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Abstract

Background: The aim was to investigate the stride-by-stride development of spatiotempo-
ral parameters, joint kinematics, kinetics, and electromyographic (EMG) activity during a
50 m sprint, providing a comprehensive analysis of the biomechanical and neuromuscular
changes throughout the entire sprint. Methods: Fifteen male sprinters (age 20.5 ± 1.3 years,
body mass 66.8 ± 4.5 kg, body height 1.74 ± 0.06 m, 100 m personal best: 11.24 ± 0.34 s)
performed a 50 m sprint, while the spatiotemporal parameters, joint kinematics, kinetics,
and EMG activity of nine muscles were measured. Results: The main findings were that the
50 m sprint could be divided into three phases: initial acceleration, transition and maximal
velocity and involve tightly coordinated changes across multiple biomechanical domains.
The initial acceleration (the first 3–5 strides) was dominated by rapid increases in stride
frequency, rapid changes in joint angles, and rising EMG activity in key muscles. In the
transition phase (up to ~30–35 m), continued increases in stride length, decreasing contact
time, and stabilization of kinematics and EMG activity were the main characteristics. In
the maximal-velocity phase, a plateau in velocity, increased flight time, greater reliance on
vertical force (an increase in vertical force relative to the horizontal forces), and stabilized
neuromuscular patterns were observed. Conclusion: The phased progression supports
contemporary biomechanical models of sprinting and emphasizes the importance of both
mechanical and neuromuscular efficiency in achieving optimal sprint performance.

Keywords: angles; segmental angular velocity; ground reaction forces

1. Introduction
Sprinting is a fundamental determinant of success in many sports, including athletics

and field-based sports such as football and rugby, where the ability to accelerate rapidly
and achieve high running velocities often determines competitive outcomes. In sprint
events, overall performance is largely determined by an athlete’s ability to generate high
acceleration and achieve maximal velocity within a limited distance [1,2]. Consequently,
understanding the biomechanical and neuromuscular mechanisms underlying sprint per-
formance has been a major focus of research within sports biomechanics and physiology
for several decades.
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Sprint velocity is determined by the product of stride length and stride frequency,
which together define the spatiotemporal characteristics of sprinting [3]. During sprint
acceleration, athletes progressively increase velocity through stride-by-stride adjustments
in these variables, typically characterized by increasing stride length and decreasing ground
contact times as speed increases [4,5]. Early acceleration is generally associated with longer
ground contact times, larger propulsive impulses, and a pronounced forward body lean
that facilitates horizontal force production [6,7]. As athletes transition toward maximal
velocity, stride frequency increases and body posture gradually becomes more upright,
reflecting important mechanical and technical adaptations required to sustain high running
speeds [4,8]. These spatiotemporal adjustments illustrate the highly dynamic nature of
sprinting, where stride characteristics evolve continuously throughout the sprint [9].

Stride length and frequency are performance outcome variables and are influenced
by other kinematic and kinetic factors, including joint angles, segment velocities, and
ground reaction forces. The ability to apply greater ground reaction forces in a shorter
time generally results in faster sprinting [10], where the orientation of these forces relative
to the ground is a key determinant of sprint acceleration performance. In particular, the
capacity to effectively orient ground reaction forces in the horizontal direction has been
identified as a distinguishing characteristic of faster sprinters [11]. For the generation
and transmission of these forces, joint kinematics play a critical role during sprinting.
Coordinated movements of the hip, knee, and ankle joints allow athletes to optimize
propulsion while minimizing braking forces during ground contact [12]. For example, hip
extension and plantar flexion contribute substantially to propulsive force generation, while
knee flexion during the swing phase facilitates rapid limb repositioning and preparation
for ground contact [13]. Additionally, the progressive transition from a forward-leaning
posture during early acceleration toward a more upright posture as athletes approach
maximal velocity reflects important adjustments in lower-limb kinematics and whole-body
mechanics [4,7]. These findings highlight the complex interactions between the kinematic
and kinetic variables that underpin sprint performance.

To develop and change biomechanical variables in sprint running, neuromuscular
activation patterns play an essential role. Electromyography (EMG) studies have shown
that muscles such as the gluteus maximus, hamstrings, quadriceps, and plantar flexors
exhibit phase-specific activation patterns that contribute to propulsion, limb repositioning,
and stabilization of the lower extremities during sprinting [14,15]. The hamstring muscles,
in particular, play a critical role during the late swing phase by decelerating the swinging
limb and preparing the leg for ground contact while also contributing to hip extension
during the stance phase [13,16]. These neuromuscular strategies interact closely with
biomechanical variables to enable the production of large forces within the short ground
contact times characteristic of sprinting.

Despite the extensive body of research investigating sprint biomechanics, most studies
have examined individual components of sprint performance in isolation, such as spa-
tiotemporal parameters, ground reaction forces, joint kinematics, or muscle activation
patterns. Furthermore, many investigations have focused on limited sections of the sprint,
such as the first few strides of acceleration or the maximal-velocity phase [3,8,17]. While
these studies have provided valuable insights into the determinants of sprint performance,
they do not fully capture the complex interactions between biomechanical and neuromuscu-
lar variables that occur throughout the entire sprint acceleration until the maximal velocity.

Comprehensive, stride-by-stride analyses that simultaneously integrate spatiotempo-
ral parameters, joint kinematics, kinetics, and neuromuscular activation patterns across
the full acceleration and maximal-velocity phases remain limited in the literature. Most
previous studies have typically examined these variables in isolation or focused on specific
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sections of the sprint, which may overlook the dynamic interactions that occur across
successive strides.

