscle coordination
both in the straight and in the curve. Consequently, starting from 8-14 m onwards, the
partficipants that did not activate their RF during the mid-swing phase likely activated
other hip flexors (i.e., Psoas, lliacus, Sartorius, ADD) to flex their hip.

At 0-6 m, during the swing phase in the curve, the left RF was active for 7% less time in
comparison to the straight (during 22.1% vs 29.1% of the swing duration in the curve
and in the straight, respectively; p = 0.029; see table 13). This was mainly caused by an
earlier offset of the left RF in the curve. Indeed, the left RF became inactive at 50.8
5.9% vs 55.5 + 7.8% of the swing duration in the curve and in the straight, respectively.
As we have previously seen in the study #3, someone sprinting in the curve leans
inward (Churchill et al., 2015; Judson, Churchill, Barnes, Stone, Brookes, et al., 2020).
Thus, it is likely that with the BLL, the left RF had “less room” to reposition the thigh
forward (Churchill et al., 2016) and in furn became inactive earlier than in the straight.
Consequently, other hip flexors were likely activated in this specific body position to
continue to flex the left hip during the swing phase in the curve after the RF has
become inactive (i.e., Psoas, lliacus, Sartorius, Adductor).
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The second RF activation occurred during the late swing phase and started at ~75%
of the swing duration. During the late swing phase, the BFlh, the VL and the GM
showed a single activation. The BFIh became active first at ~60% of the swing duration,
followed by the VL (at ~70%) and the GM (at ~80%) and these muscles remained
active until the following touchdown for the maijority of the participants. Those findings
are in line with what previous research showed (Howard et al., 2018; Pinniger et al.,
2000). As no differences were reported between the straight and the curve, we can
hypothesize that the late swing phase is less affected by the BLL in the curve than the
mid-swing phase.

Using musculoskeletal modeling or joint kinematics, different experimentations
estimated the muscle lengthening or shortening in sprinting. Hence, according to
these models, the BFih is likely eccentrically contracted (Nagano et al., 2014; Schache
et al., 2012; Yu et al., 2008) during the first half of the late swing phase, to slow the knee
extension (Higashihara et al., 2010; Kyrdldinen et al., 2005b). Afterwards, at the end of
the late swing phase, the BFIh MTU is apparently shortening as the hip extends (Nagano
et al.,, 2014; Schache et al., 2012). Concomitantly, the RF and the VL are likely
concentrically activated to extend the knee. Hence, we can hypothesize that the BFlh
and the RF (i.e., two antagonist muscles) are co-activated to create a high knee joint
stiffness before the following fouchdown (Belli et al., 2002; Hasan, 1986; Hortobagyi &
DeVita, 2000; Latash, 2018; Nummela et al., 1994). Finally, despite the ankle was
plantarflexed before the following touchdown, to produce the “pawing action” of the
foot (Morin, Gimenez, et al., 2015), it is challenging to estimate whether the GM MTU is
shortening or lengthening as this muscle is bi-articular and as the knee extends in the
meantime.

ii. Muscle activity amplitude during the stance phase

In the curve, only the left VL sEMG activity amplitude was affected among the muscles
investigated during the stance phase (see table 12 and figure 56). Indeed, we found
that the left VL sSEMG activity amplitude was ~5% lower in the curve, in comparison to
the straight, during the stance phase. As the VL is a knee extensor, we can hypothesize
that the lower VL sSEMG activity amplitude in the curve could be related to the lower
knee peak extension angle observed in the curve during the stance phase (see study
#3), due to the BLL.
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Table 12. Summary of the significant main effects for condition between the straight and the curve on the
Biceps Femoris long head, the Rectus Femoris, the Vastus Lateralis and the Gasfrocnemius Medialis activity
duration and amplitude during the stance phase.

Left Right
Curve vs straight Curve vs straight

Biceps Femoris long head — —

) Rectus femoris — —
Duration .

Vastus Lateralis 1 (p =0.066) —

Gastrocnemius Medialis — —

Biceps Femoris long head — —

) Rectus femoris — —
Amplitude )

Vastus Lateralis ! —

Gastrocnemius Medialis — —

iv. Muscle activity amplitude during the swing phase

On the other hand, no modifications were observed among the four muscles
investigated in the sSEMG activity amplitude between the straight and the curve during
the swing phase (see table 13 and figure 57). As we did observe kinematic differences
at the ankle joint in the late swing phase (see study #3) and as no differences were
observed at the GM, the kinematic differences at the ankle could result from sEMG
activity changes of other plantar flexor muscles (i.e., the Soleus or the Flexor Hallucis
Longus) or foot muscles (i.e., Flexor Hallucis Longus or Flexor Hallucis Brevus (Tanaka et
al., 2019)).

Table 13. Summary of the significant main effects for condition between the straight and the curve on
the Biceps Femoris long head, the Rectus Femoris, the Vastus Lateralis and the Gasfrocnemius Medialis
activity duration and amplitude during the swing phase.

Left Right
Curve vs straight Curve vs straight

Biceps Femoris long head ! -

) Rectus femoris (0-6 m) ! —
Duration )

Vastus Lateralis ! —

Gastrocnemius Medialis — —

Biceps Femoris long head — —

) Rectus femoris (0-6 m) — —
Amplitude .

Vastus Lateralis — —

Gastrocnemius Medialis — 1 (p =0.066)
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2. Is the muscle activity affected by the increasing distance?

i. Muscle activity duration and amplitude during the stance phase

During the stance phase, we showed that the left and the right RF were active for a
shorter duration at 34-39 m in comparison to 14-19 m and 24-29 m. In addition, the left
and the right VL were active for a shorter duration at 34-39 m in comparison to the
earlier parts of the sprint. In parallel, we demonstrated that the left and the right RF
were activated maximally at 0-6 m as their activity did not increase afterwards. In
conftrast, the left VL activity was lower at 34-39 m in comparison to 0-6 m. As the sSEMG
activity amplitude of the knee extensors investigated in the present study did not
markedly change and as their duration of activation was reduced at 34-39 m, we
hypothesize that the knee extensors have a lesser role close to V,_p yax IN COMparison
to the earlier phases of the sprint.

On the other hand, for the left and the right GM, the mean sEMG activity during the
stance phase was greater starting from 24-29 m onwards in comparison to 0-6 m. Those
findings somehow contrast with the ankle kinematics we previously reported in the
study #3 as the ankle peak plantarflexion angle plateaued starting from 8-14 m. Finally,
the left and the right BFlh, the sSEMG activity plateaued starting from 8-14 m onwards.
Those findings are in line with the hip kinematics we reported in the study #3. Indeed,
we showed in the study #3 that the hip peak extension angle during the stance
increased from 0-6 m to 8-14 m and plateaued afterwards. Consequently, based on
the present findings, we can assume that, with the increasing velocity, the hip extensor
and the ankle plantar flexor muscles investigated in the present study underwent
greater changes in their SEMG activity, in comparison to the knee extensors. Thus, the
present findings suggest that the hip extension and the ankle plantarflexion demand
increased more than the knee extension demand during the stance with the
increasing velocity.

ii. Muscle activity amplitude during the swing phase

During the swing phase, with the increasing distance (and thus with the increasing
velocity), the left and the right BFIh sSEMG activity amplitudes plateaued starting from
8-14 m (see figure 57). Previously, experimentations reported an increase in the BFlh
SEMG activity with the increasing velocity (Hegyi, Goncalves, et al., 2019; Higashihara
et al., 2010; Kyrdldinen et al., 1999, 2005b). However, these authors compared different
steady-states velocities with participants running or sprinting on a freadmill. In the
literature review of the present manuscript, we have already discussed the differences
between steady-state running at different velocities and maximal effort sprinting from
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a kinematic aspect (Frishberg, 1983; Van Caekenberghe et al., 2013) meaning that
both sprinting conditions are different. In the present study, we demonstrated that the
BFIh sEMG activity amplitude did not increase after 8-14 m (~90% of V,_pyax) in
maximal effort overground sprinting either during the stance of the late swing phase.
Therefore, we can hypothesize that, close to, or at the V,_p 4x. the BFIh higher injury
risk is not caused by a greater sSEMG activity of this muscle. Rather than the BFIh sSEMG
activity amplitude, the BFIh could be at a higher injury risk due to changes at the hip
and the knee kinematics and this will be further discussed in the general discussion of
the present manuscript.

3. Limitations

In the present study, we investigated four muscles that are mainly involved in sagittal
plane movements. However, due to the BLL in the curve (Churchill et al., 2015; Judson,
Churchill, Barnes, Stone, Brookes, et al., 2020), we can also expect differences
between the straight and the curve in the sEMG activity of muscles involved in the
frontal or transverse planes.

In order to explore the sSEMG activity of the BFIh, the RF, the VL and the GM, we used
bipolar sSEMG electrodes that were positioned on the middle of the muscle belly
(Hermens et al.,, 2000). However, by using such devices positioned at a specific
location along the muscle fiber, we cannot access the changes of the SEMG activity
within the muscle (i.e., proximal vs distal activity) (Hegyi, Goncalves, et al., 2019).
Although Hegyi et al. (2019) did not report any differences between muscle regions in
the BFIh at three increasing velocities using high-density sSEMG (HD sEMG), their study
was conducted on a freadmill at three different steady-state velocities. In addition to
that, the within muscle activity of the VL, GM & RF were not studied in their study.
Therefore, it would be of great interest to replicate the protocol of the present study,
this time using high-density SEMG in order to investigate the proximal-distal changes in
the sEMG with the increasing V,_p within a maximal effort sprint.

In addition to that, we investigated the mean sEMG activity over each period of
activity. This differs from other processing methods whereby the entire signal was
considered (Jacobs & van Ingen Schenau, 1992; Mero & Komi, 1986, 1987), or where
the signal was averaged over either the stance or swing phases (Higashihara et al.,
2018, 2019; Morin, Gimenez, et al., 2015). In addition to that, we are aware that by
splitting the analysis within stance and swing phases have likely impacted the findings
as the muscles investigated are active from the late swing phase and until the
following late stance phase.
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4. Conclusion

In this study #4, we reported a lower sEMG activity of the left VL and this muscle tended
to be activated for a shorter period in the curve in comparison to the straight. In the
curve, the left VL likely cannot be active in a similar way to the straight due to the BLL
and due to the lower knee peak extension angle.

