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Abstract

Background: Curve sprinting in the 200 m dash entails distinct biomechanical require-
ments under strenuous anaerobic conditions that differ from sprinting on the straight-
way. This study aimed to examine possible relationships between anaerobic biomark-
ers (specifically, peak post-test blood lactate concentration; BLa) and step kinematic
asymmetry, stance-phase biomechanics, and spring–mass model (SMM) variables at the
curve-to-straight transition during a 200 m sprint. Methods: Sixteen adult male club-
and national-level sprinters performed a maximal 200 m sprint test in this exploratory
cross-sectional study. Kinematical data were recorded for the first step immediately after
the geometric end of the curve, and peak BLa was measured at 3, 5, and 7 min post-test.
Based on data normality, differences in inter-limb step parameters were examined using a
paired t-test or Wilcoxon signed-rank test. Pearson’s and Kendall’s correlation coefficients
evaluated the relationships between BLa and the biomechanical variables (significance level:
a = 0.05). Results: Peak BLa was 16.16 ± 2.61 mmol/L and demonstrated no significant
correlation (p > 0.05) with sprint time (24.89 ± 1.24 s). Only stride and step frequency
during the outer-to-inner leg step was correlated (p < 0.05) with BLa. Furthermore, the
step initiated by the outer leg had a larger length (p < 0.05) compared to the step length
generated from the inner leg. Conclusions: These findings stem from the different roles
between legs while handling the centripetal force requirements during curve sprinting.
The outer leg generated a longer step to facilitate curve-to-straight transition, whereas the
inner leg functioned primarily to stabilize and steer the body.

Keywords: track and field; sport performance; speed; biomechanical analysis; spring–mass
model; stiffness; angular kinematics; work physiology; neuromuscular system; fatigue

1. Introduction
The premier sprint event in the Ancient Olympic Games was the stadion (“Στάδιoν”),

an event nearly equivalent to the modern 200 m dash in terms of distance [1]. Contemporary
elite athletes achieve exceptionally high average running speeds (RS), with values up to
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11.3 m/s recorded in World Championships [2,3]. It is suggested that success in the 200 m
sprint depends heavily on the efficiency of leg mechanics during foot-to-ground contact [4].

In athletics sprints lasting over approximately 9.5 s, the allocation energy derived from
phosphocreatine breakdown and glycolysis for muscle contraction depends on the duration,
the intensity of the sprinting effort, and the rest intervals between repetitions [5,6]. The
depletion of phosphocreatine stores negatively affects RS as the contribution of glycolysis
to energy production consequently increases [7]. Given that anaerobic energy stores can be
substantially depleted during the 200 m dash [8], it is considered an anaerobic-dominant
discipline, with the anaerobic energy system contributing an estimated 70% [8,9] to 80% [10].
This underscores the need to assess on-field biomarkers that provide coaches with essential
insights into anaerobic glycolysis, enabling them to design optimum training programs
to improve performance [5,11]. A well-established biomarker of energy expenditure in
sprinting tasks, and the contribution of anaerobic glycolysis in particular, is blood lactate
concentration (BLa) [5,11–13]. Lactic acidosis, indicated by increased BLa, is proposed to
impair muscle function and drive fatigue in long-sprint events [14]. Previous research
suggested that lactic acidosis negatively impacts lower-limb muscle function and sprinting
kinematics performance [11], with these fatigue-related changes being linked to a decrease
in RS in the final stages of the long-sprint dash [15].

To evaluate sprint technique in track disciplines, the biomechanical factors determin-
ing RS need to be identified. In general, RS is determined by stride length (STRL) and
stride frequency (STRF), where step length (SL) is the sum of stance distance and flight
distance [16]. Step frequency (SF) depends on step time (tS), which combines the durations
of the ground contact phase (tC) and the flight phase (tFL) [17]. Both tC and the horizontal
distance covered by the body center of mass (BCM) during the stance phase are shaped by
body segment configurations at touchdown and take-off, whereas ground reaction forces
and air resistance during ground contact determine tFL and the BCM trajectory during
the flight phase [16]. Therefore, the examination of the spatiotemporal structure of the
sprinting step, alongside the rotational kinematics of body segments and joints, provides a
detailed insight into the biomechanics of the sprinting technique related to coordination,
power, and stiffness [18].

Stiffness (i.e., the resistance of a body to a change in its length) is essential for sprinting
because it affects the aforementioned spatiotemporal parameters, especially SL, SF, tC and
tFL [19–21]. Evidence suggests that maintaining elevated leg stiffness (KLEG) is critical
for achieving peak sprinting velocity [22,23]. Furthermore, increased RS has been shown
to result in higher peak vertical ground reaction forces (FZ), vertical stiffness (KVERT)
and KLEG [24–26], alongside alterations in the kinematic, kinetic, and electromyographic
variables that interpret sprinting mechanics [27–29].