Furthermore, recent approaches have emphasized the importance of analyzing sprint
performance from a phase-specific and mechanically oriented perspective, highlighting
how distinct mechanical demands emerge across the acceleration and maximal-velocity
phases [18]. However, an integrated description combining mechanical and neuromuscular
variables across these phases is still lacking. Given that sprinting is a highly dynamic
movement in which mechanical and neuromuscular variables evolve continuously across
successive strides, such an integrated approach may provide a more complete under-
standing of the mechanisms underpinning sprint performance and the strategies used
by experienced sprinters to generate and sustain high running velocities. Therefore, the
aim of this study was to investigate the stride-by-stride development of spatiotemporal
parameters, joint kinematics, kinetics, and EMG activity during a 50 m sprint in experienced
sprinters, providing a comprehensive analysis of the biomechanical and neuromuscular
changes occurring throughout both the acceleration and maximal-velocity phases of sprint-
ing. It was hypothesized that different parts of the 50 m sprint demand different joint
kinematics, kinetics and EMG activities of the muscles and that these different analyses are
related to each other. Information from all these parameters can give a better understanding
of the different strides from initial acceleration to maximal velocity during sprinting, which
could help sprinters and coaches optimize training strategies.

2. Methods
2.1. Participants

Fifteen experienced male sprinters (age 20.5 ± 1.3 years, body mass 66.8 ± 4.5 kg,
body height 1.74 ± 0.06 m) with a personal-best 100 m time of 11.24 ± 0.34 s were recruited
from the local university athletics club where they primarily trained in sprinting and/or
horizontal jumps. They had to be in good health and free from injuries or sickness that
could influence their sprint performance to be included in the study. Informed consent was
obtained from each participant prior to the study. The study complied with current ethical
regulations for research and was approved by the institutional research ethics committee.

2.2. Testing Procedure

The athletes completed three sessions: two familiarization sessions to become familiar
with the experimental setup, as the testing was part of a larger study, and one testing
session, with a minimum of two days separating each. The testing session took place on an
indoor athletic track. The primary data-collection session was conducted on a 110 m indoor
track equipped with a 52 m force platform system comprising 54 units (models TF-90100,
TF-3055, TF-32120; Tec Gihan, Uji, Japan) operating at 1000 Hz [18]. After a self-selected
warm-up (in general consisting of jogging, dynamic exercise to increase range of motion
and some short sprints at submaximal level, but different in length for each subject to have
them fully prepared), participants performed one to two unresisted 50 m maximal sprints
from a three-point start while wearing spikes. Before the test session, each participant put
on an Xsens Lycra suit (Xsens Technologies B.V., Enschede, The Netherlands) containing
17 inertial measurement units (IMUs; 240 Hz) attached to the spikes, shanks, thighs, pelvis,
sternum, head, upper arms, and forearms. Touchdown and toe-off for each stride with
the right foot were identified using the algorithm described by van den Tillaar, et al. [19]
and subsequently verified through visual inspection and software analysis (MVN Analyze
2025.4, Xsens, The Netherlands). Only strides with the right foot were analyzed as only
on that side was EMG activity measured to avoid an excessive number of comparisons
if evaluated step-by-step. Joint angles in the sagittal plane (ankle, knee, hip, pelvis, and
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trunk) were extracted for further analysis. In addition, the minimal and maximal joint
angles (ankle, knee, and hip; see Figure 1) and maximal angular velocities of these joints
in the sagittal plane during the contact and flight phases of each stride with the right foot
were recorded (MVN Analyze 2025.4, Xsens, The Netherlands).

Figure 1. Definition of joint angles of trunk, pelvis, hip, knee and ankle around sagittal plane.

Distance-over-time measurements were recorded continuously during the 50 m
sprints using a CMP3 Distance Sensor laser gun (Noptel Oy, Oulu, Finland), sampling
at 2.56 kHz [20]. Velocity was automatically calculated as part of the Musclelab system
(Ergotest Technology AS, Statthelle, Norway). Two wireless, 9-degree-of-freedom IMUs
integrated with a 3-axis gyroscope (sampling rate of 1000 Hz) were attached on top of the
shoelaces of the spikes of each foot to identify contact and flight times automatically using
the software, together with stride length (defined as the distance between two consecutive
contacts of the right foot measured with a laser) and frequency (1/contact + flight time
stride) as the laser was synchronized with the Musclelab software v. 10.251 (Ergotest
Technology AS, Langesund, Norway), which had very high correlations (r > 0.92) with a
50 m force plate system [19]. The contact and flight times of the right leg were used for
further analysis as the EMG sensors were attached to the right leg, for which EMG activity
was averaged for a flight and contact phase [21].