For the other muscles investigated, we reported little modifications in the sEMG activity
duration and amplitude. Those findings suggest that sprinting in the curve only slightly
affected the sEMG activity of the BFlh, RF and GM. However, these muscles are mostly
involved in movements in the sagittal plane of motion. As little differences were
observed in the sagittal plane kinematics between the straight and the curve, further
experimentations should target muscles involved in the transverse and frontal planes.
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GENERAL DISCUSSION

The first main objective of this PhD thesis was to deepen our understanding of the
different factors altering the sprinting performance in the curve using a kinefic, a
kinematic and a neuro-muscular approach. Using this multidisciplinary approach, we
began at the "macroscopic” level with the CM analysis (study #1), then gradually
progressed fowards a more “microscopic” level. Indeed, the CM moves thanks to the
GRF and the impulses (study #2) which itself is impacted by the joint and the segment
kinematics (study #3), itself caused by the sEMG activities at the muscle level (study
#4).

The second main objective of this PhD work was to investigate whether these
parameters change as a sprinter progresses into the sprint (i.e., with the increasing
V,_p) and whether the differences between the straight and the curve increase
concomitantly.

Our main findings were that:

e The sprinting performance measured with photocells was reduced in the curve
in comparison to the straight starting from 15 m onwards;

o The V,_p yax Was reached sooner in the curve in comparison to the straight;

e In the curve, the left and the right mean Fy,_, largely increased in comparison
to the straight, conducting to areduction in the left and the right mean F,_p as
the participants were not able to increase the mean Fror;

e The left mean Fyor was also reduced in the curve due to a lower left mean F,.
Since the left F, was lower in comparison to the straight, the left limb stance
times increased in order to produce the required left IMP,, to maintain an
adequate sprinting motion;

o The left knee peak extension angle during the stance phase was reduced in
the curve due to the BLL and this was caused by a lower left VL sEMG activity

during the stance phase in the curve in comparison to the straight;

e With the increasing distance, the knee peak extension velocity during the late
swing phase increased until 24-29 m and plateaued afterwards both in the
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straight and in the curve. This sheds light upon the greater risk of hamstring
injuries as the sprinter progresses into the sprint.

1. A pioneer exploration in the curve from the starting blocks on
to the maximal antero-posterior velocity

Despite the fact that the curve represents ~58% of the total distance to run from the
200 m onwards, little is known regarding the performance determinants in this sprinting
condition. Thus far, the two main group of researchers that aimed to compare the
curve to the straight were limited to two steps at 13 m (Judson, Churchill, Barnes, Stone,
Brookes, et al., 2020; Judson, Churchill, Barnes, Stone, & Wheat, 2020; Judson et al.,
2019) and at 40 m (Churchill et al., 2015, 2016) after the starting blocks. Those limitations
likely originated from the several challenges faced when attempting to analyze the
GRF in the curve.

In the present PhD thesis, the main challenge was to collect the GRF in the curve over
multiple stances. It is likely because of this methodological challenge that the previous
experimentations investigating the GRF in the curve were limited to a single stance at
either 13 (Judson et al., 2019) or 40 m (Churchill et al., 2016). In order to overcome
these challenges, we had the privilege to access to an indoor venue where 6 FP are
embedded within the frack surface. Subsequently, we replicated a lane 5 (r = 41.58
m) overlapping the 6 FP. In order to collect the GRF over a large number of stances,
we applied a previously used protocol (Cavagna et al., 1971; Rabita et al., 2015) into
the curve. This profocol permitted to analyze almost all the stances of a 40-m sprint
from the starting blocks on to the ~22nd stance (corresponding approximately to
Va_p max) POth in the straight and in the curve.

1. The curviinear motion begins during the starting blocks pushing phase

To our knowledge, this study is the first to examine the GRF during the starting blocks
pushing phase in the curve. Based on our findings, we showed that the participants
produced a more lateral mean F),_; during the starting blocks pushing phase in the
curve than in the straight (see study #3). Those findings are similar to what is usually
observed in biking for example, whereby before entering a curve, riders position
themselves on the outside of the lane. This is also a common advice among 400-m
coaches whereby the sprinters are advised to be on the outside of the lane before
entering the second curve of the 400 m.

In addition to that, we observed that the choice of the leg positioned on the front
block directly influenced the tfrajectory at the starting blocks exit. Indeed, we found
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that when the left foot was positioned on the front block, the participants were almost
exclusively heading towards the outside of their lane. In contrast, when the right foot
was positioned on the front block, the participants were almost all heading towards
the inside of their lane. Therefore, despite individual preferences in the choice of the
foot to place on the front block, the present findings question the strategy to adopt
regarding the foot to position on the front block for 200-, 400-, 4*100- and 4*400-m
races. Future experimentations should be conducted in that way in order to
comprehend whether positioning the left or the right foot on the front block impacts
the performance during the initial stances in the curve.

Between 0-6 m, the mean F),_; was also greater in the curve than in the straight for
both the left and the right limbs. However, this time the mean F),_;, was more medial,
meaning that the participants were heading towards the inside of their lane.
Therefore, contrary to a well-admitted empirical evidence, there is no linear motion
over the first 4-to-5 stances that follow the starting blocks pushing-phase.

2. The left imb pleads quilty

In the present study, the straight was considered as the “reference condition” whereby
we assumed that the mean Fryr produced in the straight corresponded to the
individual limits of each participant. The left leg in the curve showed a clear contrast
with this “reference condition” since the participants produced less mean Fror than in
the straight. This was caused by a reduced left mean F, in the curve.

It is likely that the BLL (Churchill et al., 2015; Judson, Churchill, Barnes, Stone, Brookes,
et al., 2020) and the foot push-off axis that switched from transverse to oblique (Judson
et al., 2019) affected the sprinter’s ability to produce a similar mean F, in comparison
to the straight. Indeed, Bojsen-Mgller (1978) indicated that using the oblique axis
conducted to several kinematic changes on the foot and the shank. Those kinematic
changes could in turn alter the muscle function of a multitude of foot muscles that
play a key role in sprinting such as the Flexor Hallucis Longus or Flexor Hallucis Brevus
(Tanaka et al., 2019).

In addifion to that, we saw in the study #3 that the left knee peak extension was
reduced in the curve, which was itself caused by a decreased activation of the left
VL (see study #4). Previously, Haomner & Delp (2013) and Pandy et al. (2021) reported
a “substantial conftribution of the VL to the upward acceleration” during the stance,
especially during the braking phase. Thus, it is likely that the lower left VL activity during
the stance phase triggered a cascade of alterations whereby the left knee peak
extension was reduced which in turn altered the mean F, as well.
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Based on these findings, we subsequently hypothesized that, when sprinting in the
curve, the priority switches from “performance” to “maintaining an equilibrium” and
an “adequate sprinting motion”. From that point onwards, the participants tried to
maintain an adequate sprinting motion regardless of the performance, at least for the
left limb. For that sake, the participants increased their left stance times in an attempt
to maintain a similar IM P, to the straight as mathematical models previously theorized
(Greene, 1985; Usherwood & Wilson, 2006). However, the increased left limb stance
times conducted to a reduced left limb SF. Although we did not investigate the SL in
the present study, previous experimentations reported a decreased SL in the curve at
13 (Judson, Churchill, Barnes, Stone, Brookes, et al., 2020) and 40 m (Churchill et al.,
2015) in the curve. Hence, the decreased left limb SF likely participated to the altered
sprinting performance (Hunter et al., 2004) in the curve.

In addition, the left mean F,_p were reduced in the curve, likely due to the large
increase in the mean Fy,_; as the participants were unable to increase the mean Fror.
Despite the increased left stance times, the left mean IMP,_, remained lower in the
curve than in the straight, due to a larger decrease in the left mean F,_, compared
with the concomitant increase in the left stance times.

Several experimentations reported that the mean F,_, and IMP,_, were major
sprinting performance determinants in the straight (Hunter et al., 2005; Kawamori et
al., 2013; Morin, Slawinski, et al., 2015; Rabita et al., 2015). Thus, in the curve, the
reduced mean F,_p and IMP,_p provide additional evidence regarding the metrics
altering the sprinting performance. Yet, to date, no study reported the performance
determinants in the curve and future studies should be conducted in that way.

On the other hand, our findings clearly demonstrated that the right limb was less
affected in the curve. Indeed, the right VL sSEMG activity was similar to the straight,
which likely conducted to a similar knee peak extension, which itself likely permitted
to produce a similar mean F, in comparison to the straight. Our findings are thus in line
with those previously reported by Churchill et al. (2016) at V4_p yax- Nonetheless,
because of the large increase in the mean F,,_,, we observed decrease in the mean
F,_p as the participants were unable to increase the right mean Fror either. As the right
limb stance fimes did not increase in the curve, the mean IMP,_, remained lower than
in the straight. The only kinematic differences reported were at the ankle whereby the
right ankle was more plantar flexed in the curve without concomitant changes in the
SEMG activity among the muscles investigated. However, although not investigated in
the present study and quite challenging to capture, it is likely that changes in the sSEMG
activity of other plantar flexor muscles such as the Flexor Hallucis Longus and Flexor
Hallucis Brevus could be observed.
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¢ Opverdll, based on the present findings, the sprinting performance decreased in
the curve due to a) a reduction in the left and the right leg mean F,_, and
IMP,_p; and b) a reduction in the left limb SF.
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Figure 58. Sum-up figure of the “holistic” approach used in the present PhD thesis to compare the sprinting
performance in the curve to the straight. This figure shows an example of the ground reaction forces
(panel A), the knee joint kinematics (panel B) and the Vastus Lateralis surface electromyographic activity

(panel C).

3. Injury prevention and training programs

As we have developed in the previous paragraphs, the additional requirement in Fy,_,
in the curve is likely the major factor altering the sprinting performance in comparison
to the straight. In their exploratory study, Chang & Kram (2007) used a tether attached
to the participant, close to the CM in order to externally apply the F. to the
participants. Although the participants ran at tight radii (r < é m) and despite this study
lacked statistical power (n = 5), the findings were sfill interesting. In addition, even
though the mean F,_, was not reported, the peak Fy_;, was lower when the
parficipants used the tether than without (Chang & Kram, 2007). In addition to that,
the V,_p was systematically greater when the participants ran in the curve with the
tether than without (Chang & Kram, 2007), which confirms our hypothesis stipulating
that the sprinting V,_p in the curve is reduced due to the additional requirement of
Fy_.. In the future, an experimentation with a tether externally applying the F, at a
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radius typical of frack events would provide insightful knowledge. In the same way,
the mean GRF should be compared to sprinting at the same radius without the tether.

If the mean Fy_;, applied by the sprinter is lower when using a tether, tethers could in
turn be used during training sessions in order to reach higher V,_p in the curve which
could somehow resemble to “overspeed”. In addition, producing Fy_; on the left imb
in the curve requires a greater left ankle eversion (Judson et al., 2019) which can in
turn increase the foot injury risk (Beeson, 2014). Thus, we can hypothesize that using a
tether during training sessions would reduce the strains at the left ankle and reduce
the injury risks.

