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ABSTRACT

This study examines the running mechanics of an elite marathon runner (ER) compared to
swimmers (SWI) and soccer players (SOC) at speeds of 3.9, 4.4, and 5.0 m-s™*. ER consistently
showed 22-25% higher vertical stiffness (k _.) than SWI and 4-6% higher than SOC, linked to
greater peak forces and reduced vertical displacement. ER’s lower t_/t_and tbrake/tpush ratios
suggest efficient transitions and enhanced energy conservation. Unlike SWI and SOC, who
showed less stiffness and longer braking times, ER’s running pattern reveals adaptations for
energy efficiency and endurance, particularly in rebound mechanics. These traits underscore
unique biomechanical strategies that differentiate endurance athletes from those with other
sports backgrounds.

RESUMO

Este estudo examina a mecanica de corrida de um maratonista de elite (ER) comparado a
nadadores (SWI) e jogadores de futebol (SOC) em velocidades de 3.9, 4.4 e 5.0 m's™*. O ER
mostrou 22—25% mais rigidez vertical (kvert) que o SWI e 4-6% a mais que o SOC, devido a
forcas maximas maiores e menor deslocamento vertical. As menores razdes tce/tae e tbrake/
tpush sugerem transi¢des eficientes e melhor conservacdo de energia. Ao contrdrio do SWI
e SOC, com menor rigidez e maior tempo de frenagem, o padrao de corrida do ER revela
adaptacdes para eficiéncia energética e resisténcia, especialmente na mecanica de rebote.
Essas caracteristicas destacam estratégias biomecanicas exclusivas, diferenciando atletas de
resisténcia de outros esportes.

RESUMEN

Este estudio examina la mecanica de carrera de un maratonista de élite (ER) en comparacion
con nadadores (SWI) y futbolistas (SOC) a velocidades de 3.9, 4.4 y 5.0 m-s™%. ER mostré un
22-25% mas de rigidez vertical (k ) que SWIy un 4-6% mas que SOC, asociado a mayores
fuerzas maximas y menor desplazamiento vertical. Las menores razones t_/t 'y tbrake/tpush
sugieren transiciones eficientes y mejor conservacion de energia. A diferencia de SWIy SOC,
con menor rigidez y tiempos de frenado prolongados, el patrén de ER revela adaptaciones
para eficiencia y resistencia, especialmente en mecanica de rebote. Estos rasgos destacan
estrategias biomecanicas Unicas, diferenciando a los atletas de resistencia de otros deportes.
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Bouncing mechanics of an elite marathon runner

INTRODUCTION

When running on flat ground at a consistent speed,
the body’s center of mass (COM) follows a rhythmic,
bouncing motion, representing a spring-mass system
(Cavagnaetal., 1977). Throughout each step, the muscle-
tendon units (MTUs) in the supporting limb engage in a
stretch-shortening cycle, absorbing energy during the
braking phase (negative work) and releasing it during
propulsion (positive work) to propel the body forward
(Cavagna et al., 1987). Under this steady condition, the
upward and downward movements of the COM remain
balanced, resulting in equal positive and negative work
in each step to sustain this oscillation.

The bouncing mechanism can be investigated using
spatiotemporal parameters. Indeed, the spring-mass
model can be divided into distinct temporal phases,
reflecting both positive and negative work of the body’s
center of mass (COM) (Cavagna, 2006). The variable
toush represents the period of positive mechanical work
during propulsion, whereas t, «, denotes the period of
negative mechanical work during braking (see Figure 1 for
illustration). A discrepancy between t, «, and t,ush reflects
deviation from an elastic model; lower t «, with higher
toush Suggests a propulsion-biased (more elastic-like)
rebound, and the opposite indicates a braking-biased
(more dissipative) pattern (Cavagna, 2010). Also, the
vertical oscillation of the COM throughout the step can also
be divided: effective contact time (t_.), when the vertical
force (F ) exceeds body weight, corresponds to the lower
oscillation phase; and effective aerial time (t, ), when
the vertical force is less than body weight, represents the
upper oscillation phase (see Figure 1 forillustration). Inan
ideal elasticbounce, t, ., equalst (symmetric landing-
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takeoff), while t, _is greater than t__to balance vertical
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momentum (asymmetric rebound) (Cavagna, 2006).