Captured kinetic data was filtered through a digital 50 Hz low-pass, fourth-order
Butterworth filter. Ground reaction forces at every stride were calculated in reference to
previous studies [22,23]. For each stride with the right foot, the contact phase, braking,
propulsion and mean net anteroposterior together with vertical forces (N) were assessed.
Furthermore, the ratio of force was calculated for each stride-by-stride-averaged mean
net anterior force divided by the stride-averaged vertical force [24]. Additionally, the net
anteroposterior and vertical impulses (N·s) during the contact phase were computed by
integrating the ground reaction forces in the respective directions. Finally, the effective
vertical mean force and impulse during the contact phase were computed by subtracting the
body mass from the vertical force and then integrating it with respect to duration [10,25]. All
ground reaction force (N/kg) and impulse variables were divided by body mass (N·s/kg).
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The EMG activity of the muscles was measured by using a wireless unit with a sam-
pling rate of 1 kHz (Ergotest Innovation, Porsgrunn, Norway) with Dri-Stick Silver circular
sEMG AE-131 (NeuroDyne Medical, Germantown, TN, USA) electrodes on the muscles of
the right lower limb [21] as we expected that there would be no mean differences in EMG
activity between the left and right legs during sprints. The skin to which the electrodes
were fastened had been shaved and washed with alcohol before fastening the electrodes.
The electrodes (11 mm contact diameter and 2 cm centre-to-centre distance) were placed
along the presumed direction of the underlying muscle fibres on the lateral and medial
vastii, rectus femoris, biceps femoris, semimembranosus, soleus, lateral gastrocnemius,
gluteus medius, and gluteus maximus muscles according to the recommendations of SE-
NIAM [26]. To keep the electrodes in their place during sprinting, they were taped over,
and the Lycra suit also secured their placement on the skin. The EMG raw signal was
amplified by 400 and filtered using a preamplifier located as close as possible to the pickup
point with the intention of minimizing the noise induced from external sources through
the signal cables. The preamplifier had a common-mode rejection ratio of 100 dB. The
raw EMG signals were band-pass (fourth-order Butterworth filter) filtered with a cutoff
frequency of 20 Hz and 500 Hz, rectified, integrated and converted to root-mean-square
(RMS) signals using a hardware circuit network (frequency response 450 kHz, averaging
constant 12 ms, total error ± 0.5%) [27] for the contact and flight phases of each stride
on right side. All sensors were synchronized using Musclelab version 10.251 (Ergotest
Innovation, Porsgrunn, Norway), which made it possible to measure and analyze the
kinematics and muscle activity for each stride cycle [21]. To compare EMG activity between
the strides, EMG normalization was performed by using the highest mean RMS of a phase
(contact or flight) during one stride of the 50 m sprint for each muscle as a normalization
signal for each participant. This has been shown to be a reliable, repeatable and sensitive
method for normalization of EMG activity in sprinting [28,29]. All systems (Musclelab,
Xsens and force plates) were synchronized by the IMU sensors attached on top of the spikes
fixed by tape exactly under the IMUs of the Xsens system (Xsens and Musclelab), which
allowed these systems to identify touchdown and toe-off events (abrupt dip in angular
velocity and increase in acceleration of IMU [30] synchronically, as both IMUs showed
the same signals which could recognize these events. These events and phases were also
clearly identifiable with the force plate system, which made it possible to synchronize the
signals for all three systems as described by van den Tillaar, et al. [19] in an earlier study.

2.3. Statistics

To investigate the development over the different strides, spatiotemporal parame-
ters, joint kinematics, kinetics and EMG activity over 50 m, a one-way ANOVA with
repeated measurements was performed. To compare EMG activity in the flight and contact
phases, a 2 (phase: contact, flight) × 13 (stride) ANOVA with repeated measures was
performed. When significant differences were observed, post hoc comparisons with Holm–
Bonferroni correction were performed. Effect size was evaluated with eta squared (η2)
where 0.01 < η2 < 0.06 constitutes a small effect, 0.06 < η2 < 0.14 a medium one and η2 > 0.14
a large effect [31]. Where the sphericity assumption was violated, the Greenhouse–Geisser
adjustments of the p-values were reported. The level of significance was set at p < 0.05. All
data analyses were performed using JASP v. 0.19.1 (University of Amsterdam, Amsterdam,
The Netherlands). Data are presented as means and 95% confidence intervals.
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3. Results
3.1. Spatiotemporal Parameters

Maximal velocity and all other spatiotemporal parameters were significantly affected
across the strides (F ≥ 33.2, p < 0.001, η2 ≥ 0.68). Post hoc comparison revealed that stride
length increased significantly with each stride, except between strides 11 and 12, while
velocity increased every stride until stride eleven, which corresponded to approximately
35.1 ± 1.7 m. Stride frequency increased significantly during the first five strides and
decreased between strides 11 and 13. In addition, contact time decreased significantly with
each stride until stride 8 and then again between 8 and 10, while flight times increased each
stride from stride 2 to 5 and then again between 6 and 8, 9 and 11 and 11 and 13 (Figure 2).

Figure 2. Mean ± 95% CI velocity and spatiotemporal parameters per stride. → indicates a significant
change between these two strides and all strides right from the arrow.

3.2. Joint Kinematics

All the joint angles at touchdown, toe-off and maximal angles were significantly
affected by the strides (F ≥ 8.5, p < 0.01, η2 ≥ 0.40) except for knee flexion and plantar flexion
at toe-off (F = 1.78, p = 0.06, η2 = 0.12). Post hoc comparison revealed that touchdown hip,
knee flexion and ankle dorsiflexion angles decreased each stride during the first 4–5 strides
and thereafter decreased less and stabilized, while at toe-off only hip extension angle
increased during these strides and no significant changes occurred for the ankle and knee
joints (Figure 3). The trunk–pelvis values decreased significantly across strides until stride
nine. The maximal hip, knee flexion and dorsiflexion during the flight phase showed a
similar development over the strides as the angles at touchdown (Figure 4). During the
contact phase, only a few significant decreases in knee flexion and dorsiflexion over the
different strides were observed.