Figure 59. Graphical representation of a sprinter with a linear encoder (top left corner of the figure)
positioned on the middle of the curve and attached fo the sprinter at the waist to externally apply the
cenfripetal force near the centre of mass in order to reduce the medial-lateral force (yellow arrow shorter
than in the figure 58) and the left ankle eversion.

During sprinting and middle-distance training sessions, we often see the athletes
warming-up and working out in the counterclockwise direction (i.e., in the same
direction as the competitions). However, we have seen throughout this manuscript
that curve sprinting induces several alterations in comparison to the straight. In
addition to that, an athlete sprinting in lane 1 will undergo greater modifications
than the same sprinter, at the same velocity, in lane 8 because of the centripetal
force. Finally, throughout the year, numerous of sprints are regularly done in the
inner lanes by those athletes. Consequently, repetitive loading and exposure to
curve sprinting at fight radii might sadly increase the injury risks, especially due to
the left ankle eversion repetitions (Beeson, 2014; Hamill et al., 1987). Therefore, we
suggest to limit the training load where the alterations are the greatest (i.e., at the
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tighter radii). For example, the warm-ups and the fraining sessions should

preferentially be realized on the outermost lane.

4. Practical recommendations

Sprinting in the curve with a tether that externally applies the F, at the CM
should be implemented during training sessions as this might reduce the Fy,_;
the sprinter must produce in the curve. With the utilization of a tether,
“overspeed” training sessions specifically in the curve could be implemented.
In addition to that, the left ankle eversion would decrease which would result in
lower ankle/foot injury risks.

Promoting repetitions (especially when high velocities are reached) on the
outermost lanes and alternating between the counterclockwise and the
clockwise directions during the warm-up in order to reduce the overuse injury
risks.
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2. An explanatory factor for the hamstrings’ injury during the late
swing phase?

Among the hamstrings, the BFlh is usually the most frequently injured (Askling et al.,
2007; Koulouris & Connell, 2003) and these injuries likely occur during the late swing
phase (Chumanov et al., 2011, 2012; Kenneally-Dabrowski et al., 2019; Schache et al.,
2012), mostly at high sprinting velocities (Bramah et al., 2023; Gronwald et al., 2022).
Although this was not a direct aim of the present thesis originally, we wanted to dig
into the kinematic and sEMG metrics that evolve with the sprinting velocity and
investigate whether these metrics could relate to the hamstring injury risk during the
late swing phase.

Thanks to the MIMU-based system, we could investigate the lower limb joint kinematics
from the starting blocks exit into the V,_p y4x- AS We have seen in the study #3, the knee
peak extension velocity increased progressively through the early fransition phase and
plateaued starting from 24-29 m onwards (see figure 60). We saw in the general
methodology that the BFIh is biarticular, with an origin proximally at the ischial
tuberosity (Stepien et al., 2019) and distally on the styloid process of the fibula (Terry &
LaPrade, 1996). Thus, the BFIh MTU length ultimately depends on the hip and the knee
joint kinematics and their analysis should be conducted as the BFIh injury risks increase
when the BFIh MTU is lengthened (Bramah et al., 2023; Danielsson et al., 2020).
Therefore, in this third section of the general discussion, we will discuss about the hip
and the knee joint kinematics throughout the transition phase together with the BFih
SEMG, in order to investigate whether those metrics can provide hints and could help
to better understand the BFIh injury risks.

To begin with, the figure 60 shows a typical example of the knee angular velocity from
the starting blocks pushing phase and until the V,_p yax (2279 stance in this example).
On this figure, we can clearly see that the knee peak extension velocity increases
progressively with the Vy iy and plateaus starting from the 14t stance (~25 m)
around 1000 °- s (see the red dashed horizontal line in figure 60). We can also notice
on this figure that the knee peak flexion velocities (negative peak angular velocities)
were comparable in magnitude to the knee peak extension velocities. However, as
the BFIh is very unlikely to sustain a strain injury with the knee flexing (Danielsson et al.,
2020), we will focus on the phase of the swing where the knee extends. In addition to
that, as the BFIh is bi-articular, the BFIh MTU length depends on the hip and the knee
kinematics.
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Figure 60. Example of the knee angular velocity time-course (in dark blue) of one participant on a 40-m
sprint in the straight. The first blue vertical dashed line shows the maximal antero-posterior power (Py_p yax)
and corresponds to the instant where the knee starts to flex (negative angular velocity) during the stance
phase. The second blue vertical dashed line corresponds to the maximal horizontal velocity (Vi yax)
computed with the Magneto-Inertial Measurement Unit-based system. In this example the knee peak
extension velocity reaches the “threshold” at the 12 stance (corresponding fo ~23 m).

Thus, the figure 61 below shows a typical example of the knee (in blue) and hip (in
green) angular velocities during the swing phase at 34-39 m. From this figure, we can
identify two “zones” where the knee extended. In the “zone 1" (light red in figure 61),
the hip was flexing while the knee was extending, meaning that the BFIh MTU was
lengthening (see the dark purple line) (Higashihara et al., 2016; Schache et al., 2012;
Thelen, Chumanov, Hoerth, et al., 2005). In addition to that, a recent systematic review
stipulated that “a stretch-type injury to the hamstrings is caused by an extensive hip
flexion with an extended knee” (Danielsson et al., 2020), meaning that this “zone 1”
(between 48% and 74% of the swing duration in this example) would potentially place
the BFIh under high injury risk. In addition to that, in this example, the BFIh sSEMG activity
started at 62% of the swing duration (the blue horizontal floating chart in the top right
of the figure 61 indicates when the muscle is active during the swing). Since Danielsson
et al. (2020) postulated that the hamstrings are most likely to sustain injury strains while
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actively lengthened (i.e., with the muscle active) (Danielsson et al., 2020), the BFlh
would most likely undergo a hamstring injury in the second half of the “zone 1"
(between 62 and 74% of the swing duration in this example).
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Figure 61. Typical example of the hip (dashed line in green) and the knee (in dark blue) angular velocities
during the swing phase at 34-39 m. The light pink zone corresponds to the instant where the hip is flexing
and the knee is extending. On the other hand, the red dashed zone corresponds fo the instant where the
hip is extending and the knee is extending. The surface electromyographic activity of the Biceps Femoris
long head (BFlh) is also displayed in blue at the top of the figure. The BFIh muscle-tendon unit (MTU)
velocity is displayed in dark purple and the data were refrieved from Schache et al. (2012). A positive
MTU velocity indicates a BFIh MTU shortening. On the other hand, a negative MTU velocity indicates a BFlh
MTU lengthening.

On the other hand, the “zone 2" (dark red) spanned from 74% to 98% of the swing
duration in this example whereby the hip and the knee were extending concomitantly.
In the “zone 2", the BFIh MTU velocity decreased progressively and the peak BFIh MTU
length was reached at ~80% of the swing duration (Chumanov et al., 2007, 2011;
Higashihara et al., 2016; Nagano et al., 2014; Schache et al., 2012; Thelen, Chumanov,
Best, et al., 2005; Thelen, Chumanov, Hoerth, et al., 2005). As a muscle is unlikely to
sustain a strain injury while being shortened (Danielsson et al., 2020), we can postulate
that the greatest hamstring injury risk in the “zone 2" would correspond to the BFlh
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being lengthened (i.e., between 74 and 81% of the swing duration). Several studies
suggested that actively lengthening a muscle already elongated would increase the
hamstring injury risk (Chumanov et al., 2011, 2012; Schache et al., 2012; Yu et al., 2008).
Consequently, the BFIh would also be at a high injury risk in the beginning of the “zone
2",

To summairize, the literature suggests that BFIh injury risks are the highest during the
swing phase, while the BFih is actively lengthened. Therefore, the figure 62 below shows
the “zone of all the danger” (in red with the dashed lines in figure 62) where the BFih
injury risk could be the highest. This zone starts with the BFIh sSEMG activity (blue floating
horizontal bar on top of the figure 62) onset and terminates when the BFlh MTU starts
to shorten (BFIh MTU lengthening velocity becoming positive). This zone eventually
corresponds to the greatest knee extension velocities reached during the swing phase
and strengthen the idea that reaching high knee peak extension velocities would
increase the hamstring injury risk.
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Figure 62. A typical of the hip (dashed line in green) and knee (in dark blue) angular velocities during the
swing phase at 34-39 m. The mean surface electromyographic (SEMG) activity of the Biceps Femoris long
head (BFIh) is also displayed in the blue floating chart at the top of the figure. The dark red zone in the
middle of the figure initiates when the BFIh sSEMG activity starts and terminates when the BFIh muscle-
tendon unit (MTU) stops lengthening. The BFIh muscle-tendon unit (MTU) velocity is displayed in dark purple
and the data were refrieved from Schache et al. (2012).
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Therefore, from the hip and knee kinematics reported in the present thesis and
according to the current literature, we can in turn hypothesize that a “threshold” (likely
parficipant dependant) would exist: above a given knee extension velocity, the BFlh
injury risk increases. This “threshold” would correspond approximately to the plateau
of the knee peak extension velocity observed starting from 24-29 m onwards (see red
horizontal dashed line in figure 62). In turn, the hamstrings injury risk would be increased
at or above this “threshold”. It is also likely that increasing the time spent around the
“threshold” would in turn increase the hamstring injury risk by “accumulating” the BFlh
strains. This latter hypothesis suggests that the hamstrings would “deteriorate” due to
successive rapid knee extensions (i.e., rapid BFIh MTU lengthening) with a BFlh already
elongated, until the muscle goes to failure and the sprinter undergoes a hamstring
strain injury. As the so-called “threshold” is likely individual, sprinting kinematic
screenings using a MIMU-based system (or a similar device allowing kinematic
measurements over 40 m) should be performed throughout the season in order to
investigate the individual responses in the lower limb kinematics with the increasing

VA_P .

From that point onward, two possibilities can be drawn from the present findings and
can in turn be adapted to sprint trainings: a) either avoid placing a sprinter within or
close to the “unsafe” zone, or b) progressively familiarize the sprinter to the required
kinematic demands. The former would likely be the safer in terms of hamstring injury
risk, though is not suitable for sprinting competitions. Indeed, anyone competing would
anyway have to face those “unsafe” kinematic demands in competition and would
likely undergo a hamstring injury instantly. Therefore, acclimating the sprinter to the
kinematic demands of high-velocity sprinting would likely be the best option (Edouard
et al., 2019, 2022).