During a 200 m sprint, RS peaks between the 50 m and 100 m marks before dropping
significantly throughout the final 50 m [2,3,15,30,31]. Regarding the home-straight, namely
the second 100 m split of the dash, RS typically peaks around the 110–120 m mark [32].
This is due to differences in stride kinematics that occur across different, distinct phases
of the same sprinting task [4,11,33–35]. As the 200 m sprint progresses, thigh rotational
kinematics values decrease [4], negative external work progressively increases, and braking
forces increase. This leads to a larger braking-phase duration within the support phase,
resulting in greater losses of horizontal velocity during the final meters of the race [35,36].
Furthermore, distinct biomechanical profiles emerge because the 200 m dash is executed on
a track featuring both a curved and a straight section [36]. Sprinting on the curve results in
greater tC [37–39] and, consequently, a lower RS [40]. To maintain their trajectory within
the lane, sprinters lean inward toward the center of the curve to generate centripetal force.
However, this technical adjustment results in altered lower-limb joint function and increases
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musculoskeletal loading [41]. Despite these deviations in the sprinting technique in the
curve compared to sprinting in the straight, no significant asymmetries are evident in step
kinematic parameters (SF, SL, and step velocity) [38,39], since a trade-off between SL and
SF seems to maintain inter-limb symmetry regarding step velocity [42]. Nevertheless, the
execution of the inner (left) step presents biomechanical disadvantages for maximizing RS,
since a longer touchdown distance and an increased thigh separation angle, accompanied
by a lower left hip extension velocity, are evident [43]. This occurs because the inner
leg must provide stability and steer the body, whereas the outer (right) leg operates more
coordinately and efficiently to drive sprinting on the curve [38,42]. Consequently, inter-limb
asymmetries have been reported only for the knee joint angle and moment [44].

These differences are particularly evident in the 90–140 m segment of the race, where
curved sprinting transitions to straight-line sprinting. Studies have shown that the transi-
tion from curve to straight sprinting is characterized by significant decreases in SL [45], even
though the 120–140 m segment is the fastest part of the race for many athletes [46]. A recent
study found substantial inter-individual variability regarding the length of this transition
phase, indicating that sprinters adjust their technique both before and after the geometrical
end of the curve [47]. Thus, further research is required to clarify the biomechanical factors
of the curve-to-straight transition and its relationship with sprinting technique.

Curve sprinting in the 200 m dash imposes distinct biomechanical requirements under
strenuous anaerobic conditions. However, to the best of our knowledge, the available liter-
ature lacks substantial evidence regarding the relationship between anaerobic biomarkers
and sprinting biomechanics during the transition from curved to straightway sprinting
in track and field sprinters. Therefore, the purpose of the present study was to examine
the relationship of peak post-test BLa with step kinematic asymmetry and stance-phase
biomechanics during the transition from curve to straight-line sprinting in the 200 m dash.
Specifically, the relationship of BLa with step kinematic asymmetry, sprinting biomechan-
ical parameters, and spring–mass model characteristics (SMM) was examined. It was
hypothesized that BLa would be significantly related to step kinematic asymmetry and the
biomechanics of the first stance phase immediately after the junction of the curve and the
straightway in the 200 m dash. The information derived from this study will assist coaches
in designing more effective training programs that integrate metabolic fatigue with sprints
focusing on the critical sprinting biomechanics during the curve-to-straight transition.

2. Materials and Methods
2.1. Design of the Study

To conduct this exploratory cross-sectional study (registered on the AsCollected plat-
form under ID #2280: ‘Sprint biomechanics in the 200 m dash’; https://ascollected.org/
5FB_SE5, accessed on 16 August 2026, Supplementary Materials), a cohort of trained
young male sprinters from the metropolitan area of Thessaloniki, Greece, was recruited.
Participants performed a 200 m maximal sprinting test (200MAX), during which pairs of
photocells measured their performance. Biomechanical parameters were captured using a
video-analysis method, and post-test BLa data was collected after the completion of the
200MAX. The dataset was analyzed to test the hypothesis of the study (Figure 1).
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Figure 1. Flowchart of the design and the phases of the cross-sectional study (enrollment, measures,
and data analysis). BLa: blood lactate concentration; 200MAX: 200 m maximal sprinting test.

2.2. Participants

Adult male club- and national-level sprinters trained in the metropolitan area of
Thessaloniki, Greece, were recruited to participate in this study. Due to the exploratory
nature of the investigation, an a priori sample size calculation was not performed. Before
the study commenced, participants were briefed on the experimental procedures and risks,
and they provided signed informed consent. The study protocol was approved by the
Institutional Research Ethics Committee (Approval Number: 268/2025) and conducted in
accordance with the Institutional Research Committee’s guidelines for the ethical treatment
of human subjects.

2.2.1. Inclusion Criteria

To be eligible for inclusion, participants were required to be in good health, have
a record of competing in the 200 m dash at athletics events, and present no visible or
self-reported musculoskeletal injuries or physical limitations.

2.2.2. Exclusion Criteria

Participants were excluded if they attended fewer than five training sessions per
week, had sustained an injury within three months before the experimental testing, or had
participated in strenuous lower-extremity exercise within 72 h before the tests.

2.3. Experimental Procedure

Each participant performed the 200MAX on a certified 400 m outdoor track featuring a
World Athletics-approved rubber surface. Before testing, participants completed a stan-
dardized 40 min warm-up consisting of 8–10 min of low-intensity running, 10–12 min of
lower-limb stretching, neuromuscular coordination drills (i.e., skipping and heel-to-butt
kicks), and three 80 m progressive acceleration sprints. Testing was conducted during
late spring at the end of the pre-competitive season, between 12:00 and 14:00 h, under
ambient temperatures of 22–24 ◦C. To control for lane configuration and environmental
variables [48–54], all 200MAX trials were performed exclusively in lane 4 (one of the middle
lanes). Participants wore their custom competition kit and spikes when performing the
experimental sprint test.
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2.3.1. Anthropometric Variables and Sporting Profile

Body height and mass were measured using a Seca 220 stadiometer (Seca Deutschland,
Hamburg, Germany) and a Delmac PS400L scale (Delmac Instruments S.A., Athens, Greece),
respectively. Body height was measured with the participant standing barefoot, facing
away from the wall-mounted stadiometer, and keeping their heels together at a 45 deg
angle. Participants were instructed to stand as tall as possible and to keep their head at
Frankfort horizontal plane. Then, the horizontal lever was lowered to the vertex of the
skull and body height was recorded to the nearest 0.001 m. Body mass was measured with
participants wearing minimal clothing, without socks or accessories, and the same body
posture as described above. After taking a deep breath, body mass was recorded to the
nearest 0.1 kg. The body mass index (BMI) was calculated by dividing body mass by height.
The sporting profile data, i.e., years of training, training sessions/hours per week, personal
bests and level of competition, was acquired using a typical checklist.