Also, all the peak angular joint velocities during the flight and contact phases were
significantly affected by the strides with a large effect size (F ≥ 2.12, p < 0.002, η2 ≥ 0.14)
(Figure 5). However, post hoc comparisons with Holm–Bonferroni correction revealed
only significant increases in maximal dorsiflexion and plantar flexion velocities during the
contact phase and dorsiflexion during the flight phase from strides 1–3 and again with the
last stride. The maximal knee flexion and extension during the flight phase increased in the
first 3–4 strides, then stabilized and knee flexion velocity decreased again between stride 10
and 13. Maximal knee flexion during contact time only increased significantly from stride 3
to stride 11, while peak hip flexion during the flight phase decreased significantly only at
the final stride. Peak hip extension velocity decreased from stride 1 to 3 and then again
from stride 10 to 11 (Figure 5).
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Figure 3. Mean ± 95% CI joint angles at touchdown and toe-off for each stride. → indicates a
significant change between these two strides and all subsequent data points located to the right of
the arrow.

Figure 4. Mean ± 95% CI peak hip flexion and knee flexion during the flight phase and peak
dorsiflexion during the contact phase for each stride. → indicates a significant change between these
two strides and all subsequent data points located to the right of the arrow.

Figure 5. Mean ± 95% CI peak angular joint velocity during the contact and flight phase for the hip,
knee and ankle for each stride. → indicates a significant change between these two strides and all
subsequent data points located to the right of the arrow.
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3.3. Kinetics

All kinetic variables were affected by the strides (F ≥ 21.2, p < 0.001, η2 ≥ 0.59). Post
hoc comparison revealed that anterior–posterior net force decreased significantly, while
braking impulse increased with each stride. Propulsion impulse also decreased significantly
during the initial strides but not the later strides of the 50 m, whereas vertical impulse
decreased only between stride 1 and 2 and increased significantly again between stride 11
and 13.

The mean vertical force increased each stride until stride 10, while the mean anterior–
posterior net force decreased significantly each stride from stride 2 onwards. Furthermore,
propulsion force decreased from stride 2 but significantly only until stride 4 and then again
between stride 10 and 13. The mean braking force showed the opposite and increased
significantly from stride 1 to 3, 6 to 7 and 8 to 13 each stride. This resulted in a significant
decrease in ratio between the vertical and horizontal mean forces for each stride (Figure 6).

Figure 6. Mean ± 95 CI impulses, forces and rate of forces per kg body mass in different directions
for each stride during the 50 m sprint. † Indicates a significant difference between each stride for this
parameter. → indicates a significant change between these two strides and all subsequent data points
located to the right of the arrow.

3.4. Electromyography

A significant effect of strides was found for almost all muscles (F ≥ 2.66, p < 0.003,
η2 ≥ 0.23) except for the vastus lateralis and both gluteus muscles (F ≤ 1.53, p < 0.118, η2

≤ 0.16). There was also a significant effect of phase for the gastrocnemius, lateral vastus,
semitendinosus and gluteus maximus muscles (F ≥ 16.22, p < 0.004, η2 ≥ 0.67), while a
significant interaction effect was found only for both vastii muscles (F ≥ 1.87, p < 0.039,
η2 ≥ 0.16). Post hoc comparison revealed that gastrocnemius and gluteus maximus EMG
activity during the contact phase was significantly higher than that during the flight phase
for every stride, while this was also observed in almost every stride for the lateral vastus.
The EMG activity of the semitendinosus showed the opposite: higher activity during the
flight phase compared with the contact phase in almost every stride (Figure 7). EMG
activity increased significantly in both phases for the soleus muscle, especially between the
first few strides, while for the gastrocnemius, only during the flight phase of the first few
strides did EMG activity significantly increase. The three quadriceps decreased their EMG
activity over the strides significantly (especially in the first few strides for the rectus femoris
and medial vasti) during the contact phase but not during the flight phase, thereby causing
a significant interaction effect for the two vastii muscles (Figure 7). Both hamstring muscles
increased their EMG activity during the contact and flight phases, but mainly significantly
over the first four strides, after which it stabilized (Figure 7).
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Figure 7. Mean ± 95% CI normalized RMS EMG activity for all nine muscles per stride specified
in the contact and flight phase. * indicates a significant difference between the two phases for this
stride. † Indicates a significant difference between the two phases for each stride for this muscle.
→ indicates a significant change in EMG activity between these two strides for this phase and all
subsequent data points located to the right of the arrow.

4. Discussion
The aim of this study was to investigate the stride-by-stride development of spatiotem-

poral parameters, joint kinematics, kinetics, and EMG activity during a 50 m sprint in
experienced sprinters. The main findings were that sprint acceleration was characterized
by rapid early increases in stride frequency, joint angular velocities, and muscle activation,
followed by progressive increases in stride length and reductions in contact time, leading to
a plateau in velocity around 35 m. As speed increased, mechanics shifted from horizontal
propulsion toward vertical force production, accompanied by stabilized kinematics and
more efficient, coordinated neuromuscular activity.