Such spatiotemporal parameters have been used
to investigate running in different conditions. The two
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asymmetries of the rebound are modulated by the
running speed (Cavagna, 2010), external factors (Dewolf
et al., 2016, 2019; Mesquita et al., 2020), or by athletic
background (Burns et al., 2021; Mesquita et al., 2020;
Nufiez Lisboa et al., 2021). The athletic background
further shapes how this bouncing mechanism operates.
In fact, a study highlighted the role of specific training
demands in influencing vertical stiffness and rebound
mechanics, noting that football players exhibit a more
elastic bounce than swimmers due to the unique
requirements of their sports (Nufiez Lisboa et al., 2021).
Even within the same athletic discipline, differences exist;
The scientific literature report (Burns et al., 2021; Da Rosa
et al., 2019) that athletes with similar sports discipline
and performance levels could display variability in vertical
stiffness and spatiotemporal parameters related to their
running performance, suggesting that adaptations to
training vary significantly based on individual mechanics.

Marathon runners exhibit unique adaptations,
including minimized ground contact times, optimized
cadence, and efficient use of the stretch-shortening cycle,
which collectively contribute to running economy—a
critical factor for sustaining pace over long distances
(Blagrove and Hayes, 2021). In fact, Williams, (2007)
suggests that elite endurance runners adapt their
mechanics to limit vertical motion, which conserves
energy and reduces muscle strain, helping them sustain
performance over long distances (Williams, 2007). These
individualized movement patterns minimize unnecessary
oscillation, lower energy costs, and conserve metabolic
resources, which are essential traits for marathon running.

Building on these insights, this case report aims
to compare the specific bouncing mechanics of an
Olympic marathon runner with athletes from other sports
backgrounds, including swimmers and football players, to
highlight how training influences energy use and movement
dynamics. By analyzing metrics such as effective contact
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100%
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Figure 1. Typical force—time traces of the marathon runner (ER), a soccer player (SOC), and a swimmer (SWI) while running at 5.0 m-s™*.The
horizontal dotted line corresponds to body weight (BW) and divides the step into two parts: the effective contact time (t_) when Fv > BW and

the effective aerial time (t_ ) when Fv < BW. Contact time is divided into two parts: the period during which the COM is decelerated (t, _, ) and
the period during which it is accelerated (tpush). Black dots indicate the first peak (Fpeakl) and the active/second peak (F__).
Rev Bras Ciénc Esporte. 2025; 47: €20240115 2



Bouncing mechanics of an elite marathon runner

time (t_), aerial time (t_), push-off and braking durations
(tpush, t, ), peaks of vertical forces and vertical stiffness
(k,.,.), this study seeks to reveal how these adaptations
reflect each athlete’s specialized demands and contribute
to variations in energy efficiency across disciplines.

METHODS

PARTICIPANTS

This study included six professional male soccer
players (SOC) and six junior elite male swimmers (SWI),
previously analyzed in Nufez-Lisboa et al. (2021). In
that study, the inclusion of junior athletes was justified
by evidence that the bouncing mechanism reaches
adult patterns in adolescence (Legramandi et al., 2013;
Schepens et al., 1998). In addition, we included a Chilean
marathon runner (ER) who participated in the 2024
Paris Olympics, finishing 53rd in 2:14:25 (Table 1), with
a marathon personal best of 2:08:04 over 42 km. Also,
with ~17 years of competitive training and a weekly
running distance of 199.75 km at the time of evaluation.
The athlete completed two weekly strength and
plyometric sessions in addition to running; no other
cross-training was performed. This case report utilizes
data from ER who participated in the project titled ‘Effects
of Exercise-Induced Muscle Damage on the Rebound
System and Electrical Muscle Activity of the Lower
Limb During Running.’ This project was approved by the
Scientific Ethics Committee of Universidad Finis Terrae,
with Protocol ID 23-047.