2.3.2. Performance

Average RS was calculated as the ratio of distance to time for each 100 m interval, as
well as across the entire 200 m distance. Sprint times were recorded electronically using
three pairs of photocells (HL 2-34, TAG Heuer Professional Timing, La Chaux-de-Fonds,
Switzerland). The corresponding reflectors were mounted on tripods at a height of 1.25 m
and positioned at 100 m intervals (0 m/start line, 100 m, and 200 m/finish line). The
photocells were connected to an electronic chronometer master console with millisecond
accuracy (ARES 21, Omega, Geneva, Switzerland) which was paired with a data printer
(Chronoprinter 503, TAG Heuer Professional Timing, La Chaux-de-Fonds, Switzerland).
To eliminate the confounding effect of reaction time on sprint performance, participants
initiated the test using a standing start technique positioned 1 m behind the first pair of
photocells [11].

2.3.3. Kinematics

Lane 4 was also selected to video-record the participants as they transitioned from the
curve into the straight section of the 200MAX. Three consecutive ground support phases
were recorded at approximately the 115 ± 5 m mark, with the objective of capturing the
middle support phase as the first step at the straightway.

The steps were recorded from the left side of the participants using a stationary digital
video camera (JVC GR-DVL 9600EG, Victor Co., Yokohama, Japan) operating at a sampling
frequency of 100 fps. The camera was mounted on a fixed tripod at a height of 1.2 m,
positioned 20 m away from the inside lane, with its optical axis aligned perpendicular to
the direction of the straightway. The camera lens was zoomed to capture a 9 m wide field
of view.

To perform a two-dimensional direct linear transformation (2D-DLT) kinematic
analysis [55], a 2.5 × 2.5 m calibration frame with 16 control markers was placed within
the field of view along the center of the lane and perpendicular to the camera’s optical axis.
The X-axis represented the horizontal direction of running, whereas the Y-axis represented
the vertical axis. Eighteen anatomical landmarks (vertex of the head, and bilaterally the
tip of the toe, ankle, knee, hip, shoulder, elbow, wrist, and fingertips), along with selected
reference points in the recorded field of view, were manually digitized in each video frame.
Segmental inertia properties suggested by Plagenhoef [56] were used for the link-segment
model to calculate the BCM kinematic parameters.

Data digitization, smoothing, and subsequent analyses were performed using
the A.P.A.S. v.14.1.05 software (Ariel Dynamics Inc., Trabuco Canyon, CA, USA). A
second-order low-pass Butterworth digital filter with a cut-off frequency of 6 Hz was
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selected for smoothing after visual inspection of the data. To assess the reliability of the
manual digitization process, the accuracy of the 2D reconstruction was determined by root
mean square (RMS) error after randomly re-digitizing 10% of the captured video frames.

The extracted XY anatomical coordinates were used to calculate the following biome-
chanical parameters:

• SF: 1/tS.
• SL: horizontal distance between consecutive foot touchdowns.
• STRL: the addition of two consecutive SLs.
• STRF: the division of 1 to the addition of tS for two consecutive steps.
• Touchdown distance: horizontal distance from support toes to BCM projection

at touchdown.
• Take-off distance: horizontal distance from support toes to BCM projection at take-off.
• Horizontal BCM touchdown and take-off velocity.
• Vertical BCM touchdown and take-off velocity.
• Step take-off angle: arctangent of vertical to horizontal BCM velocity at take-off.
• Horizontal ankle touchdown velocity: horizontal ankle velocity at touchdown.
• BCM height: vertical BCM position at touchdown, maximum lowering, and take-off.
• Knee angle: the thigh–shank angle at touchdown, maximum flexion, and take-off.
• Minimum swing knee angle: minimum thigh–shank angle of the swing leg during the

support phase.
• Ankle joint angle: shank–foot angle at touchdown and take-off.
• Ankle joint range of motion: the difference in ankle joint angle between touchdown

and take-off.
• Knee angular velocity: maximum angular velocity of the knee during the support phase.
• Ankle angular velocity: angular velocity of the ankle at touchdown.
• Ankle relative horizontal velocity: the difference between the horizontal BCM and the

horizontal ankle velocity at touchdown.
• Thigh inclination: horizontal-to-thigh angle of the swing leg at take-off in the

sagittal plane.
• Leg inclination: horizontal-to-hip/ankle line angle of the support leg at touchdown

and take-off in the sagittal plane.

The BCM kinematics and the joint angular rotation kinematics corresponding to the
lower extremity executing the second step of the three (i.e., the first step in the straightway)
captured with the video-recording were included in the statistical analysis. Inter-limb
asymmetry for SL and SF between the inner (left) and the outer (right) leg was quantified
using absolute symmetry angle values, which were calculated according to the method
proposed by Exell et al. [57].