Based upon the spatiotemporal changes during the 50 m sprint, it is possible to
divide the sprint into three phases, as previously suggested by von Lieres und Wilkau,
et al. [9], and in line with recent frameworks emphasizing phase-specific mechanical
demands during sprinting [18]. The first phase is the initial acceleration, which extends
from the start to around five strides in the current study (Figure 2). In this phase, the
athlete accelerates to around 85% of maximal velocity (~12 m distance), which is mainly
due to the combination of an increase in stride length and frequency (Figure 2). During
this phase, contact time decreased with every stride, together with increased flight time.
During the first 1–2 strides the propulsion impulse and mean forces were the highest and
then decreased, while braking forces increased during these strides (Figure 6), which is in
accordance with Morin, et al. [25]. This large propulsion impulse and forces could be caused
by the high degree of forward leaning with the trunk, hips and knee and dorsiflexion at
touchdown at low running speed. These lower-limb angles rapidly decreased each stride
at touchdown (Figure 3). The increase in stride velocity was mainly caused by the increase
in peak angular velocity in ankle joint and hip extension during the contact phase and
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faster repositioning of knee flexion and extension during the flight phase during the first
few strides (Figure 5). This resulted in increases in hip extension angles during toe-off
(Figure 3) during this phase of initial acceleration (Figure 5). To accomplish these fast joint
movements, the medial vasti and rectus femoris are most active during the first stride and
then decrease their activity during the landing phase, while the soleus during contact and
the hamstring muscles (semitendinosus and biceps femoris) increase activity from stride
to stride in this initial acceleration phase (Figure 7). This pattern aligns with previous
EMG studies showing high early activation of the quadriceps muscles to stabilize the
knee and generate propulsive force during ground contact, followed by a progressive shift
toward greater reliance on the plantar flexors and hamstrings as velocity increases [14,16].
This transition likely reflects a redistribution of muscular contribution to optimize force
production and limb repositioning as contact times shorten.

The second phase, referred to as the transition phase [9] is characterized by a further
increase in stride velocity due to longer stride length and shorter contact times without any
change in stride frequency (Figure 2). During this phase, the athlete adopts a more upright
position in which the trunk and pelvis change with every stride, while the hip and knee
angles slowly decrease over several strides during touchdown and the hip extension angle
at toe-off slowly increases (Figure 3). During this phase, ankle joint angles do not change,
but the increase in stride velocity seems to be caused by the slow increase in peak angular
velocity of dorsal and plantar flexion during the contact phase over several strides and faster
knee extension during the flight phase (Figure 5). These faster movements, together with
the rising of the upper body over these strides, resulted in higher vertical forces, a decrease
in propulsion, and lower anterior–posterior net impulse and forces (Figure 6). Thereby,
the ratio of forces clearly decreases, reflecting a progressive shift toward more vertically
oriented force production, which is consistent with the mechanical demands described
in phase-specific sprint models [18,32]. In this context, leg stiffness becomes increasingly
important, as Martín-Fuentes and van den Tillaar [30] showed that higher plantar flexion
velocity at touchdown and toe-off is associated with faster sprint performance during
this phase.

Muscle activation of the different muscles did not change much during the transition
phase; only an increase in gastrocnemius activity during the flight phase was observed,
which may indicate pre-activation prior to touchdown of the ankle joint to increase leg
stiffness [33]. Since muscle activity changed very little during this phase, it may indicate that
neuromuscular activation was already close to maximal. The higher semitendinosus activity
during the flight phase is also well supported, as hamstrings are crucial for decelerating the
swing leg and preparing for ground contact, as shown in several previous studies [34,35].
The lateral vasti, gastrocnemius and gluteus maximus muscles are clearly most active
during the contact phase, as these muscles are mainly responsible for hip and knee extension
and plantar ankle flexion (Figure 7) to propel the body forwards [36].

The last phase (from approximately 35 m onwards) during the 50 m sprint is the
maximal-velocity phase [9], in which velocity is stabilized, while it seems that stride length
still increases together with flight time. No changes in the lower-limb and pelvis angles
seem to occur, while the trunk still seems to move more upright (Figure 3). Propulsion
forces seem to decrease, while braking forces increase, resulting in a decrease in the anterior–
posterior net force. Since the mean vertical force did not increase but the vertical impulse
increased in this phase (Figure 6), this resulted in longer flight times. This increase in
vertical impulse is probably caused by the increase in soleus activity during the contact
phase as it is the only muscle of all the muscles that increases in activity during this phase.
Also, during this phase, the maximal knee flexion velocity during the flight phase decreases.
These two observations could indicate a compensation strategy for the body. As knee flexion
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velocity decreases, it could take a longer time to reposition the knee during the flight phase,
so to compensate for this more vertical impulse is generated by the soleus muscle, thereby
increasing flight time to keep the ideal posture of the knee for maximal velocity.

The present study has some limitations. Only a small sample consisting of male
athletes was tested from a specific performance level. Therefore, the findings may differ
for sprinters of other performance levels or a different sex, especially for elite sprinters as
they in general accelerate longer and have possibly higher kinetic and kinematic variables
resulting in shorter sprint times. Consequently, the findings of the present study cannot yet
be generalized. Furthermore, there was a lot of variability in EMG measurements between
the different athletes, which makes it difficult to compare all of the measurements with
each other. As normalization of EMG activity was done by using the highest mean RMS of
a phase for each muscle, it was impossible to compare normalized muscle activity between
the different muscles. In addition, only 50 m sprints were performed, in which three phases
were identified. However, longer sprint distances also involve a deceleration phase [37].
In these longer distances it would be interesting to investigate these parameters to get
more insight about potential compensatory strategies. Therefore, future studies should
investigate sprints over longer distances and investigate longitudinal changes in sprint
performance in relation to changes in kinematics, kinetics and EMG activity to gain more
insight into the possible mechanisms behind it for each athlete.