STUDY DESIGN

All athletes performed a 10-minute warm-up,
including running on a treadmill at approximately
2.8 m-s™. Following the warm-up, participants ran on
an instrumented treadmill (Treadmill: Hp/Cosmos,
Germany; Force platform: Arsalis, Belgium) at three
speeds: 3.9, 4.4, and 5.0 m-s™ (corresponding to 14, 16,
and 18 km-h?). The speeds (3.9, 4.4, and 5.0 m-s™?) were
tested in ascending order. Each speed was maintained for
1 minute, with a 2-minute rest between each to minimize
fatigue. For ER, 13, 15, and 16 steps were analyzed at
3.9, 4.4, and 5.0 m:s™?, respectively. The remaining step
data are published (Nufez Lisboa et al., 2021). These

speeds were selected as they exceed typical endurance
running paces, reducing the variability of spatiotemporal
parameters between subjects as speed increases
(Lussiana et al., 2019). Vertical (F ), lateral, and horizontal
ground reaction forces were recorded at 1000 Hz during
the final 10 seconds of each running bout. From these
data, we calculated the acceleration (a), velocity, and
displacement of the COM, as well as the energy required
to move the COM relative to the ground (E_ ) (Dewolf
etal., 2019; Willems and Gosseye, 2013). Briefly, fore-aft
and vertical accelerations of the COM were calculated as
a,=F/manda =(F - BW)/m, where m is the subject’s
mass, and BW is body weight. Instantaneous velocities in
the fore-aft (v,) and vertical (v ) directions were derived
by integrating a, and a , adding constants to ensure the
treadmill belt velocity matched the stride’s average v, and
the average v, remained zero. Vertical displacement of
the COM (S ) was determined by integrating v a second
time. Using these metrics, we computed the kinetic (E,),
potential (Ep), and E__ based on its movement relative
to the ground.

Ep =mgSv

m (VV2+Vf2)

Ecom = Ek+Ep

Where m is the mass of the subject and g is gravity.

MEASUREMENTS OF THE BOUNCING
MECHANISM OF RUNNING

SPATIOTEMPORAL ORGANIZATION OF STEPS

Steps were divided based on the F —time curves
at each speed (threshold = 30N). Contact time (t ) was
calculated from foot contact (FC) to toe-off (TO), and
aerial time (t ) was calculated as the step period minus tc.
Effective aerial time (t_ ) was defined as the period during
which the vertical force (F ) was less than body weight
(F, < BW) (Cavagna et al., 1987), and effective contact
time (t_) as the period when F was equal to or greater
than body weight (F > BW) (see Figure 1 for illustration).
The step period (T) was then calculatedas T=t_+t_.The

phases e and t _ _were determined as the intervals

S| brake

Table 1. Means and standard deviations of age, body mass, height, and body mass index (BMI) for swimmers
(SW1), soccer players (SOC), and elite marathon runners (ER). Note: Data for SWI and SOC were obtained from
Nufiez-Lisboa et al. (2021). Data for ER is from the current case report.

SWi SOC ER
Mean * SD Mean + SD
Age (years) 16.5 + 0.8 22.9 + 1.4 31
Body mass (kg) 65.5 + 4.6 72.8 + 6.4 59.1
Height (m) 1.76 + 0.03 1.72 + 0.06 1.74
BMI kg\ m? 21.1 + 1.4 24.4 + 1.2 19.5
3 Rev Bras Ciénc Esporte. 2025; 47: €20240115



Bouncing mechanics of an elite marathon runner

when COM mechanical energy increased (positive) and
decreased (negative), respectively.

VERTICAL STIFFNESS

For each step, the second peak (F ) of F, also
known as the “active” peak (11), was recorded (see
Figure 1 forillustration). The vertical displacement range
ofthe COM (S ) during t__ (Ay) was also measured. Finally,
vertical stiffness (k _.) was calculated as the best linear
relationship between F and S overt (Dewolf et al.,
2016). Also, the first peak (F ek ,) of F_was recorded.
Additionally, the load rate (LR) was calculated as the
ratio between the first peak of the ground reaction force

(Fp,,k,) and the time at which this peak occurs (t,_x,):
_ Fpeakl

e tpeakl (4)