2.3.4. Spring–Mass Model Parameters

SMM variables were calculated using the method presented by Morin et al. [58]. The
accuracy of the method is reported to be ±3.2%, ±2.3% and ±2.5% for FZ, KVERT and
KLEG, respectively.

2.3.5. Blood Lactate

To evaluate the anaerobic capacity of the participants, BLa was also measured. To
determine blood lactate concentration, BLa, capillary blood samples were collected from a
fingertip at baseline and at 3, 5, and 7 min post-test. Samples were immediately diluted
in a 10-fold volume of 0.3 mol/L perchloric acid and stored at –20 ◦C prior to analysis.
On the day of analysis, samples were thawed and centrifuged at 1500 g for 5 min. Lactate
concentration was then quantified in the supernatant using an enzymatic photometric

https://doi.org/10.3390/jfmk11030335

https://doi.org/10.3390/jfmk11030335


J. Funct. Morphol. Kinesiol. 2026, 11, 335 7 of 16

method (no. 826-UV, Sigma Diagnostics, St. Louis, MO, USA). The coefficient of variation
for lactate was 3% [11]. The highest value from these measurements was selected for
further analysis.

2.4. Statistical Analysis

Statistical procedures were accomplished using IBM SPSS Statistics v.29 (IBM Corp.,
Armonk, NY, USA). The level of statistical significance was set at a = 0.05.

Depending on the results of the Shapiro–Wilk test, the relationship among the exam-
ined variables was examined by Pearson’s and Kendall’s rank correlation. Values within the
range of 0.00–0.09, 0.10–0.39, 0.40–0.69, 0.70–0.89, and 0.90–1.00 for Pearson’s rP correlation
coefficient and 0.00–0.05, 0.06–0.25, 0.26–0.48, 0.49–0.70, and 0.71–1.00 for Kendall’s τb

correlation coefficient were interpreted as negligible, weak, moderate, strong, and very
strong relationships, respectively [59,60]. To account for the small sample size (N = 16)
relative to the number of correlation analyses performed, p-values were adjusted using
the Benjamini–Hochberg false discovery rate (FDR) procedure. Given the exploratory
nature of the data analysis, q-values were extracted using the online multipletesting.com
application [61] with a target FDR threshold set at 10%.

Differences between the inner and outer leg for SL were examined with a paired-
samples t-test, whereas possible differences between the inner and outer leg for SF were
examined using the Wilcoxon signed-rank test. For the former, the effect size was evaluated
with Cohen’s d (d < 0.2: small; 0.2 ≤ d < 0.8: medium; d ≥ 0.8: large). For the latter, the r
effect size coefficient was used to interpret the magnitude of the differences (r < 0.1: small;
0.3 ≤ r < 0.5: medium; r ≥ 0.5: large) [62].

3. Results
Sixteen adult male club- and national-level 200 m sprinters volunteered to participate

in the study. Table 1 presents descriptive information about the participants and their
sporting profile.

Table 1. Descriptive information about the participants and their sporting profile (n = 16).

Parameter Mean ± SD Range 95% CI

age (years) 21.30 ± 1.00 20.30–22.30 20.77–21.83
body height (m) 1.81 ± 0.05 1.74–1.90 1.78–1.83

body mass 74.91 ± 6.50 64.00–86.10 71.73–78.10
BMI (kg/m2) 22.81 ± 1.21 21.14–25.25 22.22–23.40

national:club level (%) 50%:50%
training sessions per week 5.94 ± 1.06 5.00–8.00 5.42–6.46

duration of training per week (h) 12.31 ± 2.12 10.00–16.00 11.27–13.35
200 m personal best (s) 24.30 ± 1.21 22.44–26.25 23.71–24.89

200 m World Athletics score (points) 643.18 ± 136.20 434.00–866.00 576.44–709.92

SD: standard deviation; CI: confidence interval; BMI: body mass index.

Results indicated that maximum post-test BLa was 16.16 ± 2.61 mmol/L, and it was
not correlated (p > 0.05) with performance in 200MAX and the separate 100 m splits nor with
RS in any of the examined distances (Table 2).

The 2D reconstruction revealed RMS errors of 7.7 mm and 7.5 mm for the X- and
Y-axes, respectively. Typical outcomes of the 2D-DLT analysis are depicted in Figure 2.
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Table 2. Performance parameters and their correlation with maximum post-test blood lactate concen-
tration (n = 16).

Parameter Mean ± SD 95% CI Correlation Coefficient p

200 m performance (s) 24.89 ± 1.24 24.05–25.72 −0.176 ¶ 0.605
200 m average speed (m/s) 8.06 ± 0.40 7.79–8.32 0.176 ¶ 0.606

0–100 m performance (s) 12.63 ± 0.64 12.20–13.07 −0.099 ¶ 0.772
0–100 m average speed (m/s) 7.93 ± 0.40 7.66–8.21 0.100 ¶ 0.771

100–200 m performance (s) 12.56 ± 0.81 12.02–13.10 −0.054 ¶ 0.876
100–200 m average speed (m/s) 8.00 ± 0.51 7.65–8.34 0.062 ¶ 0.876

SD: standard deviation; CI: confidence interval; ¶: value of Pearson’s r correlation coefficient;
p: significance level.

Figure 2. Graphical depiction of the outcomes of the 2D-DLT analysis. (a) Representative stick figure
(top panel). (b) Ensemble average (n = 16) time history curve for the body center of mass (BCM)
during the ground contact phase (middle panel). (c) Individual (n = 16) time curves for the knee
angle during the ground contact phase (bottom panel).
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The results of the linear kinematic parameters examined and their correlation with
maximum post-test BLa are presented in Table 3. It was found that SF was positively
moderately correlated with BLa (p < 0.05, q = 0.020 after FDR adjustment). No other
significant correlation was revealed (p > 0.05).