5. Conclusions
By integrating spatiotemporal, kinematic, kinetic, and EMG data, this study extends

the existing literature by providing a detailed stride-by-stride perspective on how these vari-
ables interact during 50 m sprints. The findings suggest that 50 m sprints can be described
by three phases (initial acceleration, transition, and maximal velocity) as a descriptive
interpretation of the observed stride-by-stride patterns, supported by the previous litera-
ture, and involving tightly coordinated changes across multiple biomechanical domains.
Initial acceleration (first 3–5 strides) is dominated by rapid adjustments of increased stride
frequency, rapid changes in joint angles and rising EMG activity in key muscles. These
results reflect a neuromuscular strategy focused on maximizing horizontal force production
and rapid limb repositioning. The transition phase (up to ~30–35 m) continued progressive
increases in stride length and was further characterized by progressive decreases in contact
time with enhanced leg stiffness, progressive decreases in horizontal force contribution and
stabilization of kinematics and EMG. In the maximal-velocity phase there was a plateau
in velocity, increased flight time, greater vertical force reliance (increased vertical force
relative to horizontal force), and neuromuscular activation patterns became more stable.
This phased progression supports contemporary biomechanical models of sprinting and
emphasizes the importance of both mechanical and neuromuscular efficiency in achieving
optimal sprint performance. Collectively, the findings suggest that sprint performance is
determined not by isolated variables but by the dynamic coordination of mechanical and
neuromuscular systems, which evolve in a phase-specific manner across successive strides.

From a performance perspective, these findings reinforce the importance of phase-
specific training strategies. Initial acceleration training should emphasize rapid force
production and stride frequency, while training for the transition phase should focus on
stride length development and efficient force application.

Author Contributions: Conceptualization: R.v.d.T.; methodology: R.v.d.T., R.N., S.G. and P.J.-R.;
software: R.v.d.T.; validation: R.v.d.T.; formal analysis: R.v.d.T.; investigation: R.v.d.T., R.N., S.G.
and P.J.-R.; resources: R.v.d.T., R.N., S.G. and P.J.-R.; data curation: R.v.d.T.; writing—original draft
preparation: R.v.d.T.; writing—review and editing: R.v.d.T., R.N., S.G. and P.J.-R.; visualization:

https://doi.org/10.3390/jfmk11030352

https://doi.org/10.3390/jfmk11030352


J. Funct. Morphol. Kinesiol. 2026, 11, 352 12 of 13

R.v.d.T.; project administration: R.v.d.T. and R.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Ethics Committee of the National Institute
of Fitness and Sports in Kanoya (#15–36, 14 September 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to national laws of the Norwegian
government on privacy.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Mero, A.; Komi, P.; Gregor, R. Biomechanics of sprint running: A review. Sports Med. 1992, 13, 376–392. [CrossRef] [PubMed]
2. Morin, J.-B.; Bourdin, M.; Edouard, P.; Peyrot, N.; Samozino, P.; Lacour, J.-R. Mechanical determinants of 100-m sprint running

performance. Eur. J. Appl. Physiol. 2012, 112, 3921–3930. [CrossRef] [PubMed]
3. Hunter, J.P.; Marshall, R.N.; McNair, P.J. Interaction of step length and step rate during sprint running. Med. Sci. Sports Exerc.

2004, 36, 261–271. [CrossRef] [PubMed]
4. Nagahara, R.; Naito, H.; Morin, J.-B.; Zushi, K. Association of acceleration with spatiotemporal variables in maximal sprinting.

Int. J. Sports Med. 2014, 35, 755–761. [CrossRef] [PubMed]
5. Bushnell, T.; Hunter, I. Differences in technique between sprinters and distance runners at equal and maximal speeds. Sports

Biomech. 2007, 6, 261–268. [CrossRef] [PubMed]
6. Kugler, F.; Janshen, L. Body position determines propulsive forces in accelerated running. J. Biomech. 2010, 43, 343–348. [CrossRef]

[PubMed]
7. Slawinski, J.; Bonnefoy, A.; Levêque, J.-M.; Ontanon, G.; Riquet, A.; Dumas, R.; Chèze, L. Kinematic and kinetic comparisons of

elite and well-trained sprinters during sprint start. J. Strength Cond. Res. 2010, 24, 896–905. [CrossRef] [PubMed]
8. Rabita, G.; Dorel, S.; Slawinski, J.; Sàez-de-Villarreal, E.; Couturier, A.; Samozino, P.; Morin, J.B. Sprint mechanics in world-class

athletes: A new insight into the limits of human locomotion. Scand. J. Med. Sci. Sports 2015, 25, 583–594. [CrossRef] [PubMed]
9. von Lieres und Wilkau, H.C.; Irwin, G.; Bezodis, N.E.; Simpson, S.; Bezodis, I.N. Phase analysis in maximal sprinting: An

investigation of step-to-step technical changes between the initial acceleration, transition and maximal velocity phases. Sports
Biomech. 2020, 19, 141–156. [CrossRef] [PubMed]

10. Weyand, P.G.; Sternlight, D.B.; Bellizzi, M.J.; Wright, S. Faster top running speeds are achieved with greater ground forces not
more rapid leg movements. J. Appl. Physiol. 2000, 89, 1991–1999. [CrossRef] [PubMed]

11. Morin, J.-B.; Edouard, P.; Samozino, P. Technical ability of force application as a determinant factor of sprint performance. Med.
Sci. Sports Exerc. 2011, 43, 1680–1688. [CrossRef] [PubMed]

12. Bezodis, N.E.; Salo, A.I.T.; Trewartha, G. Lower limb joint kinetics during the first stance phase in athletics sprinting: Three elite
athlete case studies. J. Sports Sci. 2014, 32, 738–746. [CrossRef] [PubMed]

13. Schache, A.G.; Dorn, T.W.; Blanch, P.D.; Brown, N.A.; Pandy, M.G. Mechanics of the human hamstring muscles during sprinting.
Med. Sci. Sports Exerc. 2012, 44, 647–658. [CrossRef] [PubMed]