STATISTICAL ANALYSIS

Since this study involved a single elite marathon
runner (ER) compared with groups of swimmers (SWI)
and soccer players (SOC), statistical comparisons were
adjusted. Instead of traditional inferential statistics, we
report the percentage differences for each dependent
variable across the different running speeds. All analyses
were conducted using GraphPad Prism 6 (GraphPad
Software, California, USA), with outcomes described
in terms of percentage change per speed to highlight

variations between the elite runner (ER) and the SWI
and SOC groups. Additionally, z-scores were calculated
to assess the relative position of the ER’s performance
within the groups. The z-score formula used was:

_ Xaﬂ )
where X represents the value of the ER, pis the mean of
the group (SWI or SOC), and o is the standard deviation
of the group. We considered a significant difference
when the z-score was greater than 2 or smaller than -2,
consistent with conventional thresholds for the standard
normal distribution (+1.96 = +2 for a = 0.05, two-tailed
(Altman, 1991).”

RESULTS

TEMPORAL PARAMETERS OF THE
RUNNING STEP ACROSS DIFFERENT
SPEEDS

At all speeds, the contact time (t ) was consistently
shorter for the elite marathon runner (ER) compared to
both swimmers (SWI) and soccer players (SOC) (Table 2).
At 3.88 m-s™, t_for ER was 9.6% shorter than SWI (z:
-2.1271) and 1.0% shorter than SOC (z: -0.0914). At
4.44 m-s7, t_was 10.2% shorter than SWI (z: -2.5047)
and 2.2% shorter than SOC (z: -0.2846). At 5.00 m-s™?,
t_for ER was 12.6% shorter than SWI (z: -2.8764) and

Table 2. Temporal Parameters (tc, ta, Step Period, tbrake and tpush) Across Different Speeds for Swimmers (SWI),
Soccer Players (SOC), and Elite Marathon Runner (ER), with Percentage Differences Between Groups. Note: Data
for SWI and SOC were obtained from Nufiez-Lisboa et al. (2021). Data for ER is from the current case report.

speed SWI (6) SOC (6) ER (1) % difference
P Mean SD Mean SD SWI vs ER SOCvs ER

39ms? 0.219 0.01 0.016 0.198 -9.6 -1

t, 4.4 ms? 0.197 0.008 0.181 0.014 0.177 -10.2 -2.2

(s) 50ms? 0.183 0.008 0.164 0.011 0.16 -12.6 -2.4
39ms? 0.144 0.015 0.136 0.019 0.152 5.6 11.8

t 4.4 ms? 0.153 0.023 0.144 0.014 0.171 11.8 18.8

(s) 50ms? 0.147 0.014 0.15 0.011 0.181 23.1 20.7
39ms? 0.362 0.02 0.336 0.009 0.35 -3.3 4.2

Step period 4.4 ms? 0.349 0.024 0.325 0.01 0.348 -0.3 7.1
(s) 50ms? 0.33 0.019 0.314 0.01 0.341 3.3 8.6

39ms? 0.11 0.007 0.105 0.008 0.09 -18.2 -14.3

bk 4.4 ms? 0.099 0.006 0.093 0.007 0.08 -19.2 -16.1

(s) 50ms? 0.092 0.005 0.085 0.005 0.075 -18.5 -17.6
39ms? 0.109 0.007 0.095 0.008 0.108 -0.9 -12

tpush 44 ms? 0.098 0.006 0.088 0.007 0.097 -1 -10.3

(s) 50ms? 0.091 0.005 0.079 0.006 0.085 -2.2 -8.9

Rev Bras Ciénc Esporte. 2025; 47: €20240115 4



Bouncing mechanics of an elite marathon runner

2.4% shorter than SOC (z: -0.4087). Regarding aerial
time (t ), ER showed higher values than SWI and SOC at
each speed. At 3.88 m-s™, t_for ER was 5.6% higher than
SWI (z: 0.5281) and 11.8% higher than SOC (z: 0.8263).
At 4.44 m-s™, t_was 11.8% greater than SWI (z: 0.7818)
and 18.8% greater than SOC (z: 1.8955). At 5.00 m-s™,
t_in ER exceeded that of SWI by 23.1% (z: 2.4316) and
SOC by 20.7% (z: 2.8723). ER also displayed differences
in the overall step period between the two groups. At
3.88 m's™, the step period for ER was 3.3% shorter than
SWI (z: -0.0136) and 4.2% longer than SOC (z: 1.5502).
At 4.44 m-s™, it was 0.3% shorter than SWI (z: -0.0710)
and 7.1% longer than SOC (z-score: 2.1679). Finally, at
5.00 m-s™, the step period for ER was 3.3% longer than
SWI (z: 0.5452) and 8.6% longer than SOC (z: 2.7571).