Table 3. Linear kinematic parameters and their correlation with maximum post-test blood lactate
concentration (n = 16).

Parameter Mean ± SD 95% CI Correlation Coefficient p

Stride length (m) 4.80 ± 0.72 4.42–5.18 0.041 ¶ 0.879
Stride length (% body height) 241.14 ± 19.55 228.04–254.31 −0.007 ¶ 0.983

Stride frequency (Hz) 1.99 ± 0.12 1.91–2.07 0.567 #* 0.022
Step time (ms) 256 ± 16 246–270 −0.396 ¶ 0.129

Contact time (ms) 114 ± 12 109–125 −0.329 ¶ 0.214
Contact time (% step time) 45.78 ± 4.21 42.95–48.61 −0.101 ¶ 0.701

Flight time (ms) 141 ± 15 131–151 −0.318 ¶ 0.231
Horizontal BCM touchdown velocity (m/s) 8.38 ± 1.06 7.66–9.10 0.152 # 0.574

Vertical BCM touchdown velocity (m/s) −0.56 ± 0.12 −0.64–−0.48 −0.311 ¶ 0.242
Horizontal BCM take-off velocity (m/s) 8.57 ± 1.01 7.89–9.25 0.142 ¶ 0.601

Vertical BCM take-off velocity (m/s) 0.65 ± 0.15 0.55–0.75 0.067 ¶ 0.807
Angle of projection (◦) 4.36 ± 0.93 3.73–4.98 −0.017 ¶ 0.950

Horizontal BCM touchdown distance (m) 0.42 ± 0.11 0.34–0.50 0.065 # 0.812
Horizontal BCM take-off distance (m) 0.59 ± 0.06 0.55–0.63 −0.069 # 0.798

Horizontal BCM distance at support (m) 0.98 ± 0.10 0.91–1.05 −0.068 ¶ 0.804
Horizontal BCM distance at flight (m) 1.24 ± 0.23 1.08–1.39 0.008 ¶ 0.976

BCM height at touchdown (m) 1.02 ± 0.04 0.99–1.05 −0.417 ¶ 0.108
Minimum BCM height during support phase (m) 0.99 ± 0.04 0.96–1.02 −0.493 ¶ 0.052

Lowering of BCM during support phase (m) −0.03 ± 0.02 −0.04–−0.02 −0.063 ¶ 0.815
BCM height at take-off (m) 1.04 ± 0.03 1.01–1.06 −0.382 ¶ 0.144

*: p < 0.05; SD: standard deviation; CI: confidence interval; ¶: value of Pearson’s rP correlation
coefficient; #: value of Kendall’s τb correlation coefficient; p: significance level.

In nine participants, the analyzed support leg was the outer leg, while in seven
participants, it was the inner leg. No significant correlations (p > 0.05) were found between
BLa and the examined joint rotational kinematic and SMM parameters (Table 4).

Table 4. Joint angular kinematic parameters and spring–mass characteristics and their correlation
with maximum post-test blood lactate concentration (n = 16).

Parameter Mean ± SD 95% CI Correlation Coefficient p

Knee angle at touchdown (◦) 148.82 ± 7.07 144.07–153.57 0.207 ¶ 0.442
Minimum knee angle during support phase (◦) 142.45 ± 6.39 138.16 ± 146.75 0.084 ¶ 0.757

Knee angle flexion (◦) −6.36 ± 3.36 −8.62–−4.11 −0.290 ¶ 0.275
Knee angle at take-off (◦) 158.82 ± 6.81 154.24–163.39 −0.144 ¶ 0.596

Maximum support leg’s knee angular velocity during
support phase (rad/s) 16.90 ± 2.55 15.18–18.61 0.393 ¶ 0.132

Ankle angle at touchdown (◦) 101.73 ± 7.56 96.65–106.81 0.249 ¶ 0.353
Ankle relative horizontal velocity at touchdown (m/s) −7.06 ± 0.72 −7.54–−5.58 −0.227 ¶ 0.399

Support leg’s ankle angular velocity at touchdown (rad/s) −5.66 ± 1.56 −6.71–−4.61 −0.314 ¶ 0.236
Ankle angle at take-off (◦) 123.73 ± 9.08 117.63–129.83 −0.150 # 0.580

Ankle joint range of motion (◦) 22.00 ± 8.57 16.24–27.76 −0.340 ¶ 0.198
Minimum swing leg’s knee angle during support phase (◦) 34.55 ± 7.85 29.27–39.82 0.048 ¶ 0.860

Maximum swing leg’s knee angular velocity during
support phase (rad/s) 18.39 ± 2.08 16.99–19.79 0.422 ¶ 0.103

Support leg inclination at touchdown (◦) 74.50 ± 5.35 70.91–78.09 −0.054 ¶ 0.841
Support leg inclination at take-off (◦) 50.15 ± 5.03 46.77–53.53 0.095 ¶ 0.725

Swing leg’s thigh inclination at take-off (◦) 21.00 ± 5.55 17.27–24.73 −0.170 ¶ 0.529
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Table 4. Cont.