Several injury prevention fraining programs have been used to adapt the sprinter to
the hamstring MTU lengthening and eventually reduce the hamstring injury risk. Among
them, eccentric exercises (Arnason et al., 2008) such as Nordic hamstring exercises
(Brooks et al., 2006; Clark et al., 2005; Petersen et al., 2011) are often used. However,
the peak extension velocities reached during these exercises are far from representing
the sprinting demand (<100 °-s7) (Alt et al., 2018; Nishida et al., 2022). In addition to
that, previous research showed that these exercises do not replicate the “sprint-
specific hamstring sSEMG activity” (Edouard et al., 2019). For example, the BFIh reaches
a sEMG activity comprised between ~15 and ~60% of the sprint-specific SEMG activity
while performing various strengthening exercises (Hegyi, Csala, et al., 2019; Prince et
al., 2021; van den Tillaar et al., 2017).
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Rather than these isolated exercises, recent research suggest that familiarizing sprinters
to the sprinting demand should preferentially be performed through specific activity
such as high-intensity sprints (Edouard et al., 2019). For example, in Gaelic football,
players who reached >95% of their V,_p yax during training sessions were at a lower
hamstring injury risk in comparison to those who reached <95% of their V,_p yax during
the same tfraining sessions (Malone et al., 2017). These authors concluded their study
by stipulating: “Coaches should expose players to high percentages of V,_p yax Within
training situations as this offers a potential “vaccine” against subsequent soft tissue
injury.” (Malone et al., 2017). A similar metaphor was used by Edouard et al. (2019)
postulating that "adequate exposure to sprinting may be an effective “vaccine”
against hamstring muscle injury”.

Thus, based on our findings and on the existing literature, we hypothesize that sprint
training programs should progressively target the knee extension velocities associated
with the "unsafe zone"” and progressively increase the training load associated with
these demands throughout the season (Edouard et al., 2022; Malone et al., 2017). In
our example, we postulate that increasing progressively the training load with knee
extension velocities >1000 °- s1 would likely prevent the sprinter from hamstring strain
injuries. As the knee extension velocities reached 1000 -s' at ~25 m (at the group level),
we would advise to begin the sprint frainings with sprints < 25 m and progressively
increase the distance sprinter. Obviously, these distances should be adapted to each
individual's hip and knee kinematics and kinematic screenings should be scheduled
throughout the season in order to investigate whether the “safe” and “unsafe” zones
change. After a few fraining sessions, we assume that this “threshold” between the
“safe” and “unsafe” zones would be shifted above 1000 °-s1. Thereafter, the sprinter
would be able to sprint “safely” with the sprinting demands associated with the
previous “threshold” and the sprinting distance could progressively be increased. Yet,
since an acute increase in the sprinting fraining load is associated with large increase
in hamstring injury risk (Duhig et al., 2016), progressivity is the key here and sprint
trainings should be implemented gradually throughout the season and the years to
decrease the hamstring injury risk.

We are aware that the hip and knee kinematics during the swing phase likely do not
explain 100% of the hamstring injuries and other metrics are likely of great importance
such as the pelvic tilt or the forward trunk lean among others (Bramah et al., 2023;
Nagano et al., 2014). In addition to that, we observed a plateau of the knee peak
extension velocity in the present study after 24-29 m (see study #3). Yet, we stopped
our analysis at 40 m and it would be interesting to investigate whether the knee peak
extension velocity remains at a plateau afterwards or whether it decreases during the
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deceleration phase. Finally, from the hip and knee kinematics, and the BFIh sSEMG
activity, it would be insightful to use a musculoskeletal modeling in order to investigate
whether the BFIh MTU length and the lengthening velocity change after the knee peak
extension velocity plateaued.

We are aware that this part of the discussion might seem out of the PhD scope af first
sight. However, within this context of this PhD thesis conducted at the French Athletics
Federation, 11 months ahead of the Olympics, we thought it would me meaningful for
coaches and sport practitioners in general to put our findings in perspective with the
existing literature and provide simple and practical recommendations.

Itis also interesting to note that no differences were reported between the straight and
the curve for the knee peak extension velocities. Thus, the present work is the first, to
our knowledge, to indicate that sprinting in the curve apparently conducts to similar
hamstring injury risk in comparison to the straight.

1. Practical recommendations

e Sprinting should be used as a mithridatization process throughout the season
whereby the athletes should start sprinting early into the season and
progressively increase the V,_p and the training load associated. In other words,
in the early season, athletes should not sprint for longer than ~25 m. After
appropriate adaptation to the sprinting demand, sprinter can progressively
increase the distance sprinted in order to reach higher sprinting V,_p.

e Regular kinematic screenings should be scheduled throughout the season in
order to investigate the hip and knee kinematics during the swing phase and
consequently adapt the training program.
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GENERAL CONCLUSION

Throughout this PhD thesis, we have identified two main factors altering the sprinting
performance in the curve.

First and foremost, the left and the right Fy,_; increased in comparison to the straight.
However, this conducted to areductionin the left and the right F,_p as the participants
were unable to increase the mean Fryr concomitantly. Despite the left stance times
increased in the curve, the left IMP,_p remained lower than in the straight. On the right
limb, we also reported a lower right IMP,_, and this was caused by a lower right F4_p
in the curve and unchanged right stance times.

Thus, the decreased left and right IMP,_p in the curve represent the main factors
explaining the reduced sprinting performance in the curve.

Additionally, in the curve, the participants could not exert a similar left F, as in the
straight. This was caused by a greater left knee flexion during the stance, itself related
to a lower VL sEMG activity, due to the inclined position. Consequently, as the left F,
was lower than in the straight, the participants likely switched from “performance” to
“maintain the equilibrium”. For that sake, the left stance times increased in order to
produce a left IMP, and a left IMP;,r similar to the straight and maintain the so-called
“equilibrium”. Although we did not investigate the SL in the present study, previous
experimentations reported decreased SL in the curve.

Therefore, the increased left stance times and the decreased left SF in the curve
without concomitant increase in the left SL can further explain the decreased sprinting
performance in the curve.

1. Research perspectives

The multi-disciplinary approach used in the present PhD thesis provided an interesting
basis that we can build upon for future research. In addition to that, based on the
present findings, we drew preliminary practical recommendations that can be directly
applied to sprint trainings. Nevertheless, we are aware that we only captured a
fragment of this overall picture.

¢ Indeed, the sagittal plane kinematic analysis did not permit to fully understand
the reasons explaining the reduced performance in the curve. For the present
work, our kinematic analysis focussed on the sagittal plane kinematics as the
frontal and transverse planes computed from the MIMU-based system were
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found to be less valid in comparison to an OS (Nijmeijer et al., 2023). However,
these 3D kinematic comparisons were made during jumping and change of
directions (Nijmeijer et al., 2023), stair ascent and stair descent (Zhang et al.,
2013) or ergonomic tasks (Robert-Lachaine et al., 2017). Hence, none of these
studies compared the 3D kinematics of this MIMU-based system to a reference
system in overground sprinting. Consequently, in parallel to the studies
conducted within the framework of this PhD thesis, | had the privilege to
partficipate to experimentations that were led at the Japan Institute of Sport
Sciences (Tokyo, Japan). The aim of these experimentations was to compare
the 3D joints’ kinematics of the MIMU-based system to an OS, FP and a marker
less system in overground sprinting during a) the starting blocks pushing phase
and the initial 1-to-4 stances; and b) the V,_p yax Phase.

| will contribute to the data processing after this PhD thesis. We discussed in the
study #1 the challenges faced to align the MIMU-based system antero-posterior
axis with the GCS antero-posterior axis. In the experimentations conducted at
the Japan Institute of Sport Sciences, it will be possible to investigate each Vi,
axis distinctly thanks to the OS.

Additionally, it the MIMU-based system accurately computes the lower limb
joint 3D kinematics in overground sprinting, | will process the 3D kinematics in
the straight and in the curve using the data from the experimentations
conducted within of the scope of this PhD thesis.

Finally, if the MIMU-based yields accurate 3D kinematics in overground
sprinting, we will investigate the lower limb joint kinetics by using the inverse
dynamics approach to betfter comprehend the net demand of the hip, the
knee and the ankle joints.

A secondary research perspective emerges from the practical
recommendations developed in the general discussion. We saw that the Fy,_;
was lower and the V,_p was greater when the F, was externally applied to the
sprinter thanks to a tether (Chang & Kram, 2007). We would like to replicate a
similar experimentation, this time at a radius typical of tfrack events. If the Fy_;
is confirmed to be lower and if the V,_p is confirmed to be greater when a tether
is used to externally apply the F;, training sessions could eventually be
considered with a linear encoder aftached to the sprinter’'s waist in order to
externally apply the F.. The objective behind those sessions would be to reduce
the strains at the ankles in the curve (Bojsen-Mgiller, 1978; Judson et al., 2019)
and to realize "overspeed” training sessions in the curve.
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Finally, together with the experimental work that | have conducted throughout
this PhD thesis, | had the opportunity to collect in-field data for French athletes
during 3 National indoor Championships, 3 National outdoor Championships, 2
Diamond Leagues and 18 international track meets. The main objective was
then to provide feedbacks to the athletes regarding their performances within
a competition environment. Nonetheless, among the data collected in
competitions, an extensive work remains to be realized, especially from the GPS
data in order to better comprehend the sprinting demand in these events.
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Background: Sprint performance can be characterized through the centre of mass (COM) velocity over time. In-
field computation of the COM is key in sprint training.

Research question: To compare the stance-averaged COM velocity computation from a Magneto-Inertial Mea-
surement Units (MIMU) to a reference system: force platforms (FP), over the early acceleration phase in both
straight and curve sprinting.

Methods: Nineteen experienced-to-elite track sprinters performed 1 maximal sprint on both the straight and the
curve (radius = 41.58 m) in a randomized order. Utilizing a MIMU-based system (Xsens MVN Link) and
compared to FP (Kistler), COM velocity was computed with both systems. Averaged stance-by-stance COM ve-
locity over straight-line and curve sprinting following the vertical axis (respectively Vamu and Vgpp) and the
norm of the two axes lying on the horizontal plane: x and y, approximately anteroposterior and mediolateral
(respectively Viymmu and Vyypp) over the starting-blocks (SB) and initial acceleration (IA — composed out of the
first four stances following the SB) were compared using mean bias, 95 % limits of agreements and Pearson’s
correlation coefficients.

Results: 148 stances were analyzed. Vyyymu mean bias was comprised between 0.26 % and 2.03 % (expressed in
% with respect to the FP) for SB, 5.63 % and 7.29 % over IA respectively on the straight and the curve. Pearson’s
correlation coefficients ranged between 0.943 and 0.990 for V,y, 0.423 and 0.938 for V,. On the other hand,
Vammmu mean bias ranged between 2.33 % and 4.69 % for SB, between 1.44 % and 19.95 % over IA respectively
on the straight and the curve

Significance: The present findings suggest that the MIMU-based system tested slightly underestimated Vv,
though within narrow limits which supports its utilization. On the other hand, V uyy computation in sprint
running is not fully mature yet. Therefore, this MIMU-based system represents an interesting device for in-field
Viymmmu computation either for straight-line and curve sprinting.