RATIOS OF PUSH-OFF TO BRAKING TIME
(T, 2aie/ Tous) AND EFFECTIVE CONTACT TO
AERIAL TIME (T_/T, )

The tbrake/t ., Fatio consistently shows lower values
for ER compared to both SWI and SOC across all speeds.
At3.88 m-s™, ER’s t, /t , ratio is 28.5% lower than that
of SWI(z:0.3911) and 16. 9% lower than SOC (z: 0.8147).
At 4.44 m-s™!, this difference increases, with ER’s t rake/
t , ratio being 44.6% lower than SWI (z: 0.5483) and
58. 7% lower than SOC (z: 0.9568). At the highest speed,
5.00 m-s™, ER’s tbrake/t ., Fatio remains lower, showing
a 22.7% decrease compared to SWI (z: -0.1026) and a
19.5% decrease compared to SOC (z: 1.4478). Forthe t_/
t__ratio, ER also displayed lower values than both groups.
At3.88 m's™, ER’st_/t__ratio was 11.6% lower than SWI
(z: -1.4184) and 6.6% lower than SOC (z: -1.2392). This
trend continued at 4.44 m-s™%, with ER’s tce/tae ratio 13.5%
lower than SWI (z: -0.9977) and 12.3% lower than SOC (z:
-2.4515). At 5.00 m's™, the t_/t__ratio for ER was 20.1%
lower than SWI (z: -2.6843) and 12.7% lower than SOC
(z:-2.2663).

PEAK FORCES AND LOAD RATE

The ER showed distinct values for both initial
peak force (F,_,.) and F_ relative to both SWI and
SOC at all speeds For F, .., at 3.88 m:s™, ER’s values
were 20% lower than SWI and 13% lower than SOC. At
4.44 m-s, ER’s Foeaia Was 14% lower than SWI and 11%
lower than SOC. At 5.00 m-s™, Fr..i, fOr ER remained
reduced, showing a 13% difference between SWI and
SOC. Regarding F,, , at 3.88 m-s™, ER’s values were 18%
higher than SWI (z: 5.0052) and 7% higher than SOC (z:
1.4128). At 4.44 m-s™, F _ for ER was 19% higher than
SWI (z: 5.0592) and 10% hlgher than SOC (z: 2.6895).
Finally, at 5.00 m-s™, ER’s F,,  was 23% higher than SWI
(z:6.3577) and 10% higher than SOC (z: 2.6583). The ER’s
load rate (N/ms) showed distinct values compared to SWI
and SOC across all speeds. At 3.88 m:s™?, ER’s load rate
was 13% lower than SWI (z:-1.2129) but 4.2% higher than
SOC (z: 0.1276). At 4.44 m-s, ER’s load rate was 10.5%
lower than SWI (z: -0.8135) and 10.6% higher than SOC

(z:0.3558). At 5.00 m-s™, ER’s load rate remained 10.5%
lower than SWI (z: -0.5447) and showed an 11% increase
compared to SOC (z: 0.3441).

VERTICAL STIFFNESS

The ER displayed higherk __ (stiffness) than SWland
SOC across all speeds analyzed (3.9, 4.4, and 5.0 m-s™).
At 3.9 m-s, k . for ER was approximately 22% higher
than SWI (z: 5.0052) and around 4% higher than SOC
(z: 1.4128). As the speed increased to 4.4 m-s™, ER’s
k remained elevated, showing a 24% difference from
SWI (z: 5.0592) and a 5% increase compared to SOC (z:
2.6895). Finally, at 5.0 m-s™, k . for ER was 25% higher
than SWI (z: 6.3577) and roughly 6% above that of SOC
(z: 2.6583). The increased stiffness in ER was attributed
toagreaterF _ andareduced Ay during ground contact.
At 5.0 ms?, F__ for ER was approximately 15% higher
than that of SWI (z 6.3577) and around 8% higher than
SOC (z: 2.6583), while Ay was roughly 12% smaller than
SWI (z: -2.8764) and slightly smaller than SOC.