Parameter Mean ± SD 95% CI Correlation Coefficient p

Peak vertical ground reaction force (kN) 2.55 ± 0.29 2.36–2.75 −0.377 ¶ 0.254
Vertical stiffness (N/m) 125.21 ± 79.10 72.07–178.35 −0.146 # 0.669

Leg stiffness (kN/m) 16.26 ± 3.29 14.05–18.47 −0.255 ¶ 0.450

SD: standard deviation; CI: confidence interval; ¶: value of Pearson’s rP correlation coefficient;
#: value of Kendall’s τb correlation coefficient; p: significance level.

The association analysis between the step kinematic parameters and BLa revealed that
SF for the step initiated from the outer to the inner leg was positively moderately correlated
with BLa (p < 0.05, q = 0.020 after FDR adjustment; Table 5). In addition, this step was found
to be significantly larger than the step initiated from the inner leg (t1,15 = 2.880, p = 0.011,
d = 0.72, medium effect size). Regarding SF, no differences (p > 0.05) were found between
the two legs (Z = 0.943, p = 0.345, r = 0.17, medium effect size).

Table 5. Step kinematic parameters and their correlation with maximum post-test blood lactate
concentration (n = 16).

Parameter Mean ± SD 95% CI Correlation
Coefficient p

outer-to-inner leg step length (m) 2.42 ± 0.36 2.23–2.62 0.026 ¶ 0.924
inner-to-outer leg step length (m) 2.37 ± 0.35 2.19–2.56 0.056 ¶ 0.837

outer-to-inner leg step frequency (Hz) 3.95 ± 0.21 3.84–4.06 0.528 #* 0.008
inner-to-outer leg step frequency (Hz) 4.00 ± 0.29 3.85–4.15 0.324 # 0.101

*: p < 0.05; SD: standard deviation; CI: confidence interval; ¶: value of Pearson’s r correlation
coefficient; #: value of Kendall’s vb correlation coefficient; p: significance level.

Finally, the results for the asymmetry in the examined step kinematic parameters are
presented in Figure 3. The symmetry angles for SL (r = 0.265, p = 0.322) and SF (vb = 0.053,
p = 0.794) were not correlated (p > 0.05) with BLa.

Figure 3. Descriptive results for the step length (SL) and step frequency (SF) symmetry angles (n = 16).

4. Discussion
The initial hypothesis was partially supported, as BLa was related neither to the

kinematic and SMM parameters of the first ground support phase on the 200 m straightway,
nor to overall step parameter asymmetry. Specifically, the biomechanical parameters of the
support phase were independent of BLa; rather, BLa correlated with STRF and SF of the
step initiated by the outer leg.
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Anaerobic energy is derived from two sources: alactic and lactic (glycolytic)
metabolism. The latter is typically evaluated using BLa accumulation during exercise
as an indicator, despite the confounding effects of muscle fiber distribution and body
composition [63]. Post-test BLa in the present study was higher than values previously
reported for male 200 m sprinters [8,12,63]. Nevertheless, these values agree with those
reported for male students with previous experience as track runners [11]. The higher
values recorded in the present study may be attributed to the slower performance times
of the participants compared to past studies [8,12,42]. As performance time increases, the
exercise duration approaches the time frame required to attain the maximum rate of BLa
accumulation, thereby yielding higher expected BLa values due to the slightly greater
anaerobic contribution when the duration of the task is approaching 30 s [7,64]. How-
ever, sprinters of varying competitive levels exhibit differences in BLa, with higher values
indicating greater glycolytic contribution in higher-level athletes [5]. During periods of
high anaerobic energy expenditure, sprinters utilize complex neuromuscular adjustments
to maintain leg rigidity [24–26]. This is supported by past findings that sprinters with
increased KLEG possess an advantage during curved sprinting [42]. The present study re-
vealed no evidence of a relationship between BLa and joint biomechanics or stiffness during
the curve-to-straight transition phase. This suggests that the ability to maintain macro-level
sprinting biomechanics when in maximal effort was independent of the metabolic fatigue
induced by the 200MAX test.

The significant correlation between SF and maximum post-test BLa suggests that ele-
vated neuromuscular activity drives greater activation of anaerobic energy pathways since
rapid anaerobic energy release is typically stimulated by muscle activity during maximal
sprinting [64]. Elevated lactate levels indicate intense anaerobic glycolytic activity and
consequent metabolic acidosis, which can ultimately impair muscle force application dur-
ing ground contact [12,14]. Although electromyographic activity does not differ between
straight and curved sprinting, findings suggest higher activation of the medial head of
the gastrocnemius of the inner leg [65]. Notably, increased BLa has been associated with
less inter-limb asymmetry in muscle activation among female sprinters, indicating that
sprinters exhibit enhanced neuromuscular coordination under strenuous conditions [66].
Thus, training regimes for 200 m sprinters should focus on high horizontal force applica-
tion, short ground contact, and delayed propulsive-force decline, all while managing the
metabolic cost of a predominantly anaerobic effort that still draws a meaningful aerobic
contribution [8,36].

While overall SL asymmetry was not extensive, a significant inter-limb discrepancy
emerged, contradicting past findings for the curved sprinting phase [42,45,67], as the outer-
to-inner SL exceeded the inner-to-outer SL. This asymmetrical mechanical behavior arises
from the centripetal force requirements of curved running, which dictate distinct functional
roles for each limb and alter lower-extremity joint loading to accommodate the body’s
inward lean [32,68]. The body’s inward lean is associated with the magnitude of the inward
impulse generated by the inner leg, which is further related to rapid knee and hip extension
velocities at take-off [69]. Conversely, the step initiated by the outer leg is characterized by
a large vertical impulse and reduced tC resulting from decreased hip and knee flexion at
touchdown [69]. These technique elements underscore the inter-limb differences in the role
of each lower extremity during curved sprinting; specifically, the step initiated by the outer
leg appears to optimize sagittal-plane kinetics, whereas the step initiated by the inner leg
acts to control the lateral kinetics and kinematics while optimizing rapid leg extension [69].