1. Introduction

Sprint performance can be characterized through the centre of mass
(COM) velocity over time [1,2]. For this reason, it is of interest to easily
evaluate COM kinematics with accuracy within the athletes’ ecological
environment to preserve the measures’ ecological validity. Yet,
analyzing accurately the human movement in-field remains an everyday

* Correspondence to: 11, Avenue du Tremblay, 75012 Paris, France.

challenge especially within the curve. In fact, sprinting in the curve
represents ~58 % of the total distance for all track events starting from
the 200 m [3]. Unfortunately, within the curve, systems such as radars
or lasers become immediately inoperable. A few experimentations have
described COM velocity in curve sprinting at specific instants [4-7];
however, the literature describing the COM velocity within this sprint-
ing condition remains limited. Therefore, it is of importance to look for
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in-field devices able to quickly evaluate the COM velocity within the
curve over an entire sprint. Outside the laboratory, deciding which de-
vice to use relies on a trade-off between accuracy and feasibility.
Considering their portability, convenience and range, full-body mag-
neto-inertial measurement unit systems (MIMU) have become popular
over the past decade. Yet, several authors have highlighted the limita-
tions of such systems and overall there is no consensus regarding
MIMU-based system’s concurrent validity against reference systems for
joints and segments kinematics [8-15].

At the COM, comparison between a MIMU-based system and an opto-
electronic systems (OS) COM position while standing still showed a
difference in the measurement from 0.73 mm (vertical axis) to 5.45 mm
(medio-lateral axis) as well as very high correlations (r> 0.99;
p < 0.001) [16].

Based on Newton’s second law, force platforms (FP) have been
considered as the reference system for COM velocity computation in
sprint running [17-21], since correct computation does not rely on
either accurate marker positioning or assumptions regarding the
anthropometrical properties [22-25].

Using FP, Pavei et al. (2020) computed the COM displacement dur-
ing overground walking and compared to a MIMU-based system [26].
They found differences between systems up to 98.7 + 60.2 % [26],
likely resulting from the sensors drift and the anthropometrical
assumptions.

In sprint running, computations of the force-velocity profiles (FVP)
from a MIMU-based system to a radar showed good agreements between
both systems for the maximal velocity and the maximal theoretical
force, velocity and power (0.81 < r < 0.97) [27]. However, despite their
broad utilization for straight-line sprinting velocity computation
[28-31], radars do not estimate neither the COM nor the frontal plane
velocity, but only the participants’ horizontal velocity [32,33]. More-
over, measurement can be impaired with such devices since radars
detect all moving objects within their field of view.

Other authors used a single MIMU attached to the lumbar region to
compute the participants’ velocity [34] and compared the FVP variables
obtained with those from the FP. Although these authors found “very
large” to “extremely large” correlations for all but one FVP variable, they
did not investigate the stance-averaged velocity itself. They also evalu-
ated a point close to the COM, probably leading to erroneous COM
estimation [22,25,33,35].

Recently, van den Tillaar et al. (2021) compared the step- velocity
over 50-m sprints from a MIMU-based system to FP [36]. However, they
multiplied step length and step rate rather than comparing the COM
velocity, even though this parameter was found to be determinant for
sprinting performance [2] and can be used to adapt training programs
through FVP computation [21,37].

To our knowledge, no study compared the stance-averaged COM
velocity computed from a MIMU-based system to a reference system.
Additionally, the few experimentations that compared a MIMU-based
system to the reference systems for other parameters only investigated
the straight, notwithstanding the curve. Considering the prevalence of
this sprinting condition in athletics, it appears mandatory to look for in-
field devices able to easily evaluate the COM velocity within ecological
environment.

Thus, the aim of the present study was to compare the stance-
averaged COM velocity computed from a MIMU-based system to FP
over the starting-blocks pushing phase and the initial acceleration dur-
ing both straight-line and curve sprinting.

2. Methods
2.1. Participants
Nineteen (15 male and 4 female) experienced-to-elite curve sprinters

(mean + SD: age = 23.9 + 3.7 years; body mass = 73.9 + 7.4 kg; height
= 1.78 + 0.07 m) volunteered to participate in this study. The mean
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personal bests (PB) of the 6 male 200-m specialists, the 9 male 400-m
specialists, the 2 female 200-m specialists and the 2 female 400-m spe-
cialists were respectively: 22.89, 49.56, 26.30 and 57.67 s. After an
explanation of the protocol, the participants signed the informed con-
sent to participate in the experimentation, conducted in accordance with
the declaration of Helsinki and approved by the local ethical committee
(IRB00012476-2021-29-04-107).

2.2. Materials

2.2.1. Concurrent system

The participants were equipped with a MIMU-based system MVN
Link (Xsens Technologies, Enschede, Netherlands, 240 Hz). This system
is composed of 17 MIMUs (36 x24.5 x10 mm: 10 g) fixed to the par-
ticipants with straps. Each sensor contains a 3D gyroscope ( + 2000°/s),
a 3D accelerometer (scale: + 160 m/s?) and a 3D magnetometer ( + 1.9
Gauss). Sensors were placed according to the manufacturer’s recom-
mendations (see Fig. 1). Participants’ height and foot length were
measured and inputted into the MVN software which estimated segment
lengths with regression equations [38,39]. The calibration process was
then performed according to the manufacturer instructions and general
guidelines [9,10,12] to generate sensor-to-segment alignment [38].

2.3. Reference system

Using OS, errors can originate from marker positioning, movement
on soft tissues and assumptions associated with anthropometric models
[22,25,26]. Therefore, in the present experimentation we used a

Rear view

Front view

%ﬂ

Fig. 1. Position of the inertial measurement units (in gray) with the athlete
standing in the N-pose.
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6.60 m-long FP composed out of 6 individual FP (5 length-wise and 1
sideways; 1.2 x0.6 m each, KI 9067; Kistler, Wintherthu, Switzerland, 1
000 Hz) as the reference system. FP were connected in series, covered
with a tartan mat and embedded within the track, thus making them
invisible to the participants. This set-up allowed for a quasi in-field
experimentation. Anteroposterior, mediolateral and vertical compo-
nents (respectively Fy, F, and F,) of the GRF were computed from these
FP.

The MIMU-based system and FP signals were synchronized to the
nearest MIMU-based system frame using a customised cable with the
MIMU-based system software triggering the FP. Accurate synchroniza-
tion between devices has been confirmed during pilot experimentations
by gently pressing on one MIMU positioned over the FP and by checking
temporal events of vertical GRF and the MIMU accelerations.

2.4. Protocol

The recordings took place on an indoor track between June and July
2021, which corresponded to the competition period. The participants
began with at least a 45-min self-managed warm-up. They were then
equipped with the MIMUs and had a 10-min additional familiarization
period with the MIMUs on. Subsequently, participants performed a
maximal “valid” 10-m sprint within two conditions in a randomized
order: straight and curve. A replicated curve corresponding to the lane 5
(radius 41.58 m) of a standard athletics track (World Athletics, 2019)
overlapped the FP area.

A sprint was considered “valid” when at least the first stance out of
the blocks fully landed within the FP area [20,21]. All participants used
starting-blocks (SB) that were positioned on the FP which allowed the
GRF computation over the SB pushing-phase.

2.5. Data analysis

2.5.1. Concurrent system

Using the temporal synchronization between systems, touchdown
(TD) and toe-off (TO) for both systems were determined from the FP data
using a 20-N threshold on F, [37].

MIMU-based system anteroposterior, mediolateral and vertical
instantaneous COM velocities (respectively Viyumu, Vymmu and Vavmy)
based on the manufacturer’s proprietary sensor fusion algorithm were
retrieved directly from the MVN software. Viymu, Vymmu and Voviu
were low-pass filtered (20-Hz cut-off, third-order zero-phase Butter-
worth filter) chosen after residual analysis [40].

Thereafter, although the MIMU-based system calibration was real-
ized such that its coordinate system coincides with that of FP, both de-
vices’ coordinate systems are unlikely to be perfectly aligned.
Consequently, we computed the norm of the horizontal plane of the
MIMU-based system COM velocity (Viymmuv):
Vi’ )

2
Vamumu =\ Varr™ +

2.6. Reference system

GRF raw signals were low-pass filtered (200-Hz cut-off, third-order
zero-phase Butterworth filter) chosen after residual analysis [40].

Based on Newton’s Second Law and according to previous literature
[17,19-21,23,25,26,41] the three COM orthogonal acceleration com-
ponents were calculated by dividing GRF by the body mass (- m-g for the
vertical acceleration). Thereafter, we computed instantaneous ante-
roposterior (Vypp), mediolateral (Vyzp) and vertical (V,zp) velocities by
simple integration of the three orthogonal acceleration components over
each stance:

FX
Vier = Voxrp + / ;df @
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F,
Vyrp = Voyrp + / ;)df 3

F, .
Verr = Vourp +/ - & ar C)]

with, m the participant’s body mass, Voxrp, Voyrp and Vogrp the initial
velocity conditions taken as integration constants and set to 0 since SB
were placed over the FP and the sprinters started from a stationary
position.

Finally, we computed the norm of the horizontal plane of the FP COM
velocity (Viyrp):

2
Vare = A/ Virr” + Vypp

Analysis was split within two conditions (Fig. 3), a) the SB phase
(which includes only the starting-blocks pushing phase) and b) the
initial acceleration, thereafter referred as IA (beginning at the first
touchdown after the SB phase and ending at toe-off of the last stance
computed).

The norm of the horizontal plane COM velocity (Vy,) and the vertical
COM velocity (V;) computed from both the FP and the MIMU-based
system were averaged over each “valid’ stance.

6)

2.7. Statistical analysis

All descriptive statistics are presented as means + standard de-
viations (SD). Normality of the distribution was verified using the
Shapiro-Wilk test. Then, V,, and V, obtained with both devices were
compared using a) mean bias (expressed in % in comparison to the FP)
and 95 % limits of agreement [42]; b) Pearson’s correlation coefficient
(r) with threshold values of 0.3, 0.5, 0.7 and 0.9 representing respec-
tively low, moderate, high and very high relationships [43,44]. For all
statistical analyses, the alpha level was set as p = 0.05.

3. Results

The number of valid stances for each participant varied between two
(SB and the following stance) to five (SB and the following four stances)
for both sprinting conditions. Overall, 75 and 73 valid stances were
computed respectively for the straight and the curve.