14. Higashihara, A.; Nagano, Y.; Ono, T.; Fukubayashi, T. Relationship between the peak time of hamstring stretch and activation
during sprinting. Eur. J. Sport Sci. 2016, 16, 36–41. [CrossRef] [PubMed]

15. Mann, R.; Sprague, P. A kinetic analysis of the ground leg during sprint running. Res. Q. Exerc. Sport 1980, 51, 334–348. [CrossRef]
[PubMed]

16. Jönhagen, S.; Ericson, M.O.; Nemeth, G.; Eriksson, E. Amplitude and timing of electromyographic activity during sprinting.
Scand. J. Med. Sci. Sports 1996, 6, 15–21. [CrossRef] [PubMed]

17. Clark, K.P.; Weyand, P.G. Are running speeds maximized with simple-spring stance mechanics? J. Appl. Physiol. 2014, 117, 604–615.
[CrossRef] [PubMed]

18. Jiménez-Reyes, P.; van den Tillaar, R.; Castaño-Zambudio, A.; Gleadhill, S.; Nagahara, R. Understanding sprint phase-specific
training stimuli: A cluster analysis approach to overload conditions. Front. Sports Act. Living 2024, 6, 1510379. [CrossRef]
[PubMed]

https://doi.org/10.3390/jfmk11030352

https://doi.org/10.2165/00007256-199213060-00002
https://www.ncbi.nlm.nih.gov/pubmed/1615256
https://doi.org/10.1007/s00421-012-2379-8
https://www.ncbi.nlm.nih.gov/pubmed/22422028
https://doi.org/10.1249/01.mss.0000113664.15777.53
https://www.ncbi.nlm.nih.gov/pubmed/14767249
https://doi.org/10.1055/s-0033-1363252
https://www.ncbi.nlm.nih.gov/pubmed/24577864
https://doi.org/10.1080/14763140701489728
https://www.ncbi.nlm.nih.gov/pubmed/17933191
https://doi.org/10.1016/j.jbiomech.2009.07.041
https://www.ncbi.nlm.nih.gov/pubmed/19863962
https://doi.org/10.1519/jsc.0b013e3181ad3448
https://www.ncbi.nlm.nih.gov/pubmed/19935105
https://doi.org/10.1111/sms.12389
https://www.ncbi.nlm.nih.gov/pubmed/25640466
https://doi.org/10.1080/14763141.2018.1473479
https://www.ncbi.nlm.nih.gov/pubmed/29972337
https://doi.org/10.1152/jappl.2000.89.5.1991
https://www.ncbi.nlm.nih.gov/pubmed/11053354
https://doi.org/10.1249/mss.0b013e318216ea37
https://www.ncbi.nlm.nih.gov/pubmed/21364480
https://doi.org/10.1080/02640414.2013.849000
https://www.ncbi.nlm.nih.gov/pubmed/24359568
https://doi.org/10.1249/mss.0b013e318236a3d2
https://www.ncbi.nlm.nih.gov/pubmed/21912301
https://doi.org/10.1080/17461391.2014.973913
https://www.ncbi.nlm.nih.gov/pubmed/25360992
https://doi.org/10.1080/02701367.1980.10605202
https://www.ncbi.nlm.nih.gov/pubmed/7394297
https://doi.org/10.1111/j.1600-0838.1996.tb00064.x
https://www.ncbi.nlm.nih.gov/pubmed/8680937
https://doi.org/10.1152/japplphysiol.00174.2014
https://www.ncbi.nlm.nih.gov/pubmed/25080925
https://doi.org/10.3389/fspor.2024.1510379
https://www.ncbi.nlm.nih.gov/pubmed/39722738
https://doi.org/10.3390/jfmk11030352


J. Funct. Morphol. Kinesiol. 2026, 11, 352 13 of 13

19. van den Tillaar, R.; Nagahara, R.; Gleadhill, S.; Jiménez-Reyes, P. Step-to-step kinematic validation between an Inertial Mea-
surement Unit (IMU) 3D system, a combined Laser+ IMU system and force plates during a 50 M sprint in a cohort of sprinters.
Sensors 2021, 21, 6560. [CrossRef] [PubMed]

20. Nygaard Falch, H.; Guldteig Rædergård, H.; van den Tillaar, R. Relationship of performance measures and muscle activity
between a 180◦ change of direction task and different countermovement jumps. Sports 2020, 8, 47. [CrossRef] [PubMed]

21. van den Tillaar, R. Effect of active resisted 30 m sprints upon step and joint kinematics and muscle activity in experienced male
and female sprinters. J. Sports Sci. 2021, 39, 1060–1069. [CrossRef] [PubMed]

22. Gleadhill, S.; Nagahara, R. Kinetic and kinematic changes during resisted sprinting due to towing three common parachute sizes.
J. Sports Med. Phys. Fit. 2022, 63, 256–263. [CrossRef] [PubMed]

23. Nagahara, R.; Mizutani, M.; Matsuo, A.; Kanehisa, H.; Fukunaga, T. Association of step width with accelerated sprinting
performance and ground reaction force. Int. J. Sports Med. 2017, 38, 534–540. [CrossRef] [PubMed]

24. Bezodis, N.; Colyer, S.; Nagahara, R.; Bayne, H.; Bezodis, I.; Morin, J.-B.; Murata, M.; Samozino, P. Ratio of forces during sprint
acceleration: A comparison of different calculation methods. J. Biomech. 2021, 127, 110685. [CrossRef] [PubMed]