The present findings for the curve-to-straightway transition phase suggest that the
inter-limb differences emerging during curve sprinting persist into this subsequent phase
of the 200 m dash. Specifically, a longer SL is generated by the outer leg to drive forward
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propulsion, whereas the inner leg functions primarily to stabilize and steer the body. This
stabilizing role limits the explosive capacity of the inner leg, which must also withstand
additional mechanical loading [70]. Conversely, the outer leg generates forward propulsion
more efficiently [42]. This underscores that the biomechanics of the curved-to-straight
transition should not be viewed merely as an intermediate blend of curved and straight-
line sprinting, but rather as a distinct biomechanical phenomenon in its own right.

Several limitations should be considered when generalizing the findings of this study.
First, regarding the sample size, the sample size was small (N = 16). The results of a power
analysis [71] for an effect size greater than 0.5, a probability error of 0.05, and a power of
0.80 revealed that a sample size of 26 participants should have been considered sufficient.
However, Kendall’s vb correlation coefficients for the relationship between BLa and SF
achieved ~89.6% statistical power, indicating an exceptionally strong relationship [72].
Additionally, the participants were exclusively men; therefore, caution is warranted when
extrapolating these findings to women sprinters due to sex-based differences in muscle
volume and other morphological variables that typically result in lower sprint parame-
ters compared to men [73]. Another limitation involves using post-exercise BLa as an
indirect bioenergetic marker. However, it remains a widely accepted biomarker for as-
sessing glycolytic contribution in maximum-intensity training regimes and serves as an
indicator of an individual’s “metabolic profile” [5]. Furthermore, no tests were conducted
to examine potential inter-limb asymmetries in the neuromuscular function of the lower
extremities, despite evidence that neuromuscular fatigue in sprinters can be detected using
standard vertical jump tests [74]. Regarding the biomechanical analysis, sprinting tech-
nique adjustments during the transition from the curve to the straightway range from a
minimum of 7.39 m to a maximum of 37.90 m [47]. Consequently, the 2D-DLT analysis used
in this study may not have captured potential movement adjustments occurring outside
the camera plane, unlike typical biomechanical studies that utilized three-dimensional
kinematic analysis [37,38,47]. Similarly, direct ground reaction force data were not col-
lected to measure SMM variables, despite the documented statistical similarity between
the method by Morin et al. [58] used in the present study and typical kinetic–kinematic
analysis [75]. Electromyographic data could also have provided deeper insight into muscle
activation differences between the inner and outer legs [76]. Finally, the pacing strategy for
the two 100 m splits in the 200MAX was not controlled, even though pacing in the 200 m
dash is suggested to influence overall performance [15].

Future research should be conducted to examine the above-mentioned adjustments
over a broader segment of the 200 m dash, spanning both the pre- and post-geometric
termination of the curve. Furthermore, longitudinal or cross-sectional studies regarding
the developmental trajectory of these adjustments, alongside interventions assessing the
effectiveness of training modalities aimed at improving coordination and stiffness, would
elucidate the underlying mechanisms. Mechanistically, the clinical and practical applica-
bility of this research primarily lies in the optimization of specialized training regimes for
track and field sprinters. The outcomes of the study indicate that metabolic fatigue is inde-
pendent of macro-level joint biomechanics during the curve-to-straight transition. Crucially,
the inter-limb asymmetry revealed for SL underscores the differences in physical loading
during the curve-to-straight transition. This highlights the necessity for limb-specific train-
ing strategies that simultaneously challenge metabolic capability alongside the regulation
of the unilateral loading patterns required to effectively negotiate the curve–straightway
junction in long-sprint disciplines.
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5. Conclusions
Peak post-test BLa did not correlate with joint rotational kinematics, SMM stiffness,

or overall step asymmetry angles of the first stance phase immediately after the junction
of the curve and the straightway in the 200 m dash. However, an explicit inter-limb
step length asymmetry was revealed for this step. These findings demonstrate that the
curve-to-straight transition phase is a distinct phenomenon requiring targeted training
regimens focusing on unilateral loading to safely handle the distinct loading patterns of
each leg. Therefore, pacing and conditioning programs must integrate metabolic fatigue
handling with curve-to-straight transition drills. Nevertheless, further investigation to
account for developmental trajectories and pacing variables is needed.
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200MAX 200 m maximal sprinting test
2D-DLT two-dimensional direct linear transformation
BCM body center of mass
BMI body mass index
BLa peak blood lactate concentration
CI confidence interval
FDR false discovery rate
FZ vertical ground reaction forces
KLEG leg stiffness
KVERT vertical stiffness
RMS root mean square
RS average running speed
SD standard deviation
SF step frequency
SL step length
SMM spring–mass model
STRF stride frequency
STRL stride length
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tC ground contact time
tFL flight time
tS step time
X-axis horizontal axis
Y-axis vertical axis
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45. Mackala, K.; Michalski, R.; Ćoh, M. Asymmetry of step length in relationship to leg strength in 200 meters sprint of different

performance levels. J. Hum. Kinet. 2010, 25, 101–108. [CrossRef]
46. Moravec, P.; Susanka, P. Sprint. In Biomechanical Research in Athletics: 1st World Junior Championships—Athens 1986; Hellenic

Amateur Athletics Federation and Hellenic Sports Research Institute: Athens, Greece, 1986.
47. Hirono, Y.; Fujii, N. Kinematic parameters affecting the transition distance from curved to straight paths in 200-m sprinting. Jpn.