Table 1 presents the mean =+ SD for the sprint variables of both
systems within the straight and the curve conditions for the SB and IA
phases as well as the mean bias, 95 % agreement limits and correlation
coefficients.

Figs. 2 and 3 display the Bland & Altman plots respectively for SB and
IA. Mean bias between the MIMU-based system and the FP was lower on
the straight than the curve. Mean Vyy showed a bias of 1.44 % and
19.95 % respectively on the straight and the curve with random errors
up to 108 %. Correlation coefficients between devices ranged between
r=0.943 < r < 0.990 for V,, and 0.423 < r < 0.938 for V, Figs 4 and 5.

4. Discussion

This experimentation compared the COM stance-averaged velocity
measured from a MIMU-based system to 6 FP over the early acceleration
phase in both straight-line and curve sprinting among 19 experienced-
to-elite curve sprinters with different anthropometric characteristics,
sprinting expertise and mechanical capacities. Vy,amu mean bias either
for SB (respectively 0.26 % and 2.03 % for the straight and the curve)
and IA (respectively 5.63 % and 7.29 % for the straight and the curve)
was low. Further, correlation coefficients for V., were very high for both
SB and IA (r > 0.943). These correlation coefficients show that although
slightly underestimated, a change of magnitude of Vyzp is very well
associated with a similar change of magnitude of Vyymu either during
SB and IA.
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Table 1
Mean ( & SD) values of the variables, Bland & Altman and correlation coefficients.
MIMU ( + SD) (m.s™ 1) FP (+SD) Bias ( %) 95 % Agreement limits Correlation coefficients (r)
(m.s™)
Starting blocks Vi STR 1.28 (£ 0.14) 1.29 (+0.14) 0.26 (—7.49; 6.97) 0.943
Vi CUR 1.24 (+0.14) 1.27 (£ 0.16) 2.03 (—10.02; 5.95) 0.957
V, STR 0.47 (£ 0.06) 0.48 ( + 0.08) 2.33 (—15.72; 11.06) 0.917
V, CUR 0.44 (£ 0.07) 0.46 (£ 0.09) 4.49 (—19.34; 10.37) 0.938
Initial accelerations Vi STR 4.60 (£ 0.90) 4.87 (£ 0.94) 5.63 (—11.71; 0.45) 0.990
Vi CUR 4.43 (£ 0.86) 4.76 (£ 0.92) 7.29 (-13.77; —0.81) 0.971
V, STR 0.21 (£ 0.09) 0.21 (+0.10) 1.44 (—98.63; 95.74) 0.499
V, CUR 0.20 (£ 0.09) 0.24 (£ 0.08) 19.95 (—108.62; 68.71) 0.423

MIMU = Magnetic Inertial Measurement Unit; FP = Force Platforms; SD = Standard Deviation; STR = Straight-Line Sprints; CUR = Curve Sprints; V,, = Norm of the

horizontal plane of the COM velocity; V, = Vertical velocity.

Straight-line

Curve (radius: 41.58 m)

/

\

/\4

Force platforms

Timing gate

/ T Camera

Fig. 2. Typical experimental set-up for the curve sprinting condition showing the force platforms, the straight-line and curve lanes, two video cameras (line grey on
the tripods) and the timing gates (dark grey on the tripods). For the straight-line condition, the top right corner timing gate was moved outside of the straight-line

lane and placed such at 10 m from the starting timing gates.

A

Velocity (m/s)
w L
L 1

Velocity (m/s)

—— Velocity MIMU
Velocity FP

0 0.2 0.4

ofs ofs
Time (s)

T T
0.2 0.4 0.6 0.8 1 1.2 1.4

Time (s)

Fig. 3. Typical example showing A) the norm of the horizontal and lateral velocities and B) the vertical velocities computed respectively from the FP (light grey) and
the MIMU-based (dark grey). The grey area on the left of each panel displays the entire starting-blocks phase. The grey shaded areas display the successive initial

acceleration stance phases.

Throughout IA, we did not find any trend for the mean bias with
increasing Viy. The last stances’ Vi, were ~5-6 m.s™! which corre-
sponded to ~60-70 % of the participants’ maximal velocity. Those
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findings suggest that differences between systems would not increase
with velocity although further experimentations evaluating V,, later on
during the acceleration phase or at maximal velocity are needed to
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Fig. 4. Bland & Altman plots presenting the mean bias and 95 % limits of agreement between FP and MIMU for the starting-blocks pushing phase V,, (top panels)
and V, (bottom panels) on both the straight-line (left panels) and the curve (right panels).

confirm our findings.

Contrastingly, V,ymu showed a greater mean bias (up to ~20 %)
with large limits of agreement (up to ~108 %). Despite very high cor-
relation coefficients for the SB between devices, IA showed small cor-
relation coefficients meaning that a change of magnitude in V,p is
poorly associated with a change of magnitude in Vyu over the IA.

The findings of the present experimentation for V,yzp over the SB and
the first two stances are slightly below those reported by Nagahara et al.
(2020) among male sprinters (100-m time PBs: 11.27 + 0.27 s) [45]. In
their experimentation, Nagahara et al. (2020) found a Vi, of respec-
tively 3.92, 4.93, 5.70 and 6.30 m.s~! for the first, second, third and
fourth stances following the SB phase [45] while we found a V,ypp of
respectively 3.59, 4.62, 5.36 and 6.02m.s! for the corresponding
stances. Considering their athletes’ PBs and that all participants were
male in their experimentation, the findings of the present experimen-
tation are thus in line with those of Nagahara et al. (2020). Regarding
V.rp, to our knowledge, no experimentation investigated the mean ver-
tical velocity over the first stances. Slawinski et al. (2020) found vertical
velocities of 0.52, 0.35 and 0.35 m.s ™ among elite sprinters respectively
at SB clearing, first and second stances toe-off [27] while we found mean
V,ep of 0.44, 0.19 and 0.24 m.s~! for the corresponding stances.

To the best of our knowledge, only one study compared the step
velocity between a MIMU-based system and FP [36]. These authors
found that the MIMU-based system velocity was underestimated for all
steps. They reported a mean bias from 0.45 to over 0.60 m.s * as
opposed to 0.26 m.s~! in the present study. These discrepancies likely
result from the different methods used to compute the velocity. While
we have simply retrieved the COM velocity from the MIMU-based sys-
tem software, these authors have multiplied step length and step fre-
quency, determined from ankle angular velocity to identify TD and TO
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using MIMUs placed on both feet, yet based on currently unpublished
algorithm [36].

Moreover, when comparing data computed from a MIMU-based
system and to those obtained with FP, care must be taken with
regards to the coordinate system orientation. The MIMU-based system
antero-posterior axis is likely neither aligned with the FP coordinate
system nor with the sprinting path. Van den Tilaar et al. (2021) may
have considered the antero-posterior axis only. To ensure accurate
calculation it is therefore mandatory to compute the norm of the hori-
zontal and mediolateral velocities (Vyymmu in the present study) which
represents a limitation of this system if someone is willing to analyze
each axis distinctly on the field.

Overall, the mean bias found in the present experimentation lies
within similar range to those reported by Samozino et al. (2016) in their
field method validation. They found absolute bias ranging from ~2-8 %
against FP [21]. These authors concluded that this bias was “low” and
this method is widely used in sport science and sprint training since.
Similarly, differences between two reference systems (FP and OS)
compared together for the COM trajectory reached ~9 % in walking at
constant speed [26]. Those results show that even with two “reference
systems”, differences - likely due to anthropometrical assumptions -
comparable to the present findings can be found. Therefore, the present
experimentation provides hints in the choice of the optimal system
considering their cost, accuracy and easy-of-use ratio that meet the
requirement of the experimental conditions.

Voo displayed the largest systematic bias (up to ~20 %) and
random errors (up to ~108 %). Those results are in contrast with the
findings of Pavei et al. (2020) who found the lowest bias on the vertical
axis [26]. However, they compared the point-by-point root mean square
distance, range of motion, minimum and maximum positions on the 3
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Fig. 5. Bland & Altman plots presenting the mean bias and 95 % limits of agreement between FP and MIMU for the initial acceleration V,, (top panels) and V,

(bottom panels) on both the straight-line (left panels) and the curve (right panels).

orthogonal axes [26] while we analyzed the stance-averaged velocities
in the present experimentation. Further, these authors have used a
different system, sampling at 60 Hz with wireless MIMUs which can
account for some of the variance between the experimentations [10].
Finally, their protocol also differed from ours since they analyzed
walking strides with constant velocities of 0.79 + 1.94 m.s~! [26] while
we evaluated accelerated sprinting (velocities up to ~6 m.s ™). It is also
important to note that since Vzp values are much lower than V,yzp, an
error of 0.05 m.s ! would yield greater discrepancies when expressed in
percentage. However, considering the large random errors as well as the
small correlation coefficients, it must be acknowledged that this
MIMU-based system is not fully mature yet for accurately computing
Vmmu in sprint running.

Other points likely resulting in differences between the FP and the
MIMU-based system are worth mentioning. First and foremost, the
anthropometrical model used with the MIMU-based system represents
one of the main source of errors arising from either OS or MIMU-based
systems in comparison to FP [15,25,26]. Although not one of the aims of
this study, mean bias was greater for female than male: 4.64 % for male
and 8.23 % for female over IA within the straight. While this shed some
light on the possibility that this MIMU-based system anthropometric
model is more adapted to male, this must be interpreted cautiously since
only 4 females participated in this study.

The differences between the FP and the MIMU-based system should
also be balanced since this experimentation focussed on the early ac-
celeration phase, where sprinters produce their greatest acceleration
[2]. In addition, at this very time of the sprint, participants are in a
crouched-to-semi-straightened position which could challenge the
biomechanical model computation. Therefore, the COM velocity of both
systems should also be compared when the participant has straightened
up.
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Discrepancies between devices could also result from the systems’
synchronization and the different sampling rate. Since synchronization
between systems was at the nearest MIMU-based system’s frame, we
have tested on two random participants what could be the differences
for Viymmu with plus or minus 1 frame. We found mean discrepancies of
~3.5 % and maximum differences reaching ~8.5 %, which could also
account for some of the differences between systems.

MIMU-based system sensitivity to magnetic fields has also been
widely discussed [10,12]. It is of importance to avoid ferromagnetic
objects nearby the analysis area to limit sensors drift and ensure
following guidelines for MIMU-based system use [10]. Considering the
wooden indoor stadium where the experimentation took place and that
the FP were embeded underneath the track surface, we can assume that
this likely resulted in little disturbances.