DISCUSSION

This case report provides a comparative analysis of
the bouncing mechanics and spatiotemporal parameters
between an elite marathon runner (ER) and athletes
from other sports backgrounds, swimmers (SWI) and
soccer players (SOC), across various speeds. The results
reveal distinct ER biomechanical adaptations, reflecting
the unique demands of endurance running compared to
other athletic disciplines.

In the individual case of the ER, we found a
consistently higher k . across speeds, characterized
by greater F__ (Figure 3A) and a smaller vertical COM
excursion during stance. This profile aligns with evidence
that k . increases with speed and is typically higher
in elite runners (Arampatzis et al., 1999; Burns et al.,
2021; Da Rosa et al., 2019). Overall, these findings are
consistent with endurance literature linking higher k .
and a more efficient bounce with performance in trained
runners (Da Rosa et al., 2019). Taken together, these
observations suggest that k _ appropriately captures
elite-specific distinctions and may serve as a practical
indicator of an efficient bouncing mechanism in high-level
endurance running.

Further distinctions are captured by the time
ratiost, . /t and t_/t_ (Figure 2B). The consistently
lowert /t , ratio in ER highlights a reduced braking
phase relatlve to push-off, indicating that the runner
spends more time in propulsion than braking. This is
typically optimized at intermediate running speeds
(~3.61-3.89 m/s) (Figure S1), where tendon contribution
predominates and muscles operate closer to isometric
conditions, favoring elastic energy storage and return
(Cavagna et al., 2008). In contrast, the SOC group
maintainedat, /tpu , ratio close to 1 across their typical
running range (3.89-5.00 m/s), which likely reflects
adaptations to the demands of soccer match play, where

ush

5
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Figure 2. A) This panel illustrates the vertical stiffness (k _,, N-kg™-m™) of swimmers (SWI), soccer players (SOC), and the elite marathon runner
(ER) at three running speeds (3.9, 4.4, and 5.0 m-s™). The ER consistently demonstrates higher stiffness values than SWI and SOC across all
speeds, with percentage differences indicated above each pair. B) This panel presents the ratios of tmke/twsh and t_/t _across speeds for each
group, providing insights into phase asymmetries. Note: Data for SWI and SOC were obtained from Nufez-Lisboa et al. (2021). Data for ER is
from the current case report.

Load rate (N/ms)
A
COSWI
mSOC
EER
39ms! 44ms'  50ms?!
B
F.Peakl (%BW) F.Max (%BW)

19% 23%
e —

4 16%

-1 -1 -1
39ms?! 44ms!  50ms? 3%9ms 44ms 50ms

Figure 3. A) This panel shows the load rate (N/ms) for swimmers (SWI), soccer players (SOC), and the elite marathon runner (ER) across three
running speeds (3.9, 4.4, and 5.0 m-s—1). The ER demonstrates differences in load rate compared to SWI and SOC, with percentage differences
indicated above each comparison. B) This panel presents F Peak 1 (initial peak force, %BW) and F Max (maximum peak force, %BW) for SWI, SOC,
and ER at each speed. Note: Data for SWI and SOC were obtained from Nufiez-Lisboa et al. (2021). Data for ER is from the current case report.

sustained high-speed running and repeated sprinting  lowert_/t_ratio observedinthe ER reflects a reliance on
are common (Oliva-Lozano et al., 2020). Likewise, the increased aerial time (t,) over contact time (t ) (Table 2).
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As speed increases, t_shortens while t_ remains relatively
stable, leading tot _becoming greaterthant_ (Figure 4B).
This asymmetry reflects a rebound where tendons store
and return elastic energy more effectively, while muscles
operate closer to isometric conditions, reducing the need
for active work (Cavagna, 2006, 2009). This efficient
adaptation minimizes ground contact and reduces the
energy cost per step. These ratios suggest a more refined
bouncing mechanism, crucial for conserving metabolic
resources across long distances, which aligns with the
need for energy efficiency in marathon running (Cavagna
et al., 1987; Da Rosa et al., 2019).