J. Biomech. Sports Exerc. 2023, 27, 9–23. [CrossRef] [PubMed]
48. Alexandrov, I.; Lucht, P. Physics of sprinting. Am. J. Phys. 1981, 49, 254–257. [CrossRef]
49. Churchill, S.M.; Trewartha, G.; Salo, A.I.T. Bend sprinting performance: New insights into the effect of running lane. Sports

Biomech. 2019, 18, 437–447. [CrossRef] [PubMed]
50. Mureika, J.R. A simple model for predicting sprint-race times accounting for energy loss on the curve. Can. J. Phys. 1997,

75, 837–851. [CrossRef]
51. Mureika, J.R. Modeling wind and altitude effects in the 200 m sprint. Can. J. Phys. 2003, 81, 895–910. [CrossRef]
52. Quinn, M. The effects of wind and altitude in the 200-m sprint. J. Appl. Biomech. 2004, 19, 49–59. [CrossRef]
53. White, J.; Wilson, C.; von Lieres Und Wilkau, H.; Wyatt, H.; Weir, G.; Hamill, J.; Irwin, G.; Exell, T.A. Does lateral banking and

radius affect well-trained sprinters and team-sports players during bend sprinting? J. Sports Sci. 2023, 41, 519–525. [CrossRef]
[PubMed]

54. Ryan, G.J.; Harrison, A.J. Technical adaptations of competitive sprinters induced by bend running. New Stud. Athl. 2003, 18, 57–70.

https://doi.org/10.3390/jfmk11030335

https://doi.org/10.1016/0021-9290(90)90042-2
https://www.ncbi.nlm.nih.gov/pubmed/2081746
https://doi.org/10.1152/jappl.2000.89.5.1991
https://www.ncbi.nlm.nih.gov/pubmed/11053354
https://doi.org/10.1519/JSC.0b013e3181c64308
https://www.ncbi.nlm.nih.gov/pubmed/20703170
https://doi.org/10.1055/s-2008-1025704
https://www.ncbi.nlm.nih.gov/pubmed/3583521
https://doi.org/10.1249/MSS.0b013e3182084929
https://www.ncbi.nlm.nih.gov/pubmed/21131859
https://doi.org/10.1016/j.jsams.2009.02.002
https://www.ncbi.nlm.nih.gov/pubmed/19342299
https://doi.org/10.1123/jab.12.2.151
https://doi.org/10.1016/j.jsams.2025.03.011
https://www.ncbi.nlm.nih.gov/pubmed/40216566
https://doi.org/10.1080/02640414.2014.960881
https://www.ncbi.nlm.nih.gov/pubmed/25495196
https://doi.org/10.1016/j.jbiomech.2026.113186
https://www.ncbi.nlm.nih.gov/pubmed/41806411
https://doi.org/10.18176/archmeddeporte.00175
https://doi.org/10.1080/14763141.2015.1024717
https://www.ncbi.nlm.nih.gov/pubmed/25896099
https://doi.org/10.1016/j.jbiomech.2020.109632
https://www.ncbi.nlm.nih.gov/pubmed/31987576
https://doi.org/10.1123/jab.2015-0127
https://www.ncbi.nlm.nih.gov/pubmed/27046932
https://doi.org/10.2478/v10078-010-0037-y
https://doi.org/10.32226/jjbse.2023_002
https://www.ncbi.nlm.nih.gov/pubmed/42524338
https://doi.org/10.1119/1.12526
https://doi.org/10.1080/14763141.2018.1427279
https://www.ncbi.nlm.nih.gov/pubmed/29562837
https://doi.org/10.1139/p97-032
https://doi.org/10.1139/p03-062
https://doi.org/10.1123/jab.19.1.49
https://doi.org/10.1080/02640414.2023.2225026
https://www.ncbi.nlm.nih.gov/pubmed/37330666
https://doi.org/10.3390/jfmk11030335


J. Funct. Morphol. Kinesiol. 2026, 11, 335 16 of 16

55. Kollias, I.A. Sources of error their elimination in the use of DLTwith the basic recording tools for the analysis of human body in
motion. Exerc. Soc. J. Sport Sci. 1997, 18, 9–26.

56. Plagenhoef, S. Patterns of human motion: A cinematographic analysis; Prentice-Hall: Englewood Cliffs, NJ, USA, 1985.
57. Exell, T.A.; Gittoes, M.J.; Irwin, G.; Kerwin, D.G. Gait asymmetry: Composite scores for mechanical analyses of sprint running.

J. Biomech. 2012, 45, 1108–1111. [CrossRef] [PubMed]
58. Morin, J.B.; Dalleau, G.; Kyrolainen, H.; Jeannin, T.; Belli, A. A simple method for measuring stiffness during running.

J. Appl. Biomech. 2005, 21, 167–180. [CrossRef] [PubMed]
59. Schober, P.; Boer, C.; Schwarte, L.A. Correlation Coefficients: Appropriate Use and Interpretation. Anesth. Analg. 2018,

126, 1763–1768. [CrossRef] [PubMed]
60. Wicklin, R. Weak or strong? How to interpret a Spearman or Kendall correlation. Available online: https://blogs.sas.com/

content/iml/2023/04/05/interpret-spearman-kendall-corr.html (accessed on 10 July 2026).
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