The last source of discrepancy between the MIMU-based system and
the FP could result from FP measurement errors. Albeit considered a
reference system with pros well detailed by Pavei et al. (2017), FP can
also be prone to measurement errors related mainly to a) integration
with errors originating from the initial conditions and b) long recordings
leading up to FP drift [25].

5. Conclusion

Evaluating the COM kinematics within in-field environments is a
challenging process, especially when seeking for portable system you
can use either inside or outside, with a simple setup and a wide range to
capture the entire motion. This experimentation brings new insight into
the use of this MIMU-based system as a valuable alternative of FP or OS
for in-field computation of V, over the starting-blocks and the initial
acceleration phase be it on the straight or the curve. Further, this MIMU-
based system would provide the unique opportunity to access V,, over
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an entire sprint, be it a 200 or 400-m sprint. Contrastingly, Vammu
computation is not fully mature yet and further improvement must be
made in order for this MIMU-based system to become an alternative to
reference system for this parameter.
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Résumé substantiel en langue francaise

RESUME SUBSTANTIEL EN LANGUE FRANCAISE

En athlétisme, lors du 100 m, la femme et I'nomme qui franchissent la ligne d’arrivée dans
le temps le plus court & partir du coup de feu du starter seront couronnés. Puisque la
vitesse antéropostérieure moyenne atteinte sur ce 100 m est définie par le temps écoulé
sur cette distance, cette vitesse antéropostérieure moyenne est le parametre le plus
déterminant de la performance et celui-ci doit étre amélioré.

Quelques décennies de recherche appliquées au sprint onf permis de dresser de maniere
assez globale les différents parameéetres qui influencent cette vitesse antéropostérieure
moyenne et donc la performance sur le 100 m. En utilisant des données issues de lasers,
radars ou de vidéos, Slawinski et al. (2017) ont montré que la vitesse antéropostérieure
maximale atteinte sur un 100 m permettait de tres bien prédire la performance sur ce 100
m parmi des sprinteurs de niveau mondial (coefficient de corrélation de -0.90). D'ailleurs,
lors de son record du monde en 9.59 s, Usain Bolt a atteint une vitesse antéropostérieure
maximale de 12.34 m- s (Graubner & Nixdorf, 2009). Ainsi, quiconque tentera de battre
ce record du monde devra certainement atteindre une vitesse antéropostérieure
maximale encore plus élevée.

La vitesse antéropostérieure maximale du centre de masse, bien que plus difficile &
mesurer, est également un parametre déterminant de la performance et un témoin de
I'expertise de I'athlete en sprint. Ainsi, plus cette vitesse antéropostérieure du centre de
masse est élevée, plus I'athlete est expérimenté. En s'appuyant sur la deuxieme loi de
Newton, la vitesse du centre de masse peut étre décrite gréce a I'application des forces
au sol (Kawamori et al., 2013). Dans la ligne droite, il a été montré que la capacité d'un
athlete a produire des plus hauts niveaux de force antéropostérieure serait un élément
clé afin d’améliorer la performance (Hunter et al., 2005; Kawamori et al., 2013; Morin et
al., 2012; Rabita et al., 2015). Ainsi, au sein d’un groupe de sprinteurs, les plus expérimentés
sont capables de produire des plus hauts niveaux de force antéropostérieure que leurs
partenaires moins expérimentés (Rabita et al., 2015). En revanche, puisque le 100 m est
supposé étre couru strictement en ligne droite, la force médiolatérale est généralement
négligée, ou pas étudiée, bien que sa grandeur soit d'environ 1/3 du poids du corps sur
les premiers appuis.
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A 'inverse, dans le virage, la force médiolatérale devient centrale puisque le sprinteur
doit suivre une trajectoire curviligne (Chang & Kram, 2007). Cette trajectoire curviligne est
d’ailleurs un élément central du sprint puisque, en athlétisme, la course de sprint en virage
représente 58% de la distance fotale de course a parcourir dans foutes les disciplines sur
piste & partir du 200 m. De plus, aux prochains Jeux olympiques de Paris 2024, 11 disciplines
de sprint sont courues en virage : le 4100 m, le 200 m, le 400 m, le 400 m haies, le 4*400
m et le 4*400 m mixte. Ainsi, sur les 45 médailles qui seront distribuées sur les disciplines de
sprint, 33 concerneront la course de sprint en virage, ce qui témoigne de I'omniprésence
de cette condition de course en athlétisme. En outre, il est assez largement admis que la
course de sprint en virage entraine une diminution de la performance en comparaison a
la ligne droite. Il est donc paradoxal que la plupart des recherches menées jusqu’'a
présent en sprint se soient intéressées quasi exclusivement a la course de sprint en ligne
droite.

Quelques études ont étudié différents parametres mécaniques dans le virage afin de
comprendre les raisons de la réduction de la performance dans cette condition de
course. Cependant, parmi cette minorité d'études, certaines ont été menées dans des
conditions trop éloignées de la pratique du sprint en athlétisme (i.e., rayons de courbures
trop petits, vitesses sous-maximales étudiées). De ce fait, seules quelques études ont
étudié I'application des forces au sol (Churchill et al., 2016; Judson et al., 2019) ainsi que
la cinématique de course (Churchill et al., 2015; Judson, Churchill, Barnes, Stone, Brookes,
et al., 2020; Judson, Churchill, Barnes, Stone, & Wheat, 2020) dans le virage, a des rayons
de courbure spécifiques de [I'athlétisme, et avec des efforts maximaux.
Malheureusement, leur analyse était limitée a 2 instants spécifiques du sprint: d 13 m
(Judson, Churchill, Barnes, Stone, Brookes, et al., 2020; Judson, Churchill, Barnes, Stone, &
Wheat, 2020; Judson et al., 2019) et 40 m (Churchill et al., 2015, 2016). Or, dans le virage,
la force centripete appliquée au centre de masse est fortement influencée par la vitesse
antéropostérieure de I'athlete (Greene, 1985). Il semble donc nécessaire de comparer le
virage a la ligne droite, non pas a des instants isolés du virage, mais sur I'intégralité de la
phase d'accélération.

L'application des forces au sol, nous I'avons vu, permet de décrire la vitesse du centre
de masse. En outre, cette application des forces au sol dépend de la technique de
course de I'athlete, et plus globalement des mouvements des segments de I'athléte, eux-
mémes dépendants de I'activité musculaire. Ainsi, afin d'avoir une compréhension
globale de la performance en sprint, il est nécessaire d'établir une approche globale des
facteurs de la performance d travers une approche expérimentale multifactorielle.
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Ainsi, I'objet de cette thése était de comparer I'application des forces au sol, la
cinématique articulaire, ainsi que I'activité musculaire de certains muscles du bas du
corps, entre le virage et la ligne droite, depuis les starting-blocks et jusqu’a I'afteinte de
la vitesse antéropostérieure maximale.

Au cours de la derniere décennie, différentes améliorations technologiques ont permis
de conduire des expérimentations in situ afin d’étudier la cinématique lors de différents
mouvements sportifs de maniere précise (Blair et al., 2018; Nijmeijer et al., 2023). D'autre
part, les systemes d’'électromyographie sont désormais portables, permettant I' utilisation
en sprint. En parallele, des protocoles expérimentaux innovants (Cavagna et al., 1971;
Rabita et al., 2015) permettent d'étudier I'application des forces au sol, la cinématique
de course ainsi que I'activité musculaire sur I'intégralité d’un sprint dans des conditions
écologiques, afin d’améliorer la validité de ces expérimentations. Dans le cadre de ce
travail de thése, nous avons souhaité réaliser ces expérimentations dans des conditions
écologiques afin d’étudier le mouvement sportif dans son cadre de pratique. Nous avons
divisé ce ftravail en quatre contributions expérimentales, toutes issues des mémes
expérimentations et rejoignant le méme objectif in fine: I'amélioration de la
compréhension des parameétres limitant de la performance lors de la course de sprint en
virage.

Dans ce cadre, 4 femmes et 15 hommes, toutes et tous d’'un niveau expérimenté a élite
en course de sprint en virage ont réalisé 5 sprints en ligne droite et 5 sprints en virage (10
m, 15 m, 20 m, 30 m et 40 m) en utilisant des starting-blocks. Pour ces expérimentations,
nous avons utilisé un systeme composé de 17 centrales a inertie, 6 plateformes de forces
infégrées dans une piste d’'athlétisme et 8 électrodes d’électromyographie de surface.
Ce protocole nous a permis, en reculant successivement la position des starting-blocks
par rapport aux plateformes de force, d'avoir des appuis consécutifs sur ces plateformes
de force sur les différents sprints (0-6 m, 8-14 m, 14-19 m, 24-29 m et 34-39 m), et ainsi
reconstruire presque intégralement les appuis d'un 40 m sur ces plateformes de force. Les
trois systemes étant synchronisés, cela nous a également permis d'étudier les parametres
cinématiques et musculaires sur les phases d'appuis et de vol, distinctement, et de
maniére précise.

La premiére étude de ce travail de these avait pour objectif de déterminer sila vitesse du
centre de masse pouvait éfre mesurée de maniere précise dans les starting-blocks et les
4 premiers appuis qui suivent, en utilisant un systeme composé de plusieurs centrales a
inertie, et en le comparant d un systeme de référence (plateformes de force dans ce
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cas). Dans cette étude, nous avons pu montrer que la norme de la vitesse horizontale
était Iégerement sous-estimée avec ce systeme de centrales 4 inertie, en ligne droite
(5.63% de difference entre les deux systemes ; 4.60 £ 0.90 vs 4.87 £ 0.94 m-s!) et en virage
(7.29% de difference entre les deux systemes ; 4.43+0.86 vs 4.76 £ 0.92 m-s). Les résultafs
de cette premiere étude ouvrent les possibilités d'utiliser ce systeme a I'avenir pour
étudier la norme de la vitesse horizontale dans des conditions écologiques, en sprint.
D'autre part, la vitesse verticale du centre de masse présentait des différences inférieures
a 20% en ligne droite (1.44% de différence entre les deux systemes ; 0.21 £ 0.09 vs 0.21
0.10 m-s') et en virage (19.95% de différence entre les deux systemes ; 0.20 + 0.09 vs 0.24
1+ 0.08 m-s'). Cependant, méme si les différences entre les deux systemes a I'échelle du
groupe étaient intérieures a 20%, de fres larges différences en fonction des individus ont
pu étre soulignées (erreurs aléatoires allant jusqu’'da 108.62%). Ce systéme ne doit donc
pas étre utilisé afin d'évaluer la vitesse verticale du centre de masse en sprint d I'heure
actuelle.