In terms of force, the ER displayed a lower F__ .
compared to SWI and SOC, indicating a smoother initial
ground contact and reduced braking impact (Figure 3B).
Such reductions in braking forces lower the strain on
muscles and conserve energy, essential for endurance
athletes aiming to avoid fatigue over extended efforts (Da
Rosa et al., 2019). In contrast, the ER showed a higher
Fu., during push-off across all speeds, demonstrating
the ability to generate substantial propulsive force
despite a gentler initial impact. This combination of a
lower F,__ . and a higher F _ exemplifies efficient force
management in the ER, enabling sustained propulsion
with minimal energy loss (Da Rosa et al., 2019; Lieberman
etal., 2010). The loading rate further underscores these
adaptations (Figure 3A). The ER’s loading rate was lower
than that of SWI, indicating a reduced braking impact that
minimizes fatigue and injury risk, yet it remained slightly
higher than SOC. This slight increase compared to SOC
may suggest a balance maintained in endurance running,
where stability and momentum are essential for rhythm
without excessive deceleration.

These mechanical differences are complemented
by shorter t_and longer t , parameters associated
with superior running economy and overall efficiency
in trained runners (Barnes and Kilding, 2015; Van
Oeveren et al., 2024). The ER also showed a VO,max
of 81.9 ml-kg**min, a value recognized a predictor
of running performance in elite runners (Barnes and
Kilding, 2015; Joyner, 1991). His adaptations, expressed
in favorable tbrake/tpush and t_/t__ ratios, together with
optimal force application and a balanced load rate, reflect
the specific demands of marathon running and illustrate
how targeted training shapes bouncing mechanics for
efficiency in endurance performance (Burns et al., 2021;
Da Rosa et al., 2019; Nufiez Lisboa et al., 2021).

This case report used brief treadmill bouts (1 min
per speed), which may not fully capture competitive
demands. Future research should therefore integrate
longer, fatigue-inducing protocols to assess how
mechanical variables evolve over time and how
elite athletes preserve their movement efficiency
under stress. Combining energetic, mechanical, and
perceptual measures would provide a more complete and
mechanistic understanding of endurance, bridging the
gap between physiological durability and biomechanical
adaptability (Dewolf et al., 2025). Despite this limitation,

the study offers a clear mechanical profile with practical
implications for training.

CONCLUSION

This case report highlights the unique adaptations of
an ER compared to SWI and SOC, focusing on the distinct
biomechanics required for endurance running. The ER’s
lower tbrake/tpush and t_/t_ ratios underscore a refined
bouncing mechanism, with prolonged propulsion phases
and minimized ground contact, essential for conserving
energy over long distances. Additionally, force application
patterns, with a lower Fpeakl and a higher F__ reveal an
efficient use of elastic energy for propulsion, further
supporting endurance performance.

These insights underscore how marathon training
shapes specific biomechanical strategies to optimize
energy efficiency, and propulsion. Understanding these
individualized adaptations contributes to broader
knowledge of how different sports cultivate specialized
movement efficiencies, with practical implications for
training endurance athletes. As this is a single-athlete
case report, these findings are descriptive and should not
be interpreted as population-level inferential differences;
the between-group contrasts are illustrative.
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SUPPLEMENTARY MATERIAL

Supplementary material accompanies this paper.

Supplementary Figure 1. These panels illustrate the temporal components of the step cycle across the three
experimental conditions (swimmers, SWI; soccer players, SOC; and the elite marathon runner, ER) at three running
speeds (3.9, 4.4, and 5.0 m-s-1). Figure 4A: This panel shows the effective contact time (tce, ®) and the effective
aerial time (tae, 0). The ER displayed shorter tce together with longer tae compared with SWI and SOC. Figure 4B:
This panel presents push time (tpush, 0) and brake time (tbrake, ®).

This material is available as part of the online article from https://doi.org/10.1590/rbce.47.20240115
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