25. Morin, J.-B.; Slawinski, J.; Dorel, S.; de Villareal, E.S.; Couturier, A.; Samozino, P.; Brughelli, M.; Rabita, G. Acceleration capability
in elite sprinters and ground impulse: Push more, brake less? J. Biomech. 2015, 48, 3149–3154. [CrossRef] [PubMed]

26. Hermens, H.J.; Freriks, B.; Disselhorst-Klug, C.; Rau, G. Development of recommendations for SEMG sensors and sensor
placement procedures. J. Electromyogr. Kinesiol. 2000, 10, 361–374. [CrossRef] [PubMed]

27. van den Tillaar, R.; Saeterbakken, A. Effect of fatigue upon performance and electromyographic activity in 6-RM bench press.
J. Hum. Kinet. 2014, 40, 57–65. [CrossRef] [PubMed]

28. Albertus-Kajee, Y.; Tucker, R.; Derman, W.; Lamberts, R.P.; Lambert, M.I. Alternative methods of normalising EMG during
running. J. Electromyogr. Kinesiol. 2011, 21, 579–586. [CrossRef] [PubMed]

29. Ball, N.; Scurr, J. Electromyography normalization methods for high-velocity muscle actions: Review and recommendations.
J. Appl. Biomech. 2013, 29, 600–608. [CrossRef] [PubMed]

30. Martín-Fuentes, I.; van den Tillaar, R. Relationship between step-by-step foot kinematics and sprint performance. Int. J. Environ.
Eesearch Public Health 2022, 19, 6786. [CrossRef] [PubMed]

31. Cohen, J. Statistical Power Analysis for the Behavioral Sciences; Lawrence Erlbaum Associates: Hillsdale, NJ, USA, 1988; p. 174.
32. Mann, R.V.; Murphy, A. The Mechanics of Sprinting and Hurdling; Amazon Fulfillment: Seattle, WA, USA, 2022.
33. Müller, R.; Siebert, T.; Blickhan, R. Muscle preactivation control: Simulation of ankle joint adjustments at touchdown during

running on uneven ground. J. Appl. Biomech. 2012, 28, 718–725. [CrossRef] [PubMed]
34. Schache, A.G.; Dorn, T.W.; Wrigley, T.V.; Brown, N.A.; Pandy, M.G. Stretch and activation of the human biarticular hamstrings

across a range of running speeds. Eur. J. Appl. Physiol. 2013, 113, 2813–2828. [CrossRef] [PubMed]
35. Thelen, D.G.; Chumanov, E.S.; Hoerth, D.M.; Best, T.M.; Swanson, S.C.; Li, L.; Young, M.; Heiderscheit, B.C. Hamstring muscle

kinematics during treadmill sprinting. Med. Sci. Sports Exerc. 2005, 37, 108–114. [CrossRef] [PubMed]
36. Novacheck, T.F. The biomechanics of running. Gait Posture 1998, 7, 77–95. [CrossRef] [PubMed]
37. Nagahara, R.; Girard, O. Alterations of spatiotemporal and ground reaction force variables during decelerated sprinting. Scand. J.

Med. Sci. Sports 2021, 31, 586–596. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jfmk11030352

https://doi.org/10.3390/s21196560
https://www.ncbi.nlm.nih.gov/pubmed/34640882
https://doi.org/10.3390/sports8040047
https://www.ncbi.nlm.nih.gov/pubmed/32290048
https://doi.org/10.1080/02640414.2020.1856463
https://www.ncbi.nlm.nih.gov/pubmed/33258414
https://doi.org/10.23736/s0022-4707.22.14068-5
https://www.ncbi.nlm.nih.gov/pubmed/35686870
https://doi.org/10.1055/s-0043-106191
https://www.ncbi.nlm.nih.gov/pubmed/28482364
https://doi.org/10.1016/j.jbiomech.2021.110685
https://www.ncbi.nlm.nih.gov/pubmed/34450518
https://doi.org/10.1016/j.jbiomech.2015.07.009
https://www.ncbi.nlm.nih.gov/pubmed/26209876
https://doi.org/10.1016/s1050-6411(00)00027-4
https://www.ncbi.nlm.nih.gov/pubmed/11018445
https://doi.org/10.2478/hukin-2014-0007
https://www.ncbi.nlm.nih.gov/pubmed/25031673
https://doi.org/10.1016/j.jelekin.2011.03.009
https://www.ncbi.nlm.nih.gov/pubmed/21531148
https://doi.org/10.1123/jab.29.5.600
https://www.ncbi.nlm.nih.gov/pubmed/23270917
https://doi.org/10.3390/ijerph19116786
https://www.ncbi.nlm.nih.gov/pubmed/35682368
https://doi.org/10.1123/jab.28.6.718
https://www.ncbi.nlm.nih.gov/pubmed/22814314
https://doi.org/10.1007/s00421-013-2713-9
https://www.ncbi.nlm.nih.gov/pubmed/24013679
https://doi.org/10.1249/01.mss.0000150078.79120.c8
https://www.ncbi.nlm.nih.gov/pubmed/15632676
https://doi.org/10.1016/s0966-6362(97)00038-6
https://www.ncbi.nlm.nih.gov/pubmed/10200378
https://doi.org/10.1111/sms.13884
https://www.ncbi.nlm.nih.gov/pubmed/33217086
https://doi.org/10.3390/jfmk11030352

	Introduction 
	Methods 
	Participants 
	Testing Procedure 
	Statistics 

	Results 
	Spatiotemporal Parameters 
	Joint Kinematics 
	Kinetics 
	Electromyography 

	Discussion 
	Conclusions 
	References