La deuxieme étude de ce travail de thése s'est intéressée a I'application des forces au
sol ainsi que les impulsions entre la ligne droite et le virage dans un objectif de meilleure
compréhension de I'adoption de cette trajectoire curviigne dans le virage. Les forces et
impulsions médiolatérales, antéropostérieures, verticales et totales étaient mesurées en
utilisant 6 plateformes de force qui étaient situées dans le sol d’une piste d’athlétisme.
Nous avons étudié a la fois I'effet condition de course (ligne droite vs virage), ainsi que
I'effet vitesse de course (0-6 m, 8-14 m, 14-19 m, 24-29 m et 34-39 m). Les résultats majeurs
concernaient I'augmentation de la force (p < 0.001) et de I'impulsion (p < 0.001)
médiolatérales a la fois sur la jambe intérieure et extérieure dans le virage, en
comparaison a la ligne droite. Cela était accompagné conjointement par une
diminution de la force (p <0.001) et de I'impulsion (p < 0.001) antéropostérieures dans le
virage alors méme que ces parametres sont déterminants de la performance en ligne
droite. Il est possible que cette diminution de la force et de I'impulsion antéropostérieures
soit le résultat de I'impossibilité de I'athlete d’augmenter la force totale produite lors de
I'appuis, alors méme que la force médiolatérale augmente fortement dans le virage. En
outre, la force verticale était diminuée sur la jambe intérieure dans le virage. Dans cette
deuxieme étude, nous avons donc mis en avant le fait que la performance était
diminuée dans le virage & cause d'une diminution de la force et de I'impulsion
antéropostérieures, a la fois lors du contact de la jambe intérieure et extérieure dans le
virage.
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La troisieme étude de ce travail de thése s'est quant d elle intéressée d la cinématique
articulaire (angles et vitesses angulaires en flexion et en extension) de la hanche, du
genou et de la cheville dans le plan sagittal lors de la phase d'appuis et lors de la phase
de vol. Pour cela, nous avons utilisé le méme systeme de centrales a inertie que dans la
premiere étude. Nous avons étudié a la fois I'effet condition de course (ligne droite vs
virage), ainsi que |'effet vitesse de course (0-6 m, 8-14 m, 14-19 m, 24-29 m et 34-39 m).
Dans cette troisieme étude, nous avons pu souligner une diminution de I'angle maximall
d’extension du genou de la jambe intérieure lors de la phase d'appuis (p = 0.004), qinsi
qu'une augmentation de la flexion plantaire de la cheville extérieure dans le virage (p =
0.009), en comparaison a la ligne droite. Cette modification de la cinématique articulaire
du bas du corps était possiblement due a I'inclinaison du tronc vers I'intérieur du virage,
et dans un souci de conserver I'alignement cheville-hanche-épaule lors de I'appui.

Enfin, dans la quatriéeme étude de ce travail de thése, nous avons étudié I'activité
musculaire du chef long du Biceps Femoris, du Rectus femoris, du Vastus Lateralis et enfin
du Gasfrocnemius Medialis lors de la phase d'appuis ainsi que pendant la phase de vol,
sur les deux jambes, en utilisant de I'électromyographie de surface. Nous avons étudié
I'effet condition de course (ligne droite vs virage) ainsi que |'effet vitesse de course (0-6
m, 8-14 m, 14-19 m, 24-29 m et 34-39 m) sur la quantité d’activité musculaire ainsi que les
durées d’activation de ces muscles. Dans le virage, nous avons pu mettre en évidence
une plus faible activation du Vastus Lateralis de la jambe intérieure lors de la phase
d'appuis. Puisque ce muscle est extenseur du genou, il est vraisemblable que la
diminution de I'extension du genou de la jambe intérieure observée lors de la phase
d'appuis dans le virage, dans la troisieme étude, soit liée a la plus faible activation de ce
muscle de la jambe intérieure dans le virage. En outre, puisque le Vastus Lateralis
contribue a I'accélération verticale du centre de masse lors de la phase d'appuis, il est
possible qu’une plus faible activation de ce muscle sur la jambe intérieure dans le virage
impacte la production de force verticale.

D’'une maniére globale, nous avons pu démontrer a travers ce travail de thése que la
performance était réduite dans le virage a cause d'une diminution des forces et
impulsions antéropostérieures lors de la phase d’appuis en comparaison a la ligne droite.
Cela était certainement lié a 'augmentation des forces médiolatérales dans le virage
afin d’adopter une trajectoire curviligne, et en I'absence d’'une augmentation des forces
totales produites lors de I'appui. La force verticale était également diminuée sur la jambe
intérieure dans le virage. Cela était possiblement causé par une diminution de I'extension
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du genou de la jambe intérieure, lui-méme lié a une plus faible activation du Vastus
Lateralis de cette méme jambe intérieure dans le virage.

En quelgques mots, ce travail de these a montré que la performance était diminuée lors
de la course de sprint en virage a cause d’'une diminution de la force et de I'impulsion
antéropostérieures, sur les jambes intérieures et extérieures, en comparaison a la ligne
droite.
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What are the factors altering the sprinting performance in the curve?

Abstract: Curve sprinting represents ~58% of the total distance to run for all frack events starting from the 200 m
onwards. However, this sprintfing condition has not been thoroughly analyzed in the existing literature. In overground
sprinfing with maximal effort, several factors affect the performance and among them, the ground reaction forces
(GRF), the joint kinematics and the surface electromyography (sEMG). Therefore, the aims of this PhD thesis were to
describe the modifications of these parameters in the curve in comparison to the straight from the starting blocks
pushing phase and unfil the maximal velocity. For that sake, we have used a multidimensional approach during in-
field experimentations with experienced curve sprinters (i.e., 200 & 400 m). This PhD work has been divided within four
studies, all emerging from the same experimentations. The first study aimed to compare the centre of mass (CM)
velocity computed from a magneto-inertial measurement unit (MIMU)-based system to that of a reference system (i.e.,
force platforms). The results showed that the norm of the horizontal plane CM velocity computed with the MIMU-based
system was slightly under-estimated (< ~7%) in comparison to the reference system. These differences between systems
likely originated from the anthropometrical model. The second study investigated the GRF and impulses from the
starting blocks pushing phase and until the maximal velocity in the straight and in the curve using force platforms
embedded within the track. The results demonstrated that within the curve, the participants were unable to produce
a similar magnitude of anterior-posterior GRF and this was markedly pronounced on the inside leg. This was mainly due
to alarge increase in the medial-lateral force to maintain a curvilinear motion. In order to counter this, the participants
increased their left stance times to produce resultant and vertfical impulses similar to the straight. The third study
explored the hip, the knee and the ankle joint kinematics using the MIMU-based system. Our main findings were that
during the stance phase, the left knee was less extended and the right ankle was more plantar-flexed in the curve
than in the straight, caused by the body lateral lean. Finally, the fourth study addressed the timings and amplitude of
four lower limb muscles using SEMG. We reported a lower Vastus Lateralis (a knee extensor) activity in the curve in
comparison to the straight. Apart from this muscle, the muscle activity timings and amplitude were in general similar to
the straight. Overall, using this multidisciplinary approach, we could better elucidate some reasons for the poorer
sprinfing performance in the curve in comparison to the straight. Based on our findings, we could address some
practical recommendations in a double objective of performance improvement and injury risks reduction.

Keywords: Curve sprinting, ground reaction forces, kinematics, surface electromyography, sprint, performance, injury
prevention.

Quels sont les facteurs explicatifs de la diminution de la performance lors de la course de
sprint en virage ?

Résumé : La course en virage représente ~58% de la distance fotale & parcourir pour toutes les disciplines sur piste &
partir du 200 m. Malgré la prévalence de cette condition de course, elle a été peu analysée jusqu'd présent dans la
littérature. En sprint, différents facteurs impactent la performance, parmi eux, I'application des forces au sol (GRF), la
cinématique articulaire ainsi que I'électromyographie de surface (SEMG). Ainsi, les objectifs de cette thése de doctorat
étaient de décrire les éventuelles modifications qui surviennent lors du virage en comparaison & la ligne droite & partir
de la phase de starting blocks et jusqu'd I'atteinte de la vitesse maximale. Nous avons menées des expérimentations
in-situ avec des participants expérimentés de la course de sprint en virage (200 et 400 m). Ce travail de thése a ensuite
été scindé en quatre études différentes, issues d'un méme protocole expérimental. La premiére étude avait pour
objectif de comparer |'utilisation d'un systeme & navigation inertielle & un systeme de référence (i.e., plateformes de
forces) pour la mesure de la vitesse du centfre de masse (CM). La vitesse du plan horizontal du CM était Iégerement
sous-estimée (< ~7%) avec le systéeme A navigation inertielle. Ces différences entre les deux systémes étaient
probablement liées au modeéle anthropométrique. La deuxieme étude s'intéressait & la comparaison des GRF et des
impulsions entre la ligne droite et le virage & I'aide de plateformes de force. Les résultats de cette étude ont démontré
que, dans le virage, les participants n'étaient pas en mesure de produire des niveaux de force antéro-postérieure
similaire & la ligne droite, nofamment sur la jambe intérieure. Cela était d0 & une augmentation marquée de la force
médio-latérale dans le virage. Pour contrecarrer cela, les participants augmentaient leur temps d'appuis sur la jambe
intérieure afin de produire des niveaux d'impulsions résultante et verticale similaires & la ligne droite. La troisieme étude
explorait quant a elle la cinématique articulaire de la hanche, du genou et de la cheville lors du virage, en
comparaison d la ligne droite. Lors de la phase d'appuis, nous avons principalement rapporté une diminution de
I'extension de genou de la jambe intérieure et une augmentation de la flexion plantaire de la cheville extérieure, dues
alinclinaison vers l'intérieur du virage. Enfin, la quatrieme et derniere étude explorait les chronologies de mise en action
ainsi que les niveaux d'activation de quatre muscles des membres inférieurs gréce & sEMG. Nous avons rapporté un
plus faible niveau d'activation du Vastus Lateralis (VL, un extenseur de genou) de la jambe intérieure dans le virage
en comparaison a la ligne droite. Ainsi, d'un point de vue global, la performance était diminuée dans le virage a
cause d'une diminution de la force verticale sur la jambe gauche, elle-méme due d une plus grande flexion du genou
gauche a cause d'une plus faible activation du VL gauche dans le virage. Ces résultats dans leur globalité nous
permettent de mieux comprendre les raisons pour lesquelles la performance est diminuée lors de la course de sprint
en virage en comparaison d la ligne droite. Basées sur ces résultats, nous avons dressé des recommandations pratiques
dans un double objectif d'amélioration de la performance et de réduction des risques de blessures.

Mots clés : Course en virage, application des forces au sol, cinématique, électromyographie de surface, sprint,
optimisation de la performance, prévention des blessures.